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Precision Micromachining of Metals by CuBr
Laser

Ivaylo Balchev
Institute of Electronics
Bulgarian Academy of Sciences
Sofia, Bulgaria
ivobalchev@gmail.com

Abstract—The ability to laser machine materials with
high resolution and high throughput is critical in advanced
manufacturing for a vast array of applications, from pho-
tovoltaic cells to bio-compatible micro-components. Copper
bromide (CuBr) lasers with their excellent beam quality
promised noticeable advantages and improvements in high
precision and material processing at the microscale. The
application of the CuBr laser as a precision tool for micro-
machining of different metals has been demonstrated. That
good performance was a result of the combination of high
power visible radiation, short pulses, and close to the dif-
fraction-limited laser beam divergence with high-speed gal-
vo scanner beam steering.

Keywords— CuBr vapour laser, laser micromachining,
precision micromachining

INTRODUCTION

The world of laser machining production is divided
into micro- and macro-machining. This classification
is not based on the size of the work piece but rather the
fineness of the impact caused by the laser tool. The lasers
system used for micromachining employ normally pulsed
beams with an average power of well below several watts
while those used for macro machining use generally
continuous-wave (CW) laser beams ranging up to several
kW.

The excellence attributes of laser radiation combined
with a high degree of flexibility, contact-less and wear-
less machining, the possibility of high automation as well
as easy integration allows using this tool in a wide field of
macro machining processes for many materials including
silicon, ceramics, metal and polymer.

Lasers for micromachining offer a wide range of
wavelengths, pulse duration (from femtosecond to
microsecond) and repetition rates (from single pulse to
Megahertz). These attributes allow micromachining with
high resolution in depth and lateral dimensions.

The field of micro-machining includes manufacturing
methods like drilling, cutting, welding as well as ablation
and material surface texturing, whereby it is possible
to achieve very fine surface structures ranging in the
micrometer domain. Such processes require a rapid
heating, melting and evaporation of the material. The use

Lyubomir Lazov
Faculty of Engeenering
Rezekne Academy of Technologies
Rezekne, Latvia
lyubomir.lazov@rta.lv

Edmunds Teirumnieks
Faculty of Engeenering
Rezekne Academy of Technologies
Rezekne, Latvia
edmunds.teirumnieks@rta.lv

of extremely short nano- and pico- and even femtosecond
pulse durations helps to minimize the thermal effects such
as melting and burr formation thus eliminating the need
for any post processing measures [1].

Based on today’s approved scan head technologies and
software, even processing of three dimensional surfaces is
possible. Advantages are simple programmability and the
resulting flexibility. In consequence, this process can be
easily controlled, permitting a high flexibility.

Compared with traditional mechanical drilling,
pulsed laser drilling is characterized by exceptional
efficiency, cost-effectiveness, high precision and non-
contact processing without tool wear and is particularly
suitable for the difficult-to-machine brittle, hard, and
flexible materials. With these advantages, it is extensively
employed in many industries, including aerospace,
automotive, electronics, medical, instrumentation, etc.
[2-4]. Pulsed laser drilling is quite a complex process,
since materials undergo a series of physical and chemical
processes such as heat conduction, melting, boiling,
vaporization, and ejection in both liquid and vapour
phases, plasma, and even phase explosion [5]. As a
thermal ablation process, pulsed laser drilling is inherently
associated with thermal defects and poor geometry like
recast layer, heat-affected zone, spatter deposition, taper,
and circularity, though it can improve the quality of drilling
holes by optimizing process parameters such as peak power,
pulse duration, pulse frequency, pulse width, repetition rate,
focal plane position, and assist gas pressure [6].

High power laser are a widely used in industrial
manufacturing applications such as drilling, cutting,
welding and surface processing where typically CO,
and Nd-YAG systems operating in the infrared are used.
However, the laser material interactions in many machining
cases are more effectively when using lasers operating at
shorter wavelengths. For example, micro-machining of
many metals is best performed using visible wavelengths.
The Cooper Vapour Lasers’ has a good place in this area
due to visible wavelength, high pulse repetition rate, high
peak and average power, good beam quality, short pulse
length [7]. When applied to materials processing, the visible
wavelength is found to couple well to most materials, the
short pulse length causes ablative material removal, and
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the high repetition rate increases the material removal rate
[8]. Another advantage of the copper vapour laser is near
diffraction-limited operation allowing good focusing and
precise spatial control.

In this paper are presented results in the precise
micromachining of several metals using laser system based
on CuBr master oscillator and power amplifier connected
with computer controlled high- speed scanner system. The
goal was to find the best conditions for drilling holes of good
circular shape, of minimum heat-affected zone (HAZ).

L MATERIALS AND METHODS

A. Experimental setup

The used laser system is a MOPA (Master Oscillator
- Power Amplifier) CuBr laser that generate wavelength
511nm with maximum output power 6W, pulse repetition
rate 20kHz, pulse duration 30ns. The master oscillator was
formed by a discharge tube placed in an unstable confocal
negative-branch resonator with magnification M = 40
and perpendicular optical output through a plane mirror
45-degree tilted, with a small hole (0.5mm) at the center
(Fig. 1). The power amplifier was a single pass with the same
diameter of the active medium as the oscillator 20mm. The
MTS (master timing system) is a computer-controlled tool
for synchronizing the laser oscillator and power amplifier
[9]. The MTS provides the MOPA power supplies with
triggering signals of controlled delay time. Depending on the
delay the second laser acts as an amplifier or as an absorber
(shutter). The laser beam was focused (spot diameter of
about 30um) by a glass lens (focal length f= 300mm) and
directed perpendicularly to the surface of a metal target. The
calculated laser fluence at focal spot is 42 J/cm?.

[ﬁ] camen

===
CuBr LASER
MOPA SYSTEM
Power Supply ?ﬁiﬁe
Target | 12
MTS I

Fig. 1. Schematic of the experimental complex for laser micromachining.

We used Spiricon LBA-300 beam analyser for measur-
ing the profile of the focal spot after focusing with 1m achro-
matic lens. The obtained intensity distribution was approxi-
mated with Gaussian profile. Assuming that, the laser beam
diameter is defined at level of 14% of the peak intensity and
the dimension of the beam in microns give the divergence
in micro radians (Fig. 2). In our case the divergence was
approximately 120urad. In the experiments we used only
14mm of the central part of the laser beam (with diaphragm).
It is depends of the input aperture of the scanner. So we lost
power but save the divergence and quality of the beam.
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Fig. 2. Spatial distribution of power density at focal point of the laser
beam after Im focusing lens.

Common measure of the beam quality of a laser beam
is quality factor M? defined by equation (1).

_ 70D
42

MZ
),
where D is the diameter of the beam, 6 — divergence
and A — wavelength. For quality laser material processing
is very important to have beam quality factor close to
Gaussian beam. In our case it is 2.6 for wavelength 511nm.

B. METHODS

The laser drilling can be done by two ways: by
trepanning and by percussion drilling. In the percussion
process the laser beam is normally kept still and the hole
is punched through the material using multiple pulses.
The size and shape of the holes are governed by the size
and shape of the focused laser beam (the dimension of the
holes is usually the same as the diameter of the beam spot
in the focus). The trepanning technique requires a relative
beam-target movement during the processing (drill hole
cutting, see Fig. 3). In case of trepanning laser drilling the
size and shape of holes can be programmed too. In this
case, the rotations of the beam spot (or the target) allow
making the process as well as the size and shape of holes

programmable.

\
helical drilling

>

. moved laser beam

drilling duration

“._ trepanning

lv
! percussion drilling

single pulse drilling unmoved laser beam

s
>

precision

Classification of drilling processes

Fig. 3. Classification of drilling processes

Laser percussion and laser trepanning can produce
through-holes. The choice comes from the size of hole
needed. Laser percussion makes holes of diameter nor-
mally less than 50pum. The laser trepanning holes are larg-
er. Laser trepanning is a method by which the laser beam
cuts in a circular pattern, taking advantage of high-speed
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beam positional scanner. There is a limit to the depth of
material that can be cut in a single pass, so a number of
passes has to be made. The number of the repetitions is
defined as a number of passes around the contour of the
hole.

In the most of cases the industry is usually interested
in through-holes with a diameter in the range of 50um
up to 1000pum. So we chose the laser trepanning for the
realization of precise and reproducible through holes. An-
other reason for choosing this method is because it allows
a fast modification of the processing parameters: scanning
speed of the laser focal spot and the number of repetitions.
Changing the scanning speed we can control overlapping

of the adjacent pulses (see Fig. 4).

X

<& »

\4

A

Fig. 4. A schema of the overlapping two consecutive pulses.

Table I shows the scanning speeds employed in
order to attain the different overlapping percentages and
necessary repetitions to make hole in the foil.

TABLE I. Scanning speeds/overlapping coefficients and number
of repetitions needed to drill 100pm hole

Overlap- Number of repetitions for drilling
Scanning ping of 100pm hole in foil thickness of
speed, coefficient, Al, Cu, SS316,
mm/s % 100um 150um 150um
20 97 3 2 6
50 92 6 3 20
100 83 12 5 39
200 67 27 11 88
400 33 55 24 190
600 0 95 70 320
800 -33 200 150 660

Overlapping coefficient of the laser pulses overlapping
is a complex factor that gives relation between scanning
speed (factor related to the technological process) and
pulse repetition rate and laser fluence of laser beam by
diameter of focal spot (parameters of the laser). It is
defined by the expression

k=2.100%= (1-3).100%

d d 2,

where d is the diameter of focal spot, x is the width

of the overlapped area of two consecutive pulses, / - the

distance between two consecutive pulses. Taking into
account ratio

v A3),
where V is the scanning speed and v — pulse repetition
rate and making substitution in equation (2) is obtained:

174
k=(1-—).100%
( v.d) (4).
Negative or zero overlapping coefficients means no
overlapping of pulses.

11. RESULTS AND DISCUSSION

The targets in our experiments were copper, aluminium
and stainless steel (SS316) metal foils.
Fig.5 and Fig. 6 presents pictures of drilling of
micro holes in Al and Cu using trepanning technique.

Fig. 5. Al foil, thickness 100um, scanning speed -20mm/s and
number of repetitions — 3.

In this case the edge is clear and sharp and there
is no evident thermal distortion. We drilled successful
holes also with lower speeds with less repetitions but in
this case the HAZ was significant and a small zone of
melting materials around the holes was observed. The
same unsatisfying results we had for scanner speed more
than 600mm/s, i.e. without overlapping of laser pulses.
For the drilling the same hole in this case we needed to
make a lot of repetition

Fig. 6. Cu foil, thickness 150pm, scanning speed - 20mm/s, num-
ber of repetitions — 2.

For detailed examination of the holes we used SEM
(scanning electronic microscope). Typical holes in alu-
minium and copper with diameters of 100um are present-
ed in Fig. 7 and Fig. 8.
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Fig. 7. SEM of the surface of Aluminium foil, thickness 100um,
scanning speed - 20mm/s, number of repetitions — 3.

We found that the trepanning reduces significantly the
visible heat-affected zone when the motion velocity of the
laser beam spot is more than 50mm/s. By overlapping,
the leading edge of the second pulse meets surface
temperature higher than the first pulse. So, we have an
accumulation temperature effect that conduces to the
sample surface high temperature [10].

100 um
o]

Fig. 8. SEM of the surface of Cupper foil, thickness 150pum,
scanning speed - 20mm/s, number of repetitions — 2.

On the other side, the target temperature increase is
important because the reflectivity of the metals normally
decreases as the surface temperature goes up, and the
overall efficiency of the laser processing increases too
[11]. This case is presented in the Fig. 7, where the
drilling of Al foil is with good efficiency and negligible
HAZ. Without overlapping, when the velocity is too high (in
our case, more than 800 mm/s), the HAZ is negligible but
the efficiency of the drilling decreases sharply (we had to
increase greatly the number of repetition cycles) —Table 1.

A series of sieve holes were made in Stainless steel
foil. The desire configuration was achieved as 3x3 matrix
with distance between the centres of two adjacent holes
200pum. Again was used trepanning technique to drill
holes one by one i.e. laser focus sport does not start
second hole before finish of first one. Non-spherical shape
of holes is due to a technical problem in one axes of xy-
galvanometric scanner head (Fig. 9 and Fig. 10).

16

Fig. 9. Sieve on Stainless steel, thickness 150um, scanning speed
150mm/s, number of repetitions - 65
It has been experimentally found the optimal
parameters of trepanning drilling of holes in sieve on
stainless steel. The best quality we achieved at scanning
speed SOmm/s of laser beam, number of repetitions 20 and
pulse repetition rate 20kHz (Fig. 10).

Fig. 10. Sieve on Stainless steel, thickness 150pum, scanning speed
50mm/s, number of repetitions - 20

III.

MOPA copper bromide vapour laser system, made
in Bulgaria, combined with computer controlled xy -
galvanometric scanner was used to investigate process
of laser drilling of micro holes using trepanning of
aluminium, copper and stainless steel metal foils.
Although the quantity of removed material per pulse is
small for these processes, the high repetition rate of CuBr
laser allows material processing at high speeds.

The experimental results show that our system is a
good tool for high - speed laser drilling and cutting. The
trepanning method for drilling or cutting with kilohertz
repetition rates laser pulses allows better control of high-
speed machining with good quality.

CONCLUSIONS
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Abstract— Computational Fluid Dynamics (CFD) is the
analysis of fluid behaviour employing numerical solution
methods. Using CFD it is possible to analyse simple and
complex fluid-gas, fluid-fluid or fluid-solid interactions.
Fluid dynamics is described with laws of physics in the
form of partial differential equations also known as Navier-
Stokes equations. Sophisticated CFD solvers transform
these laws into algebraic equations which are solved by
numerical methods. In this paper Ansys CFX and Fluent
analysis systems as research methods are used to visualize
flow patterns in a stirred tank bioreactor. The results
obtained are informative and can be used to improve the
yield of biomass. CFD analysis can save time and aid fluid
system designing process. This approach is cheaper and
faster compared to conventional build-and-test process.
However, it should be noted that CFD analysis results are
as accurate as the level of skill possessed by a CFD engineer
therefore there are still place for hands-on testing. Authors
have developed a stirred tank model and visualized flow
patterns. The research presents experimental computation
methods and the model setup key parameters. The
developed model allows to predict flow patterns inside
stirred systems and evaluate efficiency of the mixing process
by analysing parameters such as velocity field, turbulence
eddy frequency, shear strain rate and power input.

Keywords— Ansys CFX/Fluent, CFD, bioreactor, stirred
tank.

I. INTRODUCTION

Stirred tank bioreactors are used to produce a variety
of products across several industries. Many ingredients
for the food industry are made through fermentation [1].
For instance, bioreactors are used in the manufacture
of antibiotics (e.g., penicillin, lovastatin). Bioethanol
has gained importance as a viable alternative fuel, and
it is made from fermented agricultural products and
waste (e.g., potato starch, wheat, sugar beet). Cell-
culture bioreactors lie at the heart of the processes used
to produce large-molecule, protein-based therapeutics.
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Therefore, the importance of scale-up of bioreactors for
meeting higher demands of quantity and efficiency of
production becomes paramount. Design, construction,
and evaluation of bioreactors for larger scale production
can be costly and time consuming endeavour. Some
critical limiting factors are fluid mechanics effects (e.g.,
non-ideal mixing, nutrient and oxygen distribution, mass
transfer). Thus before building a large scale system it is
wise to investigate and visualize a smaller system. The
investigation tool used in this research is Ansys CFX
simulation software.

Computational fluid dynamics (CFD) refers to solving
transport equations for fluid flow, heat and mass transfer
quantities using numerical methods. The approach frames
a 3-dimensional model and fills the fluid region with
large number of finite volumes that are all connected to
each other in a form of finite volume (or finite element)
mesh. On each one of the mesh elements, momentum, the
basic conservation of mass and heat transfer is solved.
The underlying equations that govern the solution are
called Navier-Stokes equations [2]Japan. Computational
fluid dynamics was applied for simulations of a three-
dimensional fluidized bed to study the effectiveness
of various turbulence models coupled with multiphase
models in replicating hydrodynamic profiles within the
fluidized bed. For bubbling fluidization, the shear stress
transport (SST where the global conservation of the
mentioned quantities above is satisfied.

In simple words, CFD models quite complex unit
operations as a network of well-mixed compartments
that adapt to the boundaries of fluid flow geometry. When
set up properly this approach works on any conventional
geometry, including sliding and moving parts on a very
fundamental level. The number of mixed compartments
can be small or large providing that the fine spatial
resolution of flow represents related processes occurring
within the basic steps in process. The main benefit of this
modelling approach is increased process understanding
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and insight into a unit operation from modelling
perspective. CFD technology has been and still is widely
used in the automotive and aerospace industries. It entered
the chemical industries in the middle of nineties along with
development of more accessible simulation software that
can be run on a PC. The principle “make it right the first
time” is desired outcome for many industries as it offers
that competitive edge and saves resources. Therefore,
modeling fits in as a virtual laboratory before more or less
expensive prototypes are built. In the past two decades,
CFD has seen increased interest in the fermentation and
bioprocessing area, where insight into fluid flow and
related phenomena (e.g., turbulence) can assist in risk
management associated with mixing zones in bioreactors.

This research investigates a 5L working volume
laboratory stirred vessel (298 K, 1 atm) setup with double
custom build magnetically coupled Rushton impellers
(Fig. 1) and a cell-culture fluid that resembles physical
properties of water.

Fig. 1. Magnetically coupled impeller designed and rendered in Au-
todesk Fusion 360.

In this research we are answering and explaining the

following questions:

1. What is the flow pattern and average liquid
velocity in bulk liquid?

2. What is average water turbulence eddy frequency
in bulk liquid?

3. What is minimum fluid velocity in a laminar
region inside a thin slit between the shaft and
rotor?

4. What is the smallest turbulence length scale (eddy
size) in bulk liquid?

5. What is the shear strain rate in the liquid?

To answer these questions, we use numerical
modelling approach as experimental setup is hardly
constructible and due to lack of specialised equipment
not possible.

The key setup values are arranged in TABLE 1.

Buss et al. Visualization Approaches for Stirred Tank Bioreactors

TABLE 1.
Stirred tank geometry parameters
Baffle width 0.160 [m]
Impeller blade heigth 0.020 [m]
Impeller blade width 0.016 [m]
Impeller blades 6 [-]
Impeller diameter 0.078 [m]
Number of baffles 3 [-]
Shaft diameter 0.019 [m]
Shaft length 0.450 [m]
Tank diameter 0.155 [m]
Tank height 0.350 [m]
1L MATERIALS AND METHODS

Ansys CFX a high-performance computational
fluid dynamics (CFD) software tool is used to visualize
and answer the questions above. As well as Fluent, CFX
is recognized for its outstanding accuracy, robustness
and speed when simulating turbomachinery (e.g., pumps,
fans, turbines and stirred tanks). In the core of CFX is a
cell vertex finite volume code similar to Fluent but with
more modern look and feel GUI.

The geometry and mesh of the reactor was drawn

in SpaceClaim 3D modelling software and Ansys mesh
generator. The mesh consists of tetragonal elements in
the liquid region and hex-dominant elements in the air
region. The near wall inflation was set to five layers with
growth rate of 1.2 and transition ratio 0.77. The mesh
consists of 498624 elements and contain 101552 nodes.
Under setup section the analysis type was set to steady-
state with three distinct domains: air (above fluid), rotor
(two rotating domains for impellers) and the stationary
fluid domain. The solver control was set to continuity
equation class with high resolution advection scheme
and first order turbulence numeric. The residual type was
set to target value 1E-5. Free surface standard isothermal
homogenous k-epsilon turbulence model with scalable
wall function was chosen to model the fluid behaviour.
The surface tension coefficient was set to 0.072 N/m
with continuum surface force and free surface interphase
transfer. In boundary conditions the rotating domain has
continuous fluid morphology and initial rotational speed
of 200 revolutions per minute (Fig. 3).
The model contains two distinct interface regions
between: 1) bulk liquid and air above; 2) bulk liquid and
rotating domain. The top of the vessel has open boundary
condition. The interface model was set to general
connection and the frame change (mixing model) was set
to frozen rotor. After completing the setup steps the model
was executed in platform MPI local parallel run mode
using 4 partitions of CPU.
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Fig. 2. Geometry, mesh and boundary condition setup profiles.

RESULTS AND DISCUSSION

The flow velocity profile contains the liquid fraction,
section lines and vector field with corresponding velocity
values when it is stirred at 200 revolutions per minute.
The flow pattern corresponds to the one that radial
impellers are expected to create. Higher velocity streams
are directed towards the wall forming vortexes that travel

upwards and downwards creating intense turbulence
regions (Fig. 4).
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Fig. 3. Liquid velocity along section lines.
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Fig. 4. Velocity profile (XY plane) with vector field and liquid volume
fraction (@200 rpm).
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Section lines indicate how velocity propagates
along the lines (Fig. 3). The upper section has the lowest
velocity value which was expected as there is no impeller
present suggesting sharp drop of velocity in non-agitated
regions.

An interesting region is the thin slit between the
shaft and the impeller typical for magnetically coupled
rotors (Fig. 5).

Fig. 5. Thin slit profile between the shaft and the impeller (XY plane,
@200 rpm).

In this region flow is predominantly laminar and
judging from the vector lines occurs in both directions
but mainly downwards suggesting that the intended
effect of impeller holes was achieved. The reason for
implementing holes was to minimize undesirable flow
stagnation. The liquid velocity according to CFD results
in this region along the vertical axis is in a range of 0.04
to 0.17 m/s. The slit between the rotor and stationary shaft
is 1 mm wide. The rotors are hold in place effectively by
magnetic force that originates from a smaller rotating shaft



containing neodymium magnets (grade N42, 1.280 T)
within the stationary shaft. The height of each rotor is
55 mm. This essentially gives a hollow cylinder with the
same height of 55 mm and wall thickness of 1 mm. The
cross-section area (A) of such geometric entity (ring) can
be determined by equation below:

A, =7t(d+) (1)

Where, ¢ is the slit thickness and d is stationary shaft
diameter. Substituting the numbers this gives value of
3.14*1 mm*(18 mm+1 mm) = 60 mm? = 60E-6 m?. If
liquid velocity in the slit is 0.04 m/s or 40 mm/s according
to low end from CFD results (Fig. 5) this would give the
volumetric flow rate 0.04 m/s * 60E-6 m? = 2.4E-6 m%/s.
Assuming that the liquid inside reactor is homogenous,
the whole bulk of the liquid would pass through the slit
opening on average in 5E-3 m*2.4E-6 m*s = 2083 s or
35 min. This indicates that each cell has high probability
being exposed to strong magnetic fields between NdFeB
magnets (grade N42, 1.28 T, 318 kJ/m?) during the 35 min
mixing time. Cell contact time with 1.28 T could be
estimated by dividing rotor height with flow velocity which
gives 55 mm / 40 mm/s =1.4 s. Studies of magnetic field
effects on cells are limited [3]such as visual photoreceptor
and chloroplast membranes, in a homogeneous magnetic
field of about 10 kG. While it is not possible to orient the
individual constituent molecules with such a field because
of thermal fluctuation, these ordered structures can be
oriented as a whole by virtue of summing the anisotropy
over a large number of mutually oriented molecules.
While the magneto-orientation effect seems to require the
use of unphysiologically strong magnetic fields, certain
birds apparently have highly sensitive sensors to detect
the geomagnetic field for the purpose of orientation and
navigation. However, the advances in this latter field were
made mainly in the behavioral studies; the magnetosensors
and the neural mechanisms remain elusive. A number of
candidates of the sensors are evaluated. We suggest that
pecten oculi, which is unique to avian eyes, should not
be overlooked for its possible role as a magneto-sensor
based on the magneto-orientation effect. Birds primarily
use a static (DC, [4]cell metabolic activity and ability to
form biofilms by E. coli and S. aureus. Liquid cultures of
the bacteria were exposed to the RMF (RMF frequency f
= 1-50 Hz, RMF magnetic induction B = 22-34 mT, time
of exposure t = 60 min, temperature of incubation 37 °C,
[SJATCC 43300, Enterococcus faecalis, ATCC 29212,
Streptococcus mutans ATCC 35668 and conclusions vary

among researchers.

Turbulence eddy frequency contour (or rotations
per second for a typical turbulent eddy) represents high
turbulence regions which are most intense in the impeller
area and to some extent on the surface where the air and
liquid phases come in contact (Fig. 6). The area directly
under the impeller and above upper rotor is a lot less
turbulent suggesting that mixing in this zone is less
effective.
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Fig. 6. Turbulence eddy frequency contour (XY plane, @200 rpm).

The smallest turbulence length scale 1 can be
determined by the following expression [6]:

7=(%) )

Where, v is s the kinematic viscosity of the fluid and
¢ is the average rate of dissipation of turbulence kinetic
energy (per unit mass). The expression above is called
Kolmogorov length scale and was first proposed by A.
Kolmogorov (1941). This is the smallest scale (eddy size)
in turbulent flow. Below Kolmogorov scale turbulent
kinetic energy is dissipated as heat and viscosity becomes
dominant. This means if eddy size approaches the cell
size then significant cell damage is likely to occur within
such medium. Similar theory exists that relates the idea
above but uses different variables is called Taylor length
scale, which is sometimes called the turbulence length
scale [7]. This microscale is named after G.I. Taylor
(1915). The Taylor microscale is the intermediate length
scale at which fluid viscosity significantly affects the
dynamics of turbulent eddies in the flow. This length
scale is traditionally applied to turbulent flow which can
be characterized by a Kolmogorov spectrum of velocity
fluctuations. Below the Taylor microscale the turbulent
motions are subject to strong viscous forces and kinetic
energy is dissipated into heat.

Reynolds number in a stirred tank can be
calculated by the following expression [8]the average
shear rate y in the fluid is a function of the rotational speed
N of the impeller, as follows:y = constant § N (laminar
flow:

v
&
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Where, p is liquid density (1000 kg/m3), p is liquid
dynamic viscosity (0.001 kg.m-1.s-1), D is impeller
diameter (0.078 m) and N is impeller angular velocity
expressed in s-1 (200/60 s =3.3 s-1). The length scale
is related to Reynolds number Re by the following
expression [9]:

Re

n=DRe>* 4)

From (3) at 200 rpm or 3.3 s-1 Re equals 20280 and
from (4) n is equal to 46 um. Most eukaryotic cells are
within 10-20 um size range [10] suggesting that mixing
regime even at 200 rpm could endanger certain cells but
not necessarily destroy them.

In early studies of animal cell cultures, the concern of
“shear sensitivity” has been often mentioned [11]. Given
the native state of animal cells with all of the mechanical
and nutrient support, this concern is understandable, and
is further highlighted by lack of cell wall in comparison
to the typical microorganisms used in fermentation. The
only separation of the animal cell from the surrounding
fluid is the plasma membrane consisting of phospholipids,
triglycerides, cholesterol, and transmembrane proteins.
Therefore, knowing the shear rate is something to consider
dealing with delicate cell-cultures. Shear rate is the rate
at which a fluid is sheared or “worked” during flow. In
more technical terms, it is the rate at which fluid layers
move past each other. Shear rate is determined by both
the geometry and speed of the flow. CFD indicates shear
rate maximum at 1063 s-1 which corresponds to 1063s-
1*0.001 Pa.s = 1.063 Pa = 10.63 dyne/cm2 shear stress
(Fig. 7). Some authors report even 2 Pa shear stress as
damaging for mammalian cells [12].

Mixing process is associated with agitation input
power. Different type of impellers has different power
rates at the same angular velocity. Power Number Np is
a dimensionless parameter used for estimating the power
input P by the agitating turbine [8].

0.050 0.150

Fig. 7. Shear strain rate (log scale, XY plane, @200 rpm).

The same reactor setup was simulated at 500 and
1000 rpm. The obtained values are represented in TABLE
1.

TABLE II.

Average stirred tank characteristic variables depending
£ on rpm
g
§ | | >
S 5 b= | B2 | &= L
5| 5. 8% |28 BE|5T |E:w
NEEEEIEE IR ENE | =
S| 22 252 2|52 &8 507
S oX | B 22| 28| »E e, 8
g & e 8 =28 £ |22 |88~
~ - A= ET ZE £
200 20 46 16 66 35 167
500 51 23 38 99 102 445
1000 101 14 75 180 300 903

Power number is usually plotted vs Reynolds number
Re. From our experimental setup the power numbers
obtained are shown in TABLE III. Power numbers were
calculated by the following equation [8]:

__P
OoN’D? )

Calculated Re and Np number are ploted in Fig. 8. The
best fit line can be approximated as a power function with
negative power: y=4E7x"#,

Np

TABLE IIL
Experimental power input with corresponding Re

E at 100-1000 rpm

s - , T
s £ 2 O x QO D?
100 1.17 10140 87.75
150 1.65 15210 36.56
200 2.37 20280 22.13
250 3.35 25350 16.04
300 4.43 30420 12.27
350 5.90 35490 10.30
400 7.46 40560 8.72
450 9.33 45630 7.66
500 11.05 50700 6.61
550 12.67 55770 5.70
600 14.33 60840 4.96
650 15.59 65910 4.25
700 17.52 70980 3.82
750 20.26 76050 3.59
800 23.37 81120 3.42
850 27.06 86190 3.30
900 29.88 91260 3.07
1000 3791 101400 2.84

22



10000 o
\
S y = 4E+07x 14
h R2=0.9895
o,
S+ 10.00 %0%
%%900..0
1.00

0 20000 40000 60000 80000 100000
Re

Fig. 8. Power number Np versus Reynolds number Re: experimental.

The best fit function can be further used for Np
estimation and hence the power requirement, providing
the setup has similar aspect ratio as in this research.
However, more experimental work could be done to
verify the last statement.

1. CONCLUSIONS

The hydrodynamics of stirred tank bioreactor was
studied predominantly using CFD and experimental
results. The CFD calculations indicate that flow velocity,
turbulent eddy frequency and shear rate are largest in the
close proximity of the impeller and smallest underneath
the impeller and above upper impeller. According to CFD
the impeller holes appear to be beneficial and assist to the
flow direction in the thin slit region thus minimizing the
flow stagnation in this region. As the mixing rate increases
so does the apoptosis risk to cell-based fermentation
cultures. 200 rpm regime is considered reasonably safe
while 1000 rpm regime is likely damaging to eukaryotic
cell cultures due to high shear rate and turbulent length
scale (14 um) that is close to the cell dimensions.
CFD results provide valuable insight into the working
bioreactor flow physics in the way that would be
impossible or hardly possible with experimental setup.
Furthermore, CFD modelling can help in identifying most
desirable bioreactor work regime settings to suit the needs
of delicate fermentation systems.
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Abstract—The process of thermal diffusion boriding is
well known and used throughout the world. It has a number
of unique properties, such as high hardness and wear re-
sistance under abrasive wear conditions. Continuous boride
layers have increased brittleness, which is related with the
elastic properties of borides. In this work, we studied the
features of the formation of surface layers onlow-carbon
steels after electro-spark alloying, and not by continuous
processing of the entire surface of the steel, but only sections
and subsequent thermal diffusion boriding from powder
medium. Such complex technology enables to form discrete
regular and irregular layers, which have a number of advan-
tages, in particular, reduced brittleness. The structure and
phase composition of the combined coating growth kinetics
of the diffusion layer during the thermal diffusion boriding,
are investigated. The creation of the considered composite
layers with FeB and Fe,B phases with reduced brittleness
will significantly expand their area of application, for ex-
ample, for working conditions with moderate impact loads.

Keywords—Electro-spark, boriding, steel.
L INTRODUCTION

Currently accumulated a wealth of scientific and
practical experience in the application of boriding.
Traditionally, the diffusion layer after boriding consists of
two phases: on the outer surface of the product there is a
high-boron FeB phase, below a low-boron Fe B, and then
a transition zone, represented by a solid solution of boron
in a-Fe [1, 2]. In addition, between the diffusion layer
and the base can form an intermediate layer of cementite
(borocementite), which is formed when carbon is pushed
back into the product. One of the main problems of boride
layers retaining their active use - increased brittleness. The
brittleness of boride layers is studied in numerous works,
for example, in the works of Krukovich [3]. Traditional
ways to reduce the brittleness of the layer are: additional
alloying of the layer, obtaining single-phase layers,
softening heat treatment, obtaining boride eutectics, etc.
Along with them, an effective technique for improving
the performance of a thermal diffusion boride layer is to

Minsk, Belarus
osher_yu@mail.ru

Minsk, Belarus
volhamirabella@mail.ru

change its morphology, to obtain a discrete structure using
surface pretreatment [4].

In this paper, we consider a variant of the combined
treatment consisting in preliminary electro-spark alloying
(ESA) and subsequent thermal diffusion boriding.

II. MATERIALS AND METHODS

When applying ESA coatings, the ENPOUR-121
installation (Russia) was used, the electrode material -
technical copper. Processing parameters: current I <0.5
A; voltage U = 220 V; vibration frequency 10 ... 20 s
(turbo mode). After applying the electro-spark coating,
thermal diffusion boriding in a powder medium was
carried out during furnace heating, in an airtight container
with a fusible bolt. Processing mode: temperature 920 °
C, time 1 h.

For carrying out the process, an electric shaft furnace
with residential heaters is used. As a saturating mixture,
the powder environment developed by the Belarusian
National Technical University was used, which was
obtained by the metal-thermal method of the Besto-
Bor brand (Belarus). The saturating medium used
gives special competitive advantages of the boriding
enhancement technology.

Metallographic studies of the samples obtained after
processing were carried out on a Leica microscope with
magnification from 200 to 500 times. Microstructural
studies were performed on transverse microsections,
etched in special metallographic reagents. Microhardness
measurements were performed on a PMT-3 instrument
with loads of 0.49 N and 0.98 N.

RESULTS AND DISCUSSION

When combining two technological processes
of hardening, it is necessary to take into account the
materials used and the resulting structures. For the case
under consideration, the coatings formed during the
electric-spark treatment can be divided into two groups:
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1 — coatings that intensify the diffusion process of the
element, in our case boron, and 2 - barrier coatings
that partially or completely suppress the diffusion
process of the element into the interior of the product.
The most promising direction of the combination of the
combination under consideration is the possibility of
obtaining regular coatings consisting of boride sections
isolated from each other by fragments of an electric spark
coating. Therefore, in this paper, we considered the case
of barrier coatings, in particular, steel samples obtained
by ESA copper electrode.

During the formation of areas of boride needles
separated from each other by fragments of another
coating obtained, for example, ESA, there is a partial
compensation of elastic deformations in the layer due
to adjacent zones and, as a consequence, a decrease in
brittleness.

The specificity of the electric-spark processing makes
it possible to simply form the processing not of the entire
surface, but of sections, for example, forming a periodic
(regular) profile in the form of lines parallel to each other.
Moreover, the step between the treatment sites can vary
widely, contributing to the formation of layer structures of
different morphology. In our case, the distance between
the areas treated by ESA was about 2 mm (fig. 1). By
varying the pitch and modes of the preliminary electric-
spark treatment, the prerequisites for controlling the layer
structure are created.

Thus, processing performed by the following scheme:

1. ESA by copper electrode
cgoper

Steel pase

2. Boriding

borides composife coaling

/

—

steel base

Fig. 1. Scheme of coating obtaining with a combination of ESA
and boriding
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As noted earlier, copper was chosen because it
prevents the through diffusion of boron. It is known that
boron does not form compounds with copper, and the
solubility of boron in copper is extremely low (0.06% wt.)
[5]. When copper is applied by the ESA method, sparking
occurs on the surface and part of the copper electrode is
transferred to the surface, while copper partially mixes
with the base metal, a defective structure is formed,
which is only partially impermeable to boron atoms [6].
During the subsequent boriding, a conglomerate of iron
and copper borides is formed, and the borides are mainly
represented by the low-boron phase Fe B (fig. 2).

-

gl

3

Fig. 2. The microstructure of the area with a composite coating,
obtained by preliminary copper ESA

As a result of complex processing structure formed
with distinct areas of classical boride layer and the areas
of the composite coating formed by preliminary copper
ESA (fig. 3).

It should be noted that the transition zone of the two
areas of the structure is quite sharp. The microhardness
of the boride area is 14000 - 15000 MPa, the area of
composite coating varies in wide range from 1500 to
1400 MPa.

Boride layer area ‘ Electro-spark alloyir

Fig. 3. Microstructure of the coating consisting of a boron layer and a
composite coating

The application of the copper coating by the method
of ESA contributes to the separation of the total layer
during the subsequent boriding to the areas of the boride
layer and the areas of the composite coating based on iron
and copper borides. Moreover, copper in the structure is
represented as separate dispersed inclusions with sizes of
about 5 ... 20 microns (fig. 2). Such structure is sufficient
and promising for parts working in friction pairs, in this
case copper can partially act as a lubricant.

It has been established that the microhardness of the



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 12th International Scientific and Practical Conference. Volume IlI, 24-26

obtained boride areas corresponds to the microhardness
of the layers obtained under the classical processing
conditions, including in the zone approaching the
transition, and is 14 000 - 15 000 MPa.

One of the most important criteria that is crucial
for the effective use in production is the fragility of the
obtained thermal diffusion layers. Obviously, the resulting
structure of the diffusion layer will reduce brittleness and
a tendency to shear at high contact pressures and shock
loads [3, 7].

The characteristic of brittleness was evaluated by the
cleavage stress, as well as the total score of brittleness.

The cleavage stress is an integral characteristic of the
fragility of the layer, spontaneously taking into account
the physical and mechanical properties of the borides
themselves, the phase composition, the phase ratio, their
dispersion and mutual arrangement in the layer and on
the surface, the stress state of the layer and its plasticity.
The greater the value of the cleavage stress, the less brit-
tleness, and therefore the layer is more plastic [3, 8].

The brittleness score was determined based on the
microhardness measurement method. This characteristic
is a qualitative indicator of fragility and is similar to the
method used to assess the fragility of nitrided layers.

As a result of investigations it was found that the brit-
tleness of the considered complex coating is reduced. The
brittleness determined in areas with a composite layer
structure, determined by the cleavage stress, is reduced in
1.5 times relative to traditional boriding (table 1).

TABLE I. CHARACTERISTIC OF BRITTLES

Brittleness rate
Processing type Cleavage The total score of
stress, MPa brittleness Z100
Boriding (two-phase) 280 35
ESA +boriding 420 26

Note that there is no clear correlation between the
values of brittleness in certain different ways, but the
general trends for all research options remain.

26

I1I1. CONCLUSIONS

Thus, the application of a copper coating by the ESA
method enables the separation of the total layer during
the subsequent boriding to the zone of the boride layer
and the zone of composite coating. In areas with a
composite coating obtained by preliminary ESA, boron
diffusion slows down, due to which lower iron borides
are predominantly formed, which have a higher ductility.
Due to the appearance of copper inclusions in the
structure, in which the elastic modulus is much less than
that of borides, some reduction and relaxation of internal
stresses in the layer is possible, which affects the overall
brittleness of the boride layer.

The creation of the considered binary composite layers
based on boron can significantly reduce the fragility of
the resulting layers and, accordingly, expand their area
of application, for example, for working conditions with

moderate impact loads.
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Abstract—The paper considers a new method for
measuring the angular deviations of moving objects. A
specific measuring system is proposed to measure ship roll,
pitch, heel and trim. The system consists of two measurement
channels operating in parallel. The first channel is built on
the position properties of a physical pendulum so as to build
the base vertical. The second channel ensures the dynamic
accuracy of the system. The principal of operation of the
second channel involves correction of the signals from the
first channel by using information obtained from linear
MEMS accelerometers. To increase system measurement
accuracy, a signal processing module is used through the
Kalman filter algorithm.

Keywords— Kalman filter; dynamic error; gyro-free
measuring system; roll, pitch, heel, trim.
L INTRODUCTION

The dynamic accuracy of measuring instruments and
systems mounted on moving objects considerably depends
on the intensity of the linear and angular accelerations
acting upon them and mainly caused by the fluctuations
of the object. Meanwhile the basic parameters of the
interference effects and the quantities being measured vary
within wide ranges and depend on a number of factors
which are determined by the specific moving object and
its motion medium. In this respect, there is a great variety
available for state-of-the-art means of transport (ships,
aircrafts, road transport, etc.).

The above mentioned substantially complicates
the development of measuring systems that possess the
required accuracy for the whole range of variations of the
interference effects and the quantities being measured.
This holds true for instruments measuring parameters
such as roll, pitch, heel and trim which characterize the
ship motion. Namely, the problems related to measuring
those parameters are covered by the present study.

A distinguishing feature of the measuring instruments
presented in this paper is that they operate under
conditions of dynamic effects caused by the motion of

the moving objects or by the fluctuations of the ships,
aircrafts and road means of transport, as well as by the
vibrations in the place where the measuring instruments
have been positioned [1] - [3]. Those motions result in
producing inertial forces and moments which act upon the
measuring instruments thus causing a dynamic error in the
measurement result. [4].

To reduce the influence of inertial forces and moments
in current measuring instruments, gyro-stabilized systems
are mainly used. They model the reference coordinate
system in relation to which the position of the moving
object upon its rotation with respect to its mass centre
and its motion along with its mass centre is measured,
as well as the set direction of motion is kept. [5] - [8].
This complicated model for reproducing the direction of
the vertical leads to a number of disadvantages such as a
complex design resulting in a bigger instrumental error,
low reliability under extreme conditions, need for special
systems ensuring the operation of the gyro-vertical, larger
dimensions, higher price of the instrument or system, etc.
(91, [10].

Thus, the present paper proposes a new method for
developing measuring instruments and systems which
define the parameters of moving objects. That method
is able to overcome the drawbacks of the current
measuring instruments since, on one hand, it is based
on a considerably simplified mechanical module, and
on the other hand, on the advanced achievements in the
area of nanotechnologies, microprocessor and computer
equipment.

A specific measuring system has been developed in
compliance with the basic principles of the proposed
method so as to measure ship roll, pitch, heel and trim.

II. DESCRIPTION OF THE MEASURING METHOD

The general concept of the proposed method is pre-
sented by means of a block diagram shown in Fig. 1. The
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block diagram consists of a main measurement channel,
an additional channel, interfaces to be connected to a
computer and software modules for processing and pre-
senting measurement information. The main channel is
designed to measure the current values of the quantities
being measured.

Disturbance

quantities

Measured
quantity,

Basic C
channel

Interface

Output/
result

User Interface

Additional measure- C 8
ment channel Interface

2
]
]
I
=]
)
8
5
S
g
s
8
]
a

o)

“omputer

Fig.1. Block diagram illustrating the principle of modeling of
measuring systems

Due to its simplified design and lack of stabilization
systems, the signal at the channel output contains a
dynamic error caused by the deviation of the physical
pendulum from the astronomical vertical. The procedure
for obtaining the measurement information required
for defining the current values of the dynamic error is
performed in the additional channel (Fig. 1). The latter
operates in parallel with the main one, which makes

possible the elimination of the dynamic error from
the measurement result in real time. The design of the
additional channel and the type of the constituent devices
are specified according to the model chosen to determine
the current values of the dynamic error and the correction
algorithm of the signal from the main measurement
channel.

I11. MEASURING SYSTEM FOR DEFINING SHIP ROLL, PITCH,
HEEL AND TRIM

To illustrate the features of the proposed method, the
characteristics of a specific measuring system built in
compliance with the above concept are considered. The
system has been developed to measure ship roll, pitch,
heel and trim.

The block diagram of the system is shown in Fig. 2.
The main measurement channel consists of a mechanical
module intended to provide gyro-free modelling of the
local vertical and a system for recording the angles of
the heel and trim, which includes two code photoelectric
converters mounted along the respective measurement
axis. The design model of the mechanical module of the
main measurement channel (Fig. 3) has been developed
according to the block diagram in Fig. 2.

erEt)

Accelerometer 4
Suspension
e A o)
ccelerometer
Body CPC 1 e
: Vertical ¥
“ —* Accselerometer 2 i(i)-
c cPC 2 filter
Suspension
pens W W (D= wD+pMD
e / i
‘ Y (D)

Fig.2. Operating diagram of the measuring system

The development of the main measurement channel is
focused on a simplified technical implementation of the
vertical in the form of a physical pendulum. Therefore,
this comparatively easy technical implementation of the
mechanical module, which consists of a small number
of components, results in reducing the magnitude of the
instrumental error.

The body of the mechanical module is permanently
connected to the ship. A 2-degree-of-freedom physical
pendulum reproducing the device vertical is mounted
on the body by means of a suspension system (Fig. 3).
The latter consists of an outer and inner frame, connected
in series by cylindrical joints. A physical pendulum is
attached to the inner frame. The two frames have inter
perpendicular axes of rotation, which intersect at one
point. The measurement information about the heel and
trim angles is obtained from two code photoelectric
converters (CPC1 and CPC2), mounted on the respective
measurement axis.

The measurement accuracy in dynamic mode is
ensured by an additional channel for determining the
dynamic error. It consists of two pairs of identical MEMS
accelerometers used for measuring the linear acceleration.
The accelerometers are mounted respectively on the body
of the mechanical module, on the first cylindrical joint
(two accelerometers), and on the physical pendulum. The
first two accelerometers are mounted in such a way that
their measurement axes are sensitive to the accelerations
generated by the roll whereas the measurement axes of the
other two accelerometers are sensitive to the accelerations
generated by the pitch. This scheme of mounting of
the MEMS sensors ensures the sensitivity of the first
accelerometer of each sensor pair to all accelerations
generated by theroll and pitch. Every second accelerometer
is sensitive not only to the accelerations of the first sensor
but also to those generated by the pendulum motion with
respect to its degree of freedom. This makes possible the
development of a procedure involving the subtraction of
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the signals from the first and second accelerometer of
each sensor pair where the output signals are proportional
to the accelerations generated by the pendulum motion
with respect to its degree of freedom. By means of a
data processing algorithm a double integration of the
accelerations is performed, where signals defining the
pendulum deviations from the vertical with respect to its
two degrees of freedom are obtained.

Fig.3. Design model of the main measurement channel

Because the device body is permanently fixed to
the ship and its measurement axes are sensitive to
ship fluctuations with respect to the heel 8 and trim v
, the measurement information on the change of those
quantities is obtained at CPC1 and CPC2 outputs. That
information is recorded with respect to the time coordinate
in the form of functions 0 (t) and y (t). The instability
of the physical pendulum in the inertial space leads to
a dynamic error in the result whose characteristics are
defined by functions a(t) and B(t). The latter are formed
by the pendulum deviations from the ideal astronomic
vertical emerging along the two measuring coordinates
of the device. In this case the values obtained from the
two measurement channels are equal to the sums of the
desired signals and the respective dynamic errors, i.e.
0.(t) = 0(t) + a(t); w(t) = w(t) + B(t), where 0(t) and wy(t)
are the signals determining the true values of the heel and
trim along the time coordinate.

Due to the presence of interference sources of
random characteristics, additional secondary processes of
unpredictable behavior and possible occurrence of errors
as a result of system conversion processes, additional
errors may occur thus considerably reducing accuracy
when defining the dynamic error [11] - [14]. Therefore,
in order to eliminate the influence of the above listed
sources, adaptive algorithms (such as Kalman filter) need
to be introduced in the measurement procedure [15] -
[17]. They make possible the automatic adjustment of the
measuring system when searching for optimal solutions
according to the minimum mean square criterion. In
this sense, the result from the precise solution of the
algorithmic synthesis problem can be formulated by
target inequalities of the form

(1)

Eu (t)—a(t)<qu; 5 &5 (1)=PB(1)<qu; >
where &,,(1)s &5 (1) - the dynamic errors obtained

— the true values of the respective dynamic error; ¢ —

Jom

admissible deviation.

IV. MATHEMATICAL MODEL OF THE MEASURING SYSTEM

The measuring system can be developed only
on the basis of a complete and precise mathematical
model because this model is used to determine the
main dependences of the parameters of the measuring
system, the quantities being measured, and the influence
quantities in a form appropriate for the analysis of the
required characteristics.

2

@

Fig.4. Diagram of the dynamic system moving object - measuring
instrument

The differential equations are worked out on the
basis of the design model and the diagram showing the
arrangement of the accelerometers. The dynamic system
is shown in fig. 4. Ship motions are defined as angular
and linear fluctuations of a rigid body around or along
with its centre of gravity. The moving object (the ship)
to which the coordinate system Oxyz is connected moves
randomly with respect to the reference system O ¢n.
A measuring instrument is mounted on the ship and its
sensitive element (a physical pendulum) is connected to
coordinate system Cxyz,. The suspension point O, of
the instrument sensor coincides with the diametral plane
of the ship and its position with respect to the centre of
gravity of the moving object O is defined by the z and y
coordinates.

The position of the moving object with respect to the
reference system O ¢i( is set by the three coordinates of
its centre of gravity O - &, 7, ¢ and the matrix 4= | a; "
(ij=1,2) of the given angle cosines of the trim y and the
heel 6, defining the angular displacement between the
axes of the systems O ¢n¢'and Oxyz. The dynamic system
consists of two bodies - a physical pendulum which is
free to rotate with respect to the coordinate axes O x,
and O,y,, and an accelerometer mounted in the centre of
gravity C of the physical pendulum. The accelerometer
inertial body of a mass m, stays at an equilibrium position
in relation to the y, coordinate by means of two horizontal
springs of an elastic constant c.

Therefore, the system has three degrees of freedom
and the generalized coordinates are, respectively, o,

as a result at the output of the adaptive filters; a(), f(t) p and y,. The a and S coordinates define the angular
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displacement of the physical pendulum from the vertical
in relation to, respectively, O,y, and O x, axes whereas
y, determines the relative motion of the inertial mass
m,. By means of coordinate £ the inertial component of
the dynamic error for the measurement channel under
consideration is defined. The latter determines the trim
values of a ship.

After performing the required mathematical
operations and reducing the obtained equations to a
simplified form by linearizing the quantities that define
the motion of the system points and including only small
first-order quantities, the following system of differential
equations is obtained:

(7, +m I*) i +k, c+m .gla=
=m, Lij,~(J, +m12)6;

(7, +m 1) B+ky pem, gl p=

=—m 1.5, (T, +m,.z0) 4 ; @

m,.y, +ky1 Y, +ey, =

——Sma(LB 2,

where k , kﬁ and kyl are damping factors along the
three generalized coordinates a, f and y ; [ — the length of
the physical pendulum.

The third equation in (2) defines the link between the
readings of the accelerometer mounted on the physical
pendulum and the quantities entering at the input of the
instrument. A differential equation representing the motion
of the sensitive element of the second accelerometer
can be easily worked out from this equation, taking
into account the identical design characteristics of the
two sensors and the fact that this accelerometer is not
sensitive to the motion of the physical pendulum. Then
the differential equation sought will be:

mz.yp+kyp'yp+c'yp=_3m2'(§0+z.l//) > (3)

where v, is the coordinate of the motion of the sensitive
element of the second accelerometer.

Fig.5. Photos from the experiments
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In this case the difference between the readings of the
two accelerometers will be proportional to the function
B(t), by means of which we can easily determine the
quantity B(t) defining the dynamic error. However,
additional interferences are accumulated to the A(z)
signal. They can be easily identified if equations (2) are
reduced to a form which consists of first- and second-order
quantities. Then on the right side of the third differential
equation from (2) functions £,-g and y-y - appear
and they are superposed on signal gz ). Although the
values of those functions are formed as small second-
order quantities with respect to B(¢), they cause an
additional error when determining quantity /£(¢). Hence,
they should be eliminated from the signal before the final
formation of function (). In this case the use of Kalman
filter, whose location in the measurement procedure is
given in the block diagram in fig. 2, is very relevant.

V. EXPERIMENTS AND RESULTS

To carry out the experiments, the required stand
equipment has been developed. It possesses reference
properties and makes possible the implementation of
all metrological tasks related to checks, calibration,
definition of dynamic characteristics and investigation
of dynamic accuracy. The equipment is in the form of
a 6-degree-of-freedom hexapod and photos from the
experiments are shown in fig. 5.

To illustrate the quality of the measuring system, the
results from the investigation of the channel measuring
the ship pitch and trim are presented in fig. 6. The figure
shows: the reference motion of the hexapod operating
platform /(?); the recorded signal before Kalman filter
w,,(1); the pitch measurement result obtained at the output
of Kalman filter y, (2); the dynamic error &, (z). Figure
5 indicates that the measuring system possesses high
measurement accuracy in dynamic mode, since error
g, (1) does not exceed 4% of the variation range of
the quantity being measured. Similar results are obtained
upon investigating the second measurement channel
(measuring roll and heel). In static mode the system
operates at approximately two times higher accuracy
because of its simplified design diagram, which is used in
the mechanical module for modeling the vertical.

VL CONCLUSIONS

The proposed measurement concept is designed
for developing gyro-free measuring systems that deter-
mine the parameters of moving objects. This modelling
approach overcomes the disadvantages of the existing
measuring instruments since it is based, on one hand, on
a very simplified mechanical module, and on the other
hand, on the advanced achievements in the area of nan-
otechnologies, microprocessor and computer equipment.

The high dynamic accuracy of the proposed mea-
suring system is ensured by an additional measurement
channel operating in parallel with the main channel. The
metrological procedures in the additional channel are
based on an appropriate correction algorithm using sig-
nals from linear MEMS accelerometers.

The experimental results confirm the effectiveness
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of the proposed measurement concept in relation to the
dynamic accuracy of systems measuring moving objects.
As a result of the operation of the additional channel and
the Kalman algorithm the accuracy characteristics of the

RG————— === mm— e —

measuring system under conditions of dynamic influenc-
es are improved to a great extent. This can be implement-
ed without using expensive elements and stabilization
systems.

Wit l|
-—- W fE) |
— W j

Fig.6 Experimental results
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Abstract— In the last decades, a large application has
been found by lasers in marking and cutting on textiles,
plexiglass, wood, metals and other materials. These items
apply to both the military and the economy of the countries
of the world. A group of Bulgarian students from the Na-
tional Military University Vasil Levski, led by Dr. Nikolay
Dolchinkov, conducted a research with a group of TAR
under the leadership of Prof. Lubomir Lazov at the Laser
Center in Rezekne at the end of 2018. The report shows the
achieved results and the relevant analyzes. Graphically and
tabularly, the dependence of the depth of the markings and
the cut-off of the power and speed of the used CO, laser are
presented.

Keywords— cutting, laser, marking, research, textil.

I. INTRODUCTION

Laser technologies are one of the most widespread
these days. In the early 1960s, the first laser was
discovered and its practical application in the industry
began to develop. Over time, laser technology has become
increasingly important in many sectors of the economy,
both in the European Union and in the world.

The advent of laser technology in textiles industry has
established a new innovative solution, which successfully
prevents some of the weaknesses in the conventional
technologies. Lasers are being used in Laser Marking
(Only the surface of fabric is processed, fading), Laser
Engraving (Controlled cutting to depth). It has been used
extensively as the replacement of some conventional dry
processes like sand blasting, hand sanding, destroying,
and grinding etc., which are potentially harmful and
disadvantageous for the environment [2].

Since the practical opening of the laser in the early
1960s, it has continuously improved and contributed to
the development of industrial production - automotive,
aircraft construction, shipbuilding, machine building in

Bulgaria and the world. Swallowing is the most important
parameter of the material being processed when it interacts
with the laser. For each configuration, swallowing is
given as a combination of the following laser parameters:
wavelength, drop angle, polarization of laser radiation,
and material emission (shape), surface geometry and
temperature. The greater the ultimate intake, the greater
the laser radiation used in the laser marking process.There
is a many ways in which laser cutting technology can be
used within the field of textiles too [6]. In this we presente
some results from this area.

The aim of the experiments at the Technological
Academy Resets, on the basis of analyzing the
parameters (velocity and power) change, is to improve
the marking and cutting of polymethylmethacrylate
(PMMA) products, to obtain data that would be useful in
optimizing the production lines using laser technologies
for processing PMMA. The studies conducted show the
application of laser marking and cutting. The optimal
parameters of the laser device were found to perform a
9.5 mm thick PMMA quality cut. At the same time, results
were obtained for making markings by removing a certain
volume of material.

1I. EQUIPMENT AND EXPERIMENTAL ESTABLISHMENT

Our study examines the dependencies of the
technological parameters of cutting and marking for the
quality of the processes. Laser marking is an important
process in modern production [4]. The last few years have
become increasingly popular. Marking is a process of
impacting the laser on the surface layer of the material.
During the marking, a process of absorption of the laser
radiation from the material takes place. Unlike marking,
the energy absorbed at the cut is many times larger and
leads to ablation by ablation.
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There are various factors that affect the quality of
the markings. Some of them are: contrast, homogeneity,
clarity and sharpness of the image contour, positioning
accuracy, wear resistance, lack of additional products
around the impact area. In laser cutting, the factors that
affect it are divided into three main groups:

e parameters related to the laser source

e parameters related to the properties of the material

e parameters related to the technological process.

The common advantages of all laser marking
techniques are [1]:

- permanent, high quality marks;

- high efficiency and low operation cost;

- good accessibility, even to irregular surface;

- non-contact marking and no special working

environmental needed;

- easy to automate and integrate (using computer-
controlled movement of the beam or sample);

- precise beam positioning and a beam highly
localised energy transfer to the workpiece;

- high reproducibility and high speed ;

- contamination - free.

The quality of a mark is assessed by its legibility
characteristics such as mark contrast, mark width, mark
depth, and microstructures. The characteristics are
usually evaluated using complementary techniques such
as optical microscopy, ultrosonics microscopy, electron
microscopy, surface roughness measurement. In beam
deflected marking, the line width is mainly determined by
the focused beam spot size, which varies between 20 - 100
um. Other parameters: scanning speed, power density and
material properties also affect the line width. [1].

The main factors that influence the contrast of laser
marking are [7,8,10]:

- optical characteristics: power density, pulse energy
(pulse lasers only), pulse duration of the laser
beam, frequency, overlap factor;

- thermophysical characteristics: marking speed,
laser beam pitch, laser beam defocus, number of
repetitions, volumetric density of the absorbed
energy.

The marking and engraving on fabric with a
composition of 65/35% CO / polyester + 3% determined
according to EN ISO 1833 quantitative chemical standard
with CO, laser was investigated and analysed [8, 9].
For this purpose, an experimental methodology was

developed, which concludes in the following:
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Fig.1. Scheme of the experimental setting[14]
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Fig. 1 shows more precisely the schematic diagram
of CO, laser. It includes also the working area, fully
reflecting mirror, intransperant mirror, then anodes and
cathodes, the lens and the focus point [15].

Fig.2. Scheme of the matrix

The marking and engraving on fabric with a
composition of 65/35% CO / polyester + 3% determined
according to EN ISO 1833 quantitative chemical standard
with CO, laser was investigated and analysed [8]. For this
purpose, an experimental methodology was developed,
which concludes in the following: a matrix of 9 squares
with 1x1 cm is created. The power of the laser beam is
in the range of 2-26W and its speed is in the range of
100x350 mm/s. A schematic of the six-square matrix after
experiments is shown in Fig. 2 and 3.

B

Fig.3. Scheme of the matrix

We investigate the possibility of marking and
engraving on CO, laser plates. For this purpose, an
experimental methodology was developed, which
concludes in the following:

- a matrix of 9 squares with dimensions 1: 1 cm was
created. Speed and power range in the range of 2-26
Watts and 100-350mm/sec. The scheme of the matrix is
shown in Fig. 2

Experimental data were obtained using a Dino-lite
AM4515ZTL digital microscope having the following
1.3 MPx result, 10-140X magnification and polarization.

Fig. 5 shows the variation of speed and power P for 2
W, 10 W and 26 W and the resulting linear energy density.

Each processing area (each square) is implemented
with the raster scan method [13]. The line-to-line step
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is 0.lmm. The processing areas and the processing
quality were analyzed by means of a AM4515ZTL digital
microscope manufactured by DINO-LITE:
https://www.dino-lite.eu/index.php/en/products/
microscopes/long-working-distance  with 1.3  MPx
resolution, 10-140X zoom and polarizer. Total 28
treatment zones were investigated. From all the
experiments we can draw the following conclusions [12]:

e a good cutting of the material is obtained with the
following parameters: constant power 26 watts
and speed ranging from 100-200 mm/s, with
linear energy densities correspondingly 0.26, 0.17
and 0.13 J/mm.

e the quality marking is obtained in the range of
LED values of 5*10 | 3,8*102 J/mm for a power
of 10 W where the velocity varies in the range
of 200-260 mm/s. The remaining marking areas
have a slight contrast that is between 5% and 10%.
Contrast measurements are performed using the
Color Contrast Analyzer version: 2.5.0.0. [11,12].
On Figure 4 are given photo of marked areas with
good contrast.

Fig. 4 Photo of marked areas with good contrast.

The main factors that influence the contrast of laser
marking are [3,7]:

Each processing area is implemented by the raster
scan method. The line-to-line step is 0.lmm. Processing
areas and processing quality were analyzed with the help
of a digital microscope AM4515ZTL Total 50 processing
areas were analyzed.

I1I. LASER CUTTING

The possibility of laser cutting on a CO, laser is
investigated [5]. For this purpose, an experimental
methodology has been developed which consists of the
following:

Lines of length 4 cm are applied to the textile at
different speeds and power processing. Power ranges
from 2-20 W, and the speed is 10-55 mm/s. Two sets of
experiments with 10 lines were made. In one series the
power was maintained constant - 10 W, and the speed
varied in the range of 10-55 mm/s. In the second series
the speed is constant 10 mm/s and the power varies in the
range of 2-20 W — fig. 2. The thickness of the textile is

0.41 mm [9].
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Fig 5: Effective cutting depth at power

Fig 6. Cutting with good contrast quality

The microscopic analysis of the shear lines shows that
a good shear of the fabric is present on all 18 incisions
in the range of LED (0.2-2 J/mm for a constant rate of
10 mm/s and 1-0.22 J/mm for a constant power 10 W)
- Fig. 5. Quality cutting of the textile, and for two of the
experiments at 0.2 J/mm and 0.18 J/m LED for a constant
power of 10 W, a shear limit was found. The threshold of
destruction is shown on Fig. 6.

The experimental data obtained at the laser beam
power at 10 w are shown in Table 1. In which the width of
the hole in the material is shown, the heat-affected zone
(COP), the Line Energy Density (LED), and the Effective
Shear Depth (ESD).

Power density is a function of the focused laser size
(laser power per unit area, W/cm?). This is different from
the raw output power of the laser. Focused laser beam
size for each focal length lens and laser wavelength is
a function of laser beam bias controlled by the laser
configuration, the size of the aperture for mode selection,
and the magnification of the expansion beam (collimator
beam expander).

Fig 7. Marked areas with good contrast quality
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V=10mm/s LDE, J/mm

25
PW

Fig 8: Laser marking parameters

Frequency of repetition of pulses (by acoustic-optical
Q switch) and peak power density are critical parameters
in forming the markings and achieving optimal contrast
and velocity. High peak power at low frequency rapidly
increases surface temperature, evaporates material
while minimizing heat in the substrate. As the pulse
repetition increases, lower peak power results in minimal
evaporation, but generates more heat. The beam speed
(the laser beam speed through the work surface) is also
a critical factor.

Fig 8 and 9 gives the optimal laser marking parameters.

Good marking of the material (nearly 50%) is obtained
with the following technological parameters: power 10-
20-30 watts at a speed of 25-30 mm/s

Good marking through the material is obtained with
the following technological parameters: power 10W 20W
30W 40W at a speed of 30-10mm/s.

V=10mm/s LDE, J/mm

30
PW

40 50 60

Fig 9: Laser marking parameters

The possibility of laser cutting on a CO, laser is also
studied. For this purpose several cuts were made with
different parameters. A 4 cm (4 cm) line has been placed on
the fabric at various processing capacities and speeds. Power
ranges from 2 to 20W and speeds from 10 to 55mm / sec.
Two series of experiments with 10 lines were made. In the
first series the power was maintained constant - 10W, and
the speed varied in the range of 20 to 50mm / s. In the second
series the speed was preserved - 10mm / s, and the power
varies from 2 to 20W.

Microscopic analysis of shear lines shows that a good
shear of the fabric is obtained in 18 of the experiments
conducted.

V. CONCLUSION

From the conducted study and the analyzed experimental

data, the following conclusions can be drawn:

1. A good shear of the material is obtained with the
following parameters: constant power 26 watts (9%)
and speed ranging from 100-200mm / s. In the first
zone, the LPE is 0,1; in the second zone - 0.06 and in
the third zone is 0.05

2. Good marking by lightening of the material (nearly
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50%) is obtained with the following process
parameters: these are shown in Table 2 (with blue
color). The rest have a slight contrast that is between
5% and 10%. The quality mark is obtained in the
range of 5 * 102 to 3.8 * 102 The speed changes
in the range of 200-260mm / s and the power is
retained.

3. Microscopic analysis of the shear lines shows that a
good shear of the fabric was obtained in 18 of the 50
experiments conducted.

4. The data obtained will serve as a basis for further
research on dual-use fabrics. In further studies,
similar experiments will be made on fabrics with
other content and thickness of matter, comparisons
will be made and the best choice will be made for
making different purpose clothing.

5. The data obtained can be analyzed and, on the basis
of the results obtained, estimates will be made for
the possibility of laser cutting and marking of these
articles.

For all textile materials and for leather materials,
marking, engraving and cutting can be successfully applied.
The choice of laser process is determined by the desired final
result.

In this research, the laser applications for and textile
processing are analyzed. The advantages of laser technology
in textile fields were pointed. The linear energy density
during marking and cutting by the laser beam was introduce.
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Abstract — Progress in direct laser marking when
processing plastics with unmatched quality of markings,
contrast and speed. This article presents the latest generation
of laser materials and laser equipment systems. When
properly applied, laser marking can provide quality for
production and add value to the appearance and function
of the product.

Describe the parameters influencing the depth of the laser
marking of polymethylmethacrylate (PMMA) products.
Experimental results are presented for determining the
quality of cuts on the polymer surface at specific parameters
- power and speed.

Keywords — cutting, laser, marking, pleksiglas, research.
L INTRODUCTION

Polymethyl methacrylate, widely known under
the trade name Plexiglas, is a synthetic thermoplastic
transparent polymer. It is also found under the trademarks
lemacryl, perpsex, plastid, acrylate, acrylate, acrylate,
etc., also called organic glass, acrylic glass or acrylic (fig.
1) [14].

It was created in 1928 and was sold in 1933 by Rohm
and Haas Company [15].

Plexiglas is used as an alternative to glass. It has the
following properties:

CH3 3
Ry lf l L ’,.f
. C C C
\ \ L
O/c%ﬂ /c‘\\ﬂ 'ﬂ
N\ \ \
CH, CH, CHj

Fig.1. Structure of the polymer [14]

lighter: its density (1190 kg / m3) is approximately
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twice as low as that of the glass;

resistant to external influences (humidity, cold, etc.);

softer than the glass and therefore more scratch-
sensitive;

when heated above 100 ° C becomes plastic and lends
itself to molding;

it is easily processed with metal cutting and
woodworking machines and tools;

perfectly cut and engraved with a laser;

passes ultraviolet rays and X-rays, but filters infrared
rays; passes less light (92-93% vs. 99%) from the glass
[91;

is not resistant to the effects of organic solvents [1,
14].

Deliberating upon the question which innovation
changed the world, many scientists would answer that it
was the laser. Soon after its invention in 1960 it
attracted the attention of many scientists from all over
the world [6,12].

Laser sources emit radiations with wavelengths in
a wide spectral range - from ultraviolet, visible and
infrared to continuous and pulsed modes. Some of the
laser technologies are: laser marking, cutting, engraving,
welding, drilling of holes and many others [2].

Laser devices are the core technology in instruments
performing vital functions in many industries
including transportation, healthcare, and
telecommunications [4]. Laser marking and laser cutting
technology are now widely associated with plastics.

The most common mechanism of surface reaction is
thermal chemical “carbonization” or “charring”. First,
the charging process occurs when the absorbed energy
increases the local temperature of the material around
the subject of absorption, high enough to cause thermal
decomposition of the polymer [13]. While this may lead
to burning of the polymer in the presence of oxygen, the
limited supply of oxygen inside the substrate results in
polymerization of the polymer to produce a black or dark
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contrast to light.

The aim of the experiments at the Technological
Academy Resets, on the basis of analyzing the
parameters (velocity and power) change, is to improve
the marking and cutting of polymethylmethacrylate
(PMMA) products, to obtain data that would be useful in
optimizing the production lines using laser technologies
for processing PMMA. The studies conducted show the
application of laser marking and cutting. The optimal
parameters of the laser device were found to perform a
9.5 mm thick PMMA quality cut. At the same time, results
were obtained for making markings by removing a certain
volume of material.

II. EQUIPMENT AND EXPERIMENTAL ES-
TABLISHMENT

The wavelength (energy) is important. The materials
have to absorb the laser energy if a good marking effect
is to occur. The more plastic materials are able to absorb
the laser energy at a wavelength of 1064 nm (which is
the infrared band - Nd:YAG). Here is used CO2, which is
important because of different wavelength and the results.

Gas laser CHANXAN CW 1325 CO2 active, 1-150
watts power, 1-400 mm / s, laser beam wavelength 10.6
mm, maximum marking area: 2500 x 1300 mm, maximum
laser size focal spot is 100 mm and water cooling system
was used.

The surface power density SPD of the laser beam is
determined by:

SPD _P
S

where P is the power of laser beam and S is the area
of the laser beam section in focus. Laser control was
performed using the RdWorks software [7,10].

In relation to the influence of the laser beam on the
plastic, the linear energy density LED of the laser [8]
beam is defined on a unit length depending on the veloc-

1ty:

LED = £
v

where P is the power of laser beam and v is the speed
of laser beam movement on the plastic [11].

The focusing system controls the laser beam spot
direction is important system part. The area diameter of
the focused laser beam defined marking line width and
the real marking efficiency and the penetrating depth of
the laser beam. The diameter depends of the lens focal
length and the of the laser beam deviation.

Polymethylmethacrylate (PMMA) is a transparent
thermoplastic material that is light and stable. As
a multifunctional material used in a wide range of
applications. The thickness of the plexiglass used is 10
mm.
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Fig.2. The laser used for the experiments

Fig. 2 This figure is an image of the laser used during
our experiment. Marking and cutting of the plexiglass
was done at the laser center of the Rezekne Technological
Academy

Experimental data were obtained using a Dino-lite
AM4515ZTL digital microscope having the following
1.3 MPx result, 10-140X magnification and polarization

(fig. 3).

Fig 3. Operating the electronic microscope

We investigate the possibility of marking and cutting
the CO, laser material. For this purpose, an experimental
methodology was developed, which concludes in the
following:

- A matrix of 50 lines was created. Speed and power
range in the range of 10-50 watts and 5-30mm/s. The
scheme of the matrix is shown in Fig. 4.

The main factors that influence the contrast of laser
marking are [3,4,5,6]:
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Fig. 4. Matrix
Each processing area is implemented by the raster
scan method. The line-to-line step is 0. Ilmm.
Processing areas and processing quality were ana-
lyzed with the help of a digital microscope AM4515ZTL
Total 50 processing areas were analyzed.

I11. LASER CUTTING

Effective cutting depth at power, mm

e SSES .

0 5 10 15 20 25 30 35

=T R )

—&— Effective cutting depth at power. mm 10 W
—&— Effective cutting depth at power. mm 20 W
~—@— Effective cutting depth at power. mm 30 W
Effective cutting depth at power. mm 40 W
—&— Effective cutting depth at power. mm 50w

Fig 5: Effective cutting depth at power

The experimental data obtained at the laser beam
power at 10 w are shown in figure 5. In which the width
of the hole in the material is shown, the heat-affected
zone (COP), the Line Energy Density (LED), and the
Effective Shear Depth (ESD).

Power density is a function of the focused laser size
(laser power per unit area, W/cm?). This is different from
the raw output power of the laser. Focused laser beam
size for each focal length lens and laser wavelength is
a function of laser beam bias controlled by the laser
configuration, the size of the aperture for mode selection,
and the magnification of the expansion beam (collimator
beam expander).

Frequency of repetition of pulses (by acoustic-optical
Q switch) and peak power density are critical parameters
in forming the markings and achieving optimal contrast
and velocity. High peak power at low frequency rapidly
increases surface temperature, evaporates material
while minimizing heat in the substrate. As the pulse
repetition increases, lower peak power results in minimal
evaporation, but generates more heat. The beam speed
(the laser beam speed through the work surface) is also
a critical factor.
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Table 2 gives the optimal laser marking parameters.

Good marking of the material (nearly 50%) is obtained
with the following technological parameters: power 10-
20-30 watts at a speed of 25-30 mm/s

Good marking through the material is obtained with
the following technological parameters: power 10W 20W
30W 40W at a speed of 30-10mm/s.

TABLE 2
OPTIMAL LASER MARKING PARAMETERS
Speed, | Width, | COP, LED, ESD,
mm/s mm mm mm mm
5 0,675 0.029 2,000 1,145
6 0,653 0.029 1,667 0,579
7 0,576 0.30 1,429 0,525
8 0,561 0.029 1,250 0,767
9 0,543 0.029 1,111 0,512
10 0,535 0.046 1,000 0,417
15 0,511 0.045 0,667 0,338
20 0,514 0.046 0,500 0,406
25 0,478 0.054 | 0,400 0,350
30 0,448 0.055 0,333 0,188

Figure 5 shows a qualitative marking of the material
at a power of 20w and a speed of 25mm/s.

Fig.5. qualitative marking of the material at a power of 20w and
a speed of 25mm/s.

Figure 6 shows a quality cut of the material at a power
of 50w and a speed of 5Smm / s. Figure 7 shows the thresh-
old of destruction,

Each processing area (line) is implemented by the ras-
ter scan method. The line-to-line step is 0.lmm. In Fig.
the processing area and the parameters for each zone are
shown.

Qualitative shear of the material results in the follow-
ing parameters constant power SOW and 40W and veloci-
ty ranging from 5-7mm / s. In the first zone, the LPE is; in
the second zone and in the third zone is 0.13J / mm.

== =
Fig.6. Quality cut of the material at a power of 50w and a speed of
Smm/s



V. CONCLUSION

From the conducted study and the analyzed

experimental data, the following conclusions can be
drawn:

1. Quality cut of the material is achieved with the
following parameters: for white and red felt -
permanent power SOW and 40W and speed ranging
from 5-7mm / s. In the first zone, the LPE is; in the
second zone and in the third zone is 0.13J / mm.

2. Good marking by lightening of the material
is obtained with the following technological
parameters
Power 10 -20-30-40 at a speed of 30-10 mm / s.

3. For laser cutting of plexiglass, best cut parameters
are obtained at a power of 40 - 50 watts and a
speed of 5 - 7 mm / s. When power is increased,
the cut-off line is better outlined without residual
unevenness, but this will lead to unnecessary
energy consumption and no practical value. When
the thickness of the material is reduced, less laser
power is required to obtain a full cut.

4.Low power cuts of the laser beam result in incomplete
shearing. We then see a mark on a certain depth of
the material depending on the applied power. From
our research we can select laser power and speed to
obtain a mark of different depth depending on the
desired depth of engraving or marking.

5. The 9.5 mm thick Plexiglas test material is suitable
for laser marking and engraving. It is convenient
for laser cutting with medium power lasers
and good shear quality. It can be used to make
billboards, souvenirs and others that can be used in
both military and civilian industries.

6. The results obtained can serve as a basis for further
studies with similar materials, and the data obtained
can be used practically when working with the CO,
laser materials tested. This study can be continued
using materials of a similar structure and finding
the best ingredient of the Plexiglas for performing
qualitative marking.
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Abstract—Foamed concrete has been used as a building
material since the early 1920s. In the beginning, it was used
as an insulation material with very low density. Since then
there have been attempts to make this material more load-
bearing and structural. In the present-day foamed concrete
is being used in soil reinforcement, manufacturing of
building blocks and other sorts of construction materials. [1]

The aim of this article is to determine long-term
properties and strength of foamed concrete specimens as
well as compare the results between two differently sized
foamed concrete specimens.

The size of creep and shrinkage specimens were 346x190
mm and @75x180 mm. The creep properties of the specimens
were determined by loading them with 20% of the ultimate
stress value. [2]

The compressive strength, creep and specific creep of
specimens were determined as well as specimen size factor
to creep deformations.

Keywords—Foamed concrete, long-term properties, creep
and shrinkage deformations.
L INTRODUCTION

Typically, foamed concrete is considered to be
lightweight, low strength concrete with good thermal
insulating properties. [7]. Foamed concrete is a cellular
cementitious material obtained by introducing foam in
the cement matrix. This introduction gains development
of air voids within the microstructure of the material,
thus contributing to advantages in properties such as
low self-weight, low thermal conductivity, good acoustic
absorption, increased fire resistance and workability.
Due to this, it is widely used as an exterior insulating
material, cavity filling, shock absorption barrier, and
fire insulation material. On the other hand, structural
voids also reduce the strength of material [3,4,9]. It has
been well recognized that the compressive strength of
foamed concrete decreases as the porosity of the material
increases. Because the mechanical properties of a material
are mainly affected by its pore structure, its void features
are considered in many previous studies [6].

Foamed concrete, conventionally described by the
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density of 280-1800 kg/m?, thus a lightweight material.
The density of the cellular (foamed) concrete can be
controlled by adding a specific amount of foam into the
slurry of water and cement, with and without the addition
of aggregate. Foam stability is a very important factor for
foamed concrete. Unstable foam can cause segregation
and uneven density through the material. However, it is
relatively difficult to control foam stability because it is
affected by various parameters such as foam agent, foam
achieving technology, water/cement ratio, and others.
Usually, surfactant, protein, synthetic, metal powders and
hydrogen peroxide are used as a foaming agent [4,7-9,12].

In relevant literature, a common strategy to increase
the strength of foamed concrete without worsening the
characteristics associated with low densities is to add
different kinds of fibers to the cementitious matrix [3].

Creep is an important quality of concrete since it
affects the deformation and stress distribution within
the concrete structures. Investigations on concrete creep
have lasted for over a hundred years and the findings are
considerable.

It has been reported that the factors, affecting concrete
creep, are mixture proportion, curing age, environmental
temperature, and relative humidity, and applied stress
level [5,11].

The aim of this article is to determine and compare the
strength and long-term properties of foamed concrete, by
observing specimens of two different sizes. In addition,
possible reasons for differences in strength and long-term
properties shall be noted.

II. MATERIALS AND METHODS

Two types of cylindrical specimens were prepared:
?46x190 mm length and @¥75x180 mm. Specimens had
two different foamed concrete mix, that is shown in Table
1110].
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TABLE 1.
TABLE I. FOAMED CONCRETE MIXES
Specimen type
Ingredients Units Ld P
D75x180 mm | B46x190 mm
Cement CEM 1 42.5N kg/m?3 350 240
Quartz sand 0/0.5 mm | kg/m? 125 300
Quartz sand 0/0.3 mm | kg/m? 75 -
Foam agent (Tukums)
mixed together with kg/m’ 1.8 1.05
0.351H,0
PP fibers kg/m? 1.25 0.3
Metakaolin LMK, kg kg/m? 25 -
Micro silica Elkem 3
971U kg/m 15 8
Water kg/m? 225 80
Plastificator Stachema kg/m’ 4 3.098
w/C 0.643 0.333

Compression strength of foamed concrete was
determined according to EN 12390-3:2009. The tests were
performed 7 and 28 days after specimens were made. A
compression machine with the accuracy of = 1% was used
and the rate of loading was 0.7 MPa/sec. (see Fig.1).

Fig. 1. Specimen compressive strength test.

For creep deformation and shrinkage tests, 6 aluminium
plates (10x15 mm) were glued to each specimen in pairs.
Afterward, to those plates deformation indicators were
attached (see Fig.2 and Fig.3).

Fig. 2. Specimens prepared for creep testing.
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Fig. 3. Specimens prepared for shrinkage testing.

The creep was measured for foamed concrete
specimens subjected to a uniform compressive load, which
was constant through all the creep test [2]. Meanwhile, the
shrinkage test was also performed to register deformations
caused by foamed concrete shrinkage. Afterward,
shrinkage deformation values were subtracted from creep
test results in order to evaluate only the load impact on the
specimens.

During creep tests, specimens were loaded with 20%
of the ultimate compressive load, which was determined
in compression strength tests. Specimens were loaded
gradually by adding 25% of the determined load value.
Specimens were kept in creep lever test stands (see Fig.4
and Fig.5), loaded under constant load for 53 days.
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Fig. 4. Creep lever test stand [2].
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Fig. 5. Creep lever test stands with foamed concrete specimens
inserted.
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I1I1. RESULTS AND DISCUSSION

The tests to determine compressive strength, creep
deformations and specific creep was done.
The density for specimens is shown in Table II.

TABLE II. FOAMED CONCRETE SPECIMEN DENSITIES

Specimen type Average density, kg/m?

?46x190 mm, 28 days old 1276.89
@75x180 mm, 7 days old 1097.24
@75x180 mm, 28 days old 1096.23

Compressive strength values of foamed concrete
specimens 7 and 28 days after specimens were made are
shown in Table II1.

TABLE III. FOAMED CONCRETE COMPRESSIVE STRENGTH
Specimen type Avera%sacdo’lil(%ressive Avesrtalt%:i gctohl:ll[\)/}‘g;sive
046x190 . 13.80 8.32
0756180 17.54 4.56
073180 36.20 9.41

From Fig.6 it is visible that for both types of
cylindrical specimen absolute deformation values show
small difference, with a slight increase to @46x190 mm
specimens from 11th to 33rd day.

Foamed concrete specimens total creep deformations
in Fig.6 are shown with shrinkage values subtracted.

20
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g 7
(=]
g 5 £
a
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(=T s T = I ST =" o T e T o S e T 7 o R e
Lan B B o I o | [ TS o T - S S T
Time, days

«+see0 28 days old @46x190mm
== == 7 days old @75x180mm
w28 days old @75x180mm

Fig. 6. Foamed concrete specimen total deformations.

Due to different sizes of the test specimens, absolute
creep values are not relevant to be taken into account in
order to evaluate materials ability to creep. Therefore,
specific creep values were calculated to obtain more
objective results.

Specific creep value is calculated: relative creep
deformation divided by applied stress value. This method
excludes circumstances such as the difference in the
specimen geometry as well as differences in applied stress
levels [2].

Specific creep can be calculated using the following
equation:
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ger(tyto) _ erop(t) —esn(t) —€altto) _
o o

_ 1
Eer (t,tO)

(D

Xer(t,t0) =

X, (tt, ) is a specific creep,
g, (t,t,) is a creep strain,
g, (t) is a total strain,
Op . . .
g, (1) is shrinkage strain,
g, (L.t ) is elastic strain,
o is the compressive stress,
E,, (t.t,) is the modulus of creep

Specific creep can be measured as micro-strains to
megapascal.

From Fig.7 it is apparent that 7 days old @75x180
mm specimens show almost twice as big specific creep
as the 28 days old @75x180 mm specimens. The 28 days
old @46x190 mm specimens show slightly increased
specific creep, compared to the 28 days old @75x180 mm
specimens.
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Fig. 7. Foamed concrete specimen specific creep.

IV. CONCLUSIONS

The creep properties of differently sized foamed
concrete specimens were determined by performing 53
days long creep test. Also, compressive strength has been
determined during this test. According to results that have
been obtained, the following conclusions can be drawn:

e From Fig.7 it is determined, the specimens with
bigger diameter has relatively lower specific creep.
The 7 days old @75x180 mm specimens show twice
as big specific creep as the 28 days old @46x190 mm
specimens. Comparing 28 days old specimens, more
likely to creep (with higher specific creep values) are
046x190 mm specimens (difference by 17%). This
increase in specific creep can be related to specimen
compressive strength., 28 days old @75x180 mm
specimens have 12% higher compressive strength
than @46x190 mm specimens.

In 28 days after creating the test specimens,
larger specimens are 14% less dense than smaller
specimens, whereas the difference in compressive
strength is not significant. The compressive strength
of @75x180 mm specimen is only 12% higher than



small specimen compressive strength.

e Creep deformations for @¥75x180 mm specimens
loaded on 7th or 28th day are almost similar. The
only difference in creep deformations is in earlier
test stages when there is a small increase in creep
deformations for specimens loaded 30 days after they
were made.

e Absolute creep deformations for @46x190 mm
and @75x180mm specimens slightly differ. Larger
creep deformations have been registered over 11th
to 33rd day of testing for @46x190 mm specimens.
From these results, it can be determined that linear
relevance between applied stresses and creep
deformations, that in stress level of 20% from the
ultimate stress value has to be linear, better appears
to be happening for @75x180 mm specimens. All in
all, it has to be mentioned that in linear creep testing
RILEM TC 107-CSP recommendation (suggests to
use creep specimens with dimensions ratio of 1/4
regarding cylinder diameter and length/ height) is
relative and achieved deformations values will be
similar to dimension ratio of 1/2 (cylinder diameter
to length/ height).
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Abstract — Experimental study of single-wall carbon
nabotubes (CNT) effect on the electrical properties of
polymeric composite materials based on epoxy matrix has
been carried out. Direct-current (DC) as well as alternating-
current (AC) electrical conductivity of nanocomposites with
different CNT concentrations have been investigated in the
temperature interval from 293 K to 373 K. Measurements of
Seebeck coefficient confirm n-type conductivity of composite
with CNTs.

Percolation threshold of the composite material
under study has been estimated. It has been found that
addition of single-wall CNT at low concentration causes
hysteresis of current-voltage characteristics and the
temperature dependences of electrical conductivity as well
as its anisotropy in the samples under study. No noticeable
frequency dependence of the AC electrical conductivity has
been found in the frequency range from 100 Hz to 300 kHz.

Keywords — polymeric composites, carbon nanotubes,
electrical conductivity.

I.  NTRODUCTION

Carbon nanotubes (CNT) have a great influence not
only on mechanical but also on electrical properties of
polymeric composites [1 —5]. Due to the large aspect ratio
of CNT, even a small amount of doping (at a level of 0.01
— 0.1%) is enough to increase the electric conductivity
of the material by many orders of magnitude when CNT
concentration exceeds the percolation threshold [5].

Electrical properties of CNT / polymer composites
depend upon many factors including aspect ratio, type
and geometry of CNTs, their concentration, spatial
distribution and orientation, state of the contact between
adjacent nanotubes as well as between CNT guest
substance and polymer host matrix [4, 5].

Nonhomogeneous distribution of CNTs inside the
volume of composite material leads to the large scatter
of measured electrical characteristics of the sample
under study. Thus, there exists a strong dependence of
electrical properties of CNT / polymer composites on
their preparation experimental procedure.

In this work, electrical properties of polymeric

composite materials CNT / epoxy based on host epoxy
matrix with glass fibers and single-wall CNT guest
substance has been studied.

II. MATERIALS AND METHODS

Methods of the samples’ preparation and their structure
were described in detail in [6].

The temperature dependences of the electrical
characteristics of the samples with graphite electrodes
in the temperature interval from 293 K to 373 K were
obtained upon continuous heating or cooling with a rate
of 1 to 2 degrees per minute. Alternating-current (AC)
conductivity was measured by an E7-13 impedance
meter at the frequency of 1 kHz. Direct current (DC)
measurements were carried out by micro ammeters
F195 and M95 or multimeter APPA 605. Frequency
dependence of the AC electrical conductivity has been
analyzed by admittance bridge MPP 300 in the frequency
range 100 Hz — 300 kHz.

Thermal electromotive force of the samples under
study was measured by pulse method proposed in [7].

III. RESULTS AND DIscUSSION

Fig. 1 shows SEM image of the glass fibers arrangement
in epoxy-based composite under study containing carbon
nanotubes [6]. One can assume that CNTs inside the
composite material are partly oriented in parallel to these
glass fibers.

Fig. 2 confirms this assumption, demonstrating
noticeable anisotropy of direct-current (DC) specific
electrical conductivity o of CNT / epoxy composite:
o, .0, =2, ie, electrical conductivity along glass
fibers is about two times larger than that across them.

Such anisotropy of conductivity (or electrical
resistance) was observed earlier in other experimental
works (especially at low content of CNT additive) and
received a theoretical explanation [5]. The reason for
this is that at a low concentration of the additive, the
percolation network containing a small number of
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conduction channels changes significantly as a result
of giving the nanotubes even a small ordering, since
this significantly affects the structure of the percolation
network (at a low content of the additive, even weak
anisotropy increases the number of percolation paths).

It should be noted that one can approximate the
current-voltage characteristics of CNT'/ epoxy composite
by a power law/ =0 ™, where m>1 (Fig. 3). When
direct current flows across the glass fibers, m = 1 in all
the investigated voltage diapason (Fig. 2, curve 1). Direct
current flowing along glass fibers obeys Ohm’s law only
for small values of applied voltage (Fig. 2, curve 2).

Besides the pronounced nonlinearity, attention is also
drawn to hysteresis of the current-voltage characteristics
measured in the longitudinal direction, and the magnitude
of the current on the descending branch of the hysteresis
loop exceeds the corresponding value on the ascending
branch at the same voltage (Fig. 2, curve 2). This result
can be presumably associated with the formation of new
conducting channels near the ends of nanotubes, where
the electric field strength reaches values sufficient for
the local breakdown of the thin layers of the dielectric
surrounding the nanotubes. It is noted in the literature
[8] that internal discharges are a common phenomenon
for polymers; in the systems containing nanotubes, the
probability of such processes obviously should increase.

Formation of new conducting paths may also occur
as a result of sample heating. Therefore, the weak
temperature dependence of the electrical conductivity of
the nanocomposites under study often also demonstrates
hysteresis (Fig. 4).

SEM HY: 30.00 kY WD: 1769 mm
View field: 2041 pm Det SE Detector
SEM MAG: 739 % Date(m/diy): 031618

WEGAWTESCAN
s

A0 pm

Daugavpils University u

Fig. 1. SEM image of the glass fibers arrangement in epoxy-based
nanocomposite containing carbon nanotubes [6].
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Fig. 2. Current-voltage characteristics of CNT'/ epoxy composite.
Direct current flows across (curve 1) and along (curve 2) glass fibers.
Arrows indicate forward and reverse directions of voltage changes.
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Fig. 3. Direct current-voltage characteristics of the nanocomposite
samples under study with different CNT concentration values in
polymer matrix: 0.02 wt. % (curve 1) and 0.08 wt. % (curve 2),

respectively.
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Fig. 4. Arrhenius temperature dependences of the specific electrical
conductivity of nanocomposite sample under study with CNT
concentration value in polymer matrix W = 0.08 wt. %. Direct current
(curves 1, 2) and alternating current (curves 3, 4) flow across glass
fibers. Arrows indicate heating (curves 1, 3) and cooling (curves 2, 4)
of the sample.

We did not observe any significant frequency
dependence of the AC conductivity of CNT / epoxy
composites under study in the frequency range from 100
Hz to 300 kHz. Frequency independence of the electrical
conductivity of such systems is associated [5] with the
presence of a large number of percolation junctions in the
samples, which provides a sufficiently high conductivity
at concentrations of nanotubes above the percolation
threshold W .

The value of this percolation threshold
W, ~(0.001-0.01)wt% can be estimated from
the concentration dependence of the DC electrical
conductivity (Fig. 5), which obeys the power law [5]:

G:A(WCNT _Wo)t >
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where ¢ is the critical index (for the
CNT / epoxy composites under study ¢ ~1).

107} o (S/m)

0l (W - W,) (WE. :%)

107? 10"

Fig. 5. Dependences of the DC specific electrical conductivity o
of CNT / epoxy composite under study on the CNT concentration
Went near the percolation thresholds W0l = 0.001wt% (curve 1) and
Wo2 ~ 0.001wt.% (curve 2) in double logarithmic scale.

Our investigations of the thermoelectric properties of
the CNT / epoxy composite samples under study confirm
n-type conductivity of composite with CNTs. Thus, the
addition of CNTs leads to the formation of 3D conductive
network within the dielectric matrix, hence the typical
conductivity mechanism is observed (tunnelling of
electrons from one filler to another [4]).

IV. ConcLusions

Addition of carbon nanotubes (CNT) has a great effect
on electrical properties of polymer-based composites due
to the percolation processes even at a very low doping
level.

Anisotropy and hysteresis of electrical conductivity
of the CNT / epoxy composite samples under study
have been experimentally observed. These results have
been attributed to the peculiarities of conducting paths
formation in the percolation network.

Electronic mechanism of the CNT / epoxy
nanocomposites conductivity has been confirmed by the
measurements of Seebeck coefficient sign of the samples
under study.
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Abstract — Experimental investigations of single-wall
carbon nanotubes (CNT) effect on the mechanical properties
of polymeric composite materials based on epoxy matrix
have been carried out. It has been found that addition of
CNT at low concentration dramatically increases tensile
strength (20 — 30 per cent growth) and Young’s modulus of
the samples under study.

Structure of polymeric composites with CNT was
characterized by atomic force microscopy (AFM) and
scanning electron microscopy (SEM). AFM images of the
samples under study confirm strong interaction between
polymeric matrix and nano-additives, demonstrating
intimate contact between CNT and epoxy surroundings
which is of great importance for composite material
reinforcement.

Dependences of tensile strength and those of Young’s
modulus on CNT concentration are discussed using
micromechanics models for nanocomposites.

Keywords — polymeric composites, carbon nanotubes,
mechanical properties.

I.  INTRODUCTION

Due to the high values of tensile strength and Young’s
modulus combined with the large aspect ratio and giant
surface area single wall carbon nanotubes (CNT) with
small weight fraction are shown to be the most promising
nanoparticle fillers for improving mechanical properties
of polymeric composites widely using in many industries
[1-4].

Different energy dissipating and thus tensile strength
increasing mechanisms at the CNT have been proposed.
Among these mechanisms are nanotube pull-out,
nanoparticle-matrix debonding and nanotube breakage [3].
In particular, the bonds between the CNTs and polymer
chains enable a stress transfer between the host matrix
(polymer) and guest substance (CNTs). This mechanism
decreases the rate of crack formation, redirects cracks and
restricts the mobility of the main chain of the epoxy resin
leading to an increase of the Young’s modulus [4].

On the other hand, researchers used multi-
walled CNTs in order to improve the interfacial
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properties between carbon fibers and epoxy matrix in
multicomponent composite materials [5]. In this case, it
was concluded that the Van der Waals force combination
and the mechanical interlock increase the internal friction
of carbon fiber — epoxy matrix and limit the movement of
the interface of the composite, which plays an important
role in the enhancement of interface interaction.

It should be emphasized that in general, the level of
interaction between matrix and fillers (“nanoadhesion’)
[6 — 8] is of great importance for composite material
reinforcement.

In this work, mechanical properties of epoxy-
based multicomponent composite material containing
glass fibers and single-wall CNT nano-additives have
been studied. Structural investigations of CNT / epoxy
composite under study confirm strong interaction
between host matrix and guest substance, demonstrating
intimate contact between CNT and epoxy surroundings
which is of great importance for composite material
reinforcement (noticeable growth of tensile strength and
Young’s modulus of composite material when compared
with check sample without adding CNTs).

II.  MATERIALS AND METHODS

We prepared CNT / epoxy nanocomposite based on
ED-20 epoxy resin, hardener and concentrate (paste)
TUBALL MATRIX from OCSiAL (Novosibirsk, Russia),
containing single wall carbon nanotubes (CNT) with a
length L > 5 microns and diameter d =(1.6£0.4) nm.
The technology of composite materials preparation
included the following stages:

1. Weighing the estimated amount of the paste
TUBALL MATRIX containing 10 mass. % CNT,
on AXIS A6N 200 analytical balance.

2. Weighing the calculated amount of epoxy resin.

3. Hand mixing of the compound with the help of
a stirrer in order to prevent the accumulation of
concentrate (to obtain positive results, mixing of
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the binder was carried out in a cylindrical vessel were fabricated at the “Polycomposite” firm (Pskov,

with a flat bottom). Russia). Experimental study of mechanical characteristics
4. Mixing with a suspended mechanical mixer (2000 of the samples has been carried out in the laboratory of

rpm for 20 minutes). this firm branch using the universal testing machine
5. Quality control of the resulting mixture using a H300KU-0050 «Tinius Olsen Ltd».

glass rod. The mixture was distributed in a thin Structure of nanocomposites under study was

layer on a white sheet of paper. If the “smear” characterized by «VEGA // LMU Tescan» Scanning
was homogeneous, without signs of roughness, Electronic Microscope (SEM, see Fig. 1) and “PARK
the mixture was considered prepared for the NX10” atomic force microscope (AFM, see Fig. 2).
introduction of the hardener. Otherwise, the
stirring was continued.

6. Adding the calculated amount of hardener During this work, 7 types of compounds with
immediately after mixing in order to polymerize TUBALL MATRIX paste and a check sample (without
the compound as soon as possible and prevent adding CNT) were prepared.

CNT agglomeration. The results of the experimental study of physical and

Finally, cylindrical rods with a diameter mechanical characteristics of the samples obtained using

d=(10£1)m containing CNT / epoxy and glass fibers the universal testing machine H300KU-0050 “Tinius
with a diameter of 24 um and concentration 85 vol. %  Olsen Ltd” are given in table 1.

III. RESuLTS AND DiscussIoN

TABLE I
PHYSICAL AND MECHANICAL CHARACTERISTICS OF POLYMERIC COMPOSITES
Sample number Paste type Mass CNT concentration WCNT,% Tensile strength & , MPa Young’s modulus £, GPa
Glass fibers - - 1970 78.8
Check composite sample - 0 1103 51.6
1 MATRIX 301 0.04 1456.0 54.2
2 MATRIX 301 0.08 1412.0 53.9
3 MATRIX 301 0.02 1333.0 53.5
MATRIX PD
4 0072 0.04 1380.0 53.6
MATRIX PD
5 0072 0.08 1252.5 52.4
MATRIX PD
6 0073 0.04 1445.0 53.8
MATRIX PD
7 0073 0.08 1300.0 54.8

400

300

nm

200

100

0 100 200 300 400
nm

Fig. 2. AFM image of CNT interacting with polymeric matrix in

SEM HY: 30,00 kv WD 17.69 mm YEGAN TESCAE CNT/e‘DOXy COmpOSitCA
e oA Bg;efjigg;eggﬂ: g M Daugavsits University Bl One can consider these experimental results taking
into account classical Kelly and Tyson theory [9, 10]
Fig. I. SEM image of the glass fibers arrangement in epoxy- which predicts the tensile properties of a fiber-reinforced
based nanocomposite containing carbon nanotubes. material from the mechanical properﬁes of fiber and
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matrix. According to this theory, when very strong
continuous fibers with volume fraction ¥, are embedded
in a matrix which has a yield stress for plastic flow very
much less than the breaking stress of the fibers, the tensile
strains in fiber and matrix are taken to be equal and we
have
c.=c,V,+0,(1-V,), @)
where 6, G ;» O are the values of the tensile strength
of composite, fiber, and matrix, respectively.

Similarly, in the elastic range one can write:

E.=EV,+E,(1-V,),

)
where E_,E,, E, are the values of the Young’s
modulus (modulus of elasticity) of composite, fiber, and
matrix, respectively.
Taking into consideration that in our case
6,> o, and E, > E,_, one can obtain:

o.~o,V;
Thus,
c. =1680 MPa and

(3)and E ~E,V,. @)

we can estimate expectative values of
Ec = 67GPafor Er = 85
o, #1970 MPa and Fy = 78.8GPa.-

As can be seen from table 1, corresponding
experimental values for the check composite sample
(without nanotubes) are much less than these ideal
theoretical predictions. However, after addition of CNTs
into epoxy matrix (which has to bear stress when the strain
of the composite is such that the fibers are strained to their
ultimate tensile strain [9]) the deviation of experimental
results from theoretical limits becomes much smaller (for
the tensile strength this deviation can drop from 50% to
15%). Thus, addition of carbon nanotubes strengthens
matrix under stress, therefore this matrix becomes strong
enough to provide adequate load transfer to the glass
fibers.

For CNT-reinforcement of composite material
the applied load must be transferred from polymer to
nanotubes by means of shear forces at the nanotube / epoxy
interface. Hence, matrix has to bear rather high tangential
strength without breakdown. One can suppose that
addition of CNT enhances both normal and tangential
components of matrix limit mechanical stress. In order to
propose micromechanical mechanism of this effect one
can estimate a CNT critical length [9-12]:

L = M , 5)
2t

where d=(1.6+0.4)nm— CNT diameter for the
samples under study, gur = 37GPa — mean value
for CNT tensile strength and 7 = 10MPa - typical
value for interfacial shear strength in CNT / polymer
nanocomposites [11]. Substituting these values into
formula (5) one obtains L, ~3 um < L. Thus, in our CNT
/ epoxy nanocomposite the length of nanotubes exceeds
the critical value; hence, the epoxy matrix is able to load
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CNTs to their fracture stress (at L < L, the CNT is pulled
out of matrix before its failure [10]).

Fig. 2 demonstrates some interesting characteristic
features of the interaction between nanotubes and
polymeric matrix in CNT / epoxy composite. One can see
that CNTs in epoxy matrix are not similar to the freely
moving “hair in pie”’; due to the strong CNT — epoxy
interaction, spherical polymeric nanoparticles on the
nanotube look like the beads on the thread. In our opinion,
this type of mechanical interaction between modified
corrugated (covered with polymeric “nanoballs”) CNTs
and host epoxy matrix within composite material is
analogous to the behavior of corrugated armature in
reinforced concrete.

It should be noted that increasing the filler
concentration leads to the significant reduction of
mechanical characteristics of composite material due
to the agglomeration of the additives [6, 7, 13]. This
tendency can be clearly seen from Fig. 3, demonstrating
concentration dependence of the Young’s modulus
enhancement effect in the nanocomposite under study.
The graph shows that at low concentrations of CNTs
Went < 0.04wt.%one can approximate experimental
data by theoretically expected [14] dependence

E
C=144-Woy,
0

but

(6)

afterwards the Young’s modulus of the

nanocomposite (£_) begins to decrease with increasing
CNT concentration probably due to the beginning of the
agglomeration process.

Tensile strength of the nanocomposites under study
demonstrates the similar behavior (see table 1).

W (Wt %)
L

1,00
0,00

N N N
0,02 0,04 0,06 0,08

Fig. 3. Ratio of the mean value of the Young’s modulus of the

nanocomposite, E, to that of the check composite sample (without

CNTs), E,versus CNT percentage, Wcyy . Circles: experimental
data; solid line: theoretical curve (formula (6)).

IV. CoNcLUSIONS

Engineering of mechanical properties of epoxy-based
multicomponent composite material has been achieved
via the addition of single-wall carbon nanotubes (CNTs)
at low concentration to the epoxy matrix.

Samples under study demonstrate mechanical
enhancement effect due to the strong interaction between
CNT guest substance and host epoxy matrix.
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Abstract—In the Cassie-Baxter state anisotropic
superhydrophobic  surfaces have high lubricating
properties. Such superhydrophobic surfaces are used in
medical implants, aircraft industry, vortex bioreactors
etc. In spite of the fact that quantitative understanding of
fluid dynamics on anisotropic superhydrophobic surfaces
has been broadened substantially for last several years,
there still are some unsolved problems in this field. This
work investigates dynamics of a liquid on unidirectional
superhydrophobic surfaces in the Cassie-Baxter state, when
surface texture is filled with gas and, consequently, the liquid
virtually is located on some kind of an air cushion. Energy
of the interphase boundary liquid-gas is much smaller than
energy of the interphase boundary solid-liquid, that is why
the contact angle at wetting such surfaces differs a lot from
the Young contact angle and depends on contact area ratio
of liquid-gas and liquid-solid in visible contact of liquid
and surface. Considering difference in energy obtained if
we slightly shift the three-phase contact line, expression for
macroscopic equilibrium contact angle, which describes the
Cassie-Baxter state, can be deduced. In the work the design
formula for computing local-slip length profiles of liquid on
the considered superhydrophobic surfaces is obtained.

Keywords—Cassie-Baxter state, local-slip length, mathe-
matical modelling, superhydrophobic surface

I. INTRODUCTION

During last 25-30 years breakthrough progress
in nano- and microtechnology, as well as aspiration
to  miniaturize  physical, chemical, biological,
pharmaceutical, electronic, bioengineering systems and
processes with tight deterministic control at each stage
of synthesis and functioning aroused heightened interest
to micro-hydrodynamics and nano-hydrodynamics
that are often called micro-fluidics and nano-fluidics,
respectively (for instance, see [5]-[13] and relative
references given there). In the framework of micro- and
nano-hydrodynamics, the behaviour of small volumes
(with order of micro- and nanoliter) and flows of fluid in

Riga, Latvia

jekaterina.v.aleksejeva@gmail.com

slender channels with diameter of micron scale, in which
the laws of fluid flow differ significantly from the laws
of classical hydrodynamics [14]: surface effects, which
play an negligibly small role in classical hydrodynamics
are crucial in micro-fluidics and nano-fluidics, and the
skill of controlling these effects allows to optimize fluid
flow in slender channels (see [15]-[21] and respective
references given there). One of these controlled surface
effects is slippage effect in pressure-driven fluid flow past
superhydrophobic stripes (see [22]-[26] and respective
references given there). Superhydrophobic surfaces
combine natural hydrophobicity and roughness which
results in almost complete nonwetting: on such surfaces,
the contact angle is larger than 150° and, due to weak

interaction forces

W
(le,whereW

adhesion

is the reversible
cohesion
thermodynamic work of adhesion, W_, .~ is the work
of cohesive forces) and high surface tension value, the
so-called “lotus effect” occurs — a drop of liquid takes
a spherical shape and reduces the contact area with a
superhydrophobic surface, or the so-called “rose petal
effect” — a drop of liquid is firmly held on a vertical
surface and looks as if it were pinned to the surface
(for instance, see [3], [4], [27]-[33] and respective
references given there). While studying hydrodynamics
of a fluid flowing past gas stripes of unidirectional
superhydrophobic surfaces, an important task is to
manage the process of stabilizing gas bubbles inside the
cavities of such surfaces. The importance of this problem
is due to the fact that superhydrophobic surfaces in the
Cassie-Baxter state (sometimes also in the Wenzel state)
can have exceptional Iubricating properties [34]-[36]
and generate secondary flows, transverse to the direction
of the applied pressure gradient [37]-[39]. To achieve
these lubricating properties, a controlled transition from
superhydrophobic surfaces with a disordered texture
to superhydrophobic surfaces with an ordered texture
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is required [40]. The wettability of the material, as well
as its ability to repel water or hold a drop due to its
strong adhesion to the solid surface, play a crucial role
in such micro- and nanotechnologies and nanomaterials
as vortex bioreactors, immersion lithography, dipping
coating, inkjet printing, wear-resistant implant for human
joint replacements, biological microelectromechanical
systems, microscale thermalphysic devices, etc. [3]-
[13], [41]. As shown in [42], if the liquid penetrates into
the stripes of the nanostructured surface and fills them,
then the Wenzel state occurs, which is characterized by

hydrophilicity 6 e (o,%j

(with a probability 0f<0.7 [3], [4], [43]), or hydrophobicity

96(2,2'_”}
23

(with a probability of <0.5), high hydrophobicity
2.7 5.
96(7”,7”} (with a probability of <0.2),
- 57w
superhydrophobicity 6 € (T, 72')

(with a probability of <0.1). As noted in [30], the
“rose petal effect” is manifested when, despite the
high hydrophobicity of the surface, only large-scale
roughnesses of surface are completely filled with liquid,
and small-scale roughnesses of surface are only partially
filled and air always remains in them, i.e. the fluid is
actually located on a gas cushion. With the maximum
slope of the surface above which a drop of liquid begins to
slide or roll down, the advancing wetting angle of a liquid
drop is much larger than its receding wetting angle in the
Wenzel state, and the difference between these angles,
called wetting hysteresis A@, is huge. If the surface
property of superhydrophobicity is manifested not only
fora

. 5
large wetting angle (9 > Tﬂj’ but also for small

wetting hysteresis A@ <10°, then this means that
Cassi-Baxter state is present. According to [44], [45], a
wetting hysteresis A@ <1°, and A <1°, respectively, is
characteristic for the Cassie-Baxter state. In the state of
Cassi-Baxter, liquid droplets are located both on the upper
sections of the thin micron-scale slender channels and on
the gas bubbles in their voids: the droplets are not able
to force the bubbles out of these voids. Due to baseline
adhesiveness of interaction of the contacting surfaces
drops of liquid quickly slide or roll down from the
surface already for the inclination angle & = 4° and take
with them pollution, which ensures self-cleaning of the
surface with the “lotus effect” (the “lotus effect”) [46], i.e.
there is a Cassie-Baxter sliding state [33] and, therefore,
there is a mixed state — the Wenzel-Cassie-Baxter state
[47]. In order to achieve the state of superhydrophobicity
of nanostructured surfaces with the “lotus effect”, they
are modified by additionally depositing water-repellent
coatings on them in the form of ultra-fine layers of
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compounds with low surface free energy [44], [46],
[48]. In the work [40], the possibility of creating of high-
hydrophobic nanostructured zinc oxide (ZnO) layers
without any water-repellent coatings were experimentally
demonstrated by means of pulsed electrodeposition from
aqueous solutions: authors experimentally revealed
the conditions for deposition of high-hydrophobic
nanostructured zinc oxide layers characterized by the
“rose petal effect” with specific morphology, optical
properties, crystal structure and texture. Nevertheless,
Cassie-Baxter state is, as a rule, unstable and prone to
full or partial transformation to the Wenzel state under the
external influences, for example, under the influence of
pressure, heating, vibration or expulsion of drop [45].

In conclusion of this section, we emphasize
that despite the impressive success achieved in the
study of the mechanism of synthesis and control of
superhydrophobicity of micro- and nanostructured
surfaces (it is impossible not to note the stupendous
theoretical and experimental achievements of Dr.Sc.
Math.&Phys. O.1.Vinogradova (O.1.Vinogradova) and/or
her numerous students from the Laboratory of Physical
Chemistry of Modified Surfaces, A.N.Frumkin Institute
of Physical Chemistry and Electrochemistry, Russian
Academy of Sciences [18]-[20], [36]-[39], [49], [50], [67];
for more information, see [51]), problems of finding and
synthesizing the best nanorelief of surfaces to maximize
their superhydrophobic properties; the problem of the
synthesis of coatings, possessing both superhydrophobic
and superhydrophilic properties, as well as the problem of
improving the adhesive and mechanical properties of such
coatings and increasing their operational life; the problem
of maintaining superhydrophobicity when exposed to
the external environment; etc. problems are not yet fully
resolved. The authors of this work believe that, along
with the scientific reasons (mathematical, physical,
chemical reasons), technological nature, etc., the reason
for the insufficient learnedness of the above and other
relevant problems is also the failure to use the powerful
theory of inverse and ill-posed problems in studying these
problems. As far as the authors know, at the moment the
application of this apparatus in micro- and nano-fluidics,
in particular, to the problem of determining dependence
of nano-surfaces’ superhydrophobic properties on the
topology of micro-channels, is just absent: one of options
of application of theory of inverse and ill-posed problems
is reducing the original direct problem (i.e. the problem of
determining the superhydrophobic properties of a surface
by given source data and by known controlled influences
on this surface as well as on the corresponding processes
taking place) to the parametrized inverse problem, in
which according to the desired superhydrophobic surface
properties (as if these properties are already achieved and,
consequently, they are the given properties; obviously that
these desired properties must firstly be mathematically
formalized) it is required to find the feasible interval values
of sought-for parameters (here we understand sought-for
parameters as those controlled effects on the surface and
on the processes taking place, owing to which the surface
is superhydrophobic). This kind of reducing original direct
problems to parameterized inverse problems (coefficient
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inverse problems, boundary inverse problems, inverse
identification problems, etc.) is a quite typical approach
when solving wide classes of applied problems in the
field of mathematical physics (for instance, see [52]-[54]
and respective references given there); as shown in [55],
[56], this approach can also be successfully applied in the
field of mathematical economics, as well as in technical
diagnostics [57]-[60].

1I. DYNAMICS OF FLUID IN THE ATTRACTIVE FIELD
ALONG THE SUPERHYDROPHOBIC SURFACE WITH A POINT
SOURCE

As it is known [1], the influence of surface heteroge-
neity on the measured contact angle can be taken into ac-
count based on the relation

3
cos(6) = s, -cos(6,),
i=l1

where s, isportion ofarea of i-th type smooth sections
on the surface of the considered material, characterized by
a macroscopic contact angle 8,,.

(M

Here the type of surface area means the type of
isotherm of disjoining pressure, which, in its turn, is de-
termined by the nature of surface forces acting in a three-
phase system solid-liquid-gas. If the smooth section of the
surface of the material in question is of the first type, then
the value of the integral in the equation

(P(h)A) [ P(n)an
cos(6,)=1+ "hes 4 Bhea, , @
al,s t O-l,x t
will be positive, and then such an isotherm

characterizes three-phase systems, in which complete
wetting takes place. In (2) by A, , we denote equilibrium
depth of wetting thin film with disjoining pressure equal to
capillary pressure in a drop; P(h) is disjoining pressure;
0, ,, is the surface tension of a liquid, dependence on the
temperature T which is calculated by

11

T \°
O ® Oy I_T_ ’

which has shown itself working well for liquids with
simple molecules, but it can also be used approximately
for most of other liquids; if the fluid is water, it is
recommended to use the interpolation formula

T 1.256 T T
01,54,#0.235-(1——} -[1—0.625-—“- ]

c.t.

the empirical formula

c.t.

where T, critical temperature, o, is determined on
the basis of experiments with a fixed value of temperature
[43],[61].

If the smooth section of the surface of the
considered material is of the second type, then the integral
value in equation (2) will always be negative: in three-
phase systems with a second kind isotherm a “sitting”
drop of liquid will be in equilibrium with a “dry” substrate
free from liquid molecules. For three-phase systems with
a third kind isotherm there is a balance between a drop
of liquid and a substrate covered with a wetting film; if
the value of the integral in equation (2) is positive, then
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complete wetting can be established, if the value of this
integral is negative, then incomplete wetting takes place.
Large contact angles for liquid droplets on hydrophobic
and superhydrophobic surfaces can be achieved in three-
phase systems characterized by isotherms of the first and
second kinds, and for this, a necessary condition is the
presence in such three-phase systems significant forces of
attraction, for example, structural forces.

Let is consider the isothermal dynamics of a thin film
along a horizontal superhydrophobic surface with two
orthogonal main directions of the sliding tensor in a field
of gravity. Assuming that the linear scales of fluid flow
far exceed the scale of micro- or nano-inhomogeneity of
a surface, we can assume that the surface is a flat surface
with a given slip condition. We will assume that the mass
of the fluid continuously enters the surface microchannels
from a localized linear source with negligibly small
dimensions, and, it is assumed that the volume V() of
linear source power is set. Now let us introduce Cartesian
coordinate system with origin in the source in such way
that axis OX is directed along the underlying surface from
the source, axis OY is directed perpendicular to axis OX,
gravity force is directed down perpendicular to underlying
surface. Then, within the framework of the assumptions
made, the dynamics of slow fluid flows in microchannels
of a superhydrophobic surface can be represented by the
following model, which contains Navier-Stokes equations
and continuity equation:

r
o5, :vA8X+vi(ﬂJ—la—p—W9ﬂ
ot ox\ x ) pox
08 09, r

g s LE LD gug o 3)
Ot Y x 0x poy !
4. +xV-9=0,

where .I9 = ll9(l9x (t,x,y),Sy (t,x,y)) is  fluid

velocity vector field; p= p(x, y) is fluid pressure
in the microchannel; p = p(x, y) is fluid density; v
is kinematic viscosity of liquid; g is gravitational
acceleration; ¢ is time; operators A and V are Laplacian
and gradient, respectively;

r a9,

vector operator V-3 = =

+
ox 0oy

Obviously, for the mathematical completeness of
model (3), it is necessary to add the corresponding
initial and boundary conditions: in the present paper we
will neither discuss the methods of construction nor the
concrete forms of these conditions.

If we introduce designation & = T =1(gis

is divergence.

the relative thickness of the microchannel, by /2 we denote
microchannel characteristic thickness, by | we denote
characteristic longitudinal scale on which the dynamics
of a thin film is considered) and make substitutions in (3)
(for convenience, the symbols of new substitutions will
remain the same)

I I
x:hx;y:hy;t:—t;ll9: : el
u

u%; p: P D, 4)

where u means the longitudinal local velocity of



Guseynov et al. Modelling and Investigation of the Dependence of Superhydrophobic Properties of Nanosurfaces on the Topology

component §, in a thin film (this value can be physically
interpreted also as a measure of the displacement of the
cross-sectional area of a thin film), then we obtain the
following system:

&’ Re a;;“ =eAd, +gi[iJ—a—p

Ox\ x Ox
4
-&’ReV I,
08 04
2L _pg +E00 P (5)
0 Y x ox oy

I
where Re =" is Reynolds number, which
v

does not have to be small, but the value &° Re is supposed
to be small enough.

Depending on the order of smallness of neglected terms
of equations, containing & = 1, from the mathematical
model (5), one can obtain various asymptotic models of the
theory of Stokesian flows with point disturbances, which
arise when studying various technological processes
and objects (for instance, see [61], [62] and respective
references given there). For example, if in (5) we neglect
the terms of the equations containing the magnitude of the
first and higher orders, then we find that the fluid pressure
in the thin film does not change along the underlying
surface from the source, nor does the microchannel depth.

Let us return to the substitutions (4), with the help
of which the transition from model (3) to model (5)
was made. Actually, longitudinal local velocity u
of component &, in a thin film is not a priori known
value and, moreover, is not a constant [24], since in real
conditions the physical properties of the medium and
processes are significantly different from the properties of
an ideal model in which you can operate with assumptions
like “unbounded medium”, “incompressible fluid”, etc.
The desire to present a longitudinal local velocity by a
constant is quite understandable: this simplifies and
simplifies the simulated process and the constructed
mathematical model, in which you can focus on
quantitative and/or qualitative studies of other unknown
parameters and functions that are considered by some
reasons within the specific problem studied. In this work
we omitting the course of derivation, offer the following
nonlinear equation for finding longitudinal local velocity

u=u(t,x,y):

a 2
PP =a’Au,
2h\ ot

0*u

o ©

where a =./gh; u is friction coefficient; nonlinear
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of the equation

- _t)
characterizes fotal friction force per unit area.
. ro
It is easy to make sure that the value —heVu =6,
r .
where e = (1,1), characterizing the
increase in the level of liquid in the microchannel, satisfies

2

o _ a*AS. The

P

homogeneous linear wave equation

idea of solving a nonlinear equation (6) is set out below
(perhaps there are more elegant ideas). Imagine the

solution of (6) as u(t,x,y)=f, (¢ )+ /f,(¢,), where

t+ t+
(olza xand ;02:%, ]() and f2()

at—x
are still unknown functions. It is not hard to make sure
that

Low_120 ﬁ’(q)l){l‘_“’;j £ (0.),

(7)

adt at—x at

L%z(lt_—j’J fl"((f’l)‘%ﬂ(m .
+(1r__—¢y] a (f/’z)—%f;(%),

Z_(lt—(p) ﬁ"<¢.>+(2€f:+x"’;3ﬁ<wl>, ©)
Z;_Z:(%T ﬁﬂ(“’”*%ﬂ(%). (10)

Taking into account (7)-(10) in (6) allows us to obtain
the following linear ordinary differential equation with

respect to ————, j=L2:
i ¢,-)
'1 - } +%[¢j+L—2J:O. (11)
i ((pj) 2y ((P,-) ?i

Solving the linear equations (11), we get the formula

8h do,

fj(¢j):_y_p (012.+g0j—2¢)j1n¢)j—1 (12)

in which the integral, unfortunately, is not calculated
analytically. By applying a numerical integration method
to this integral, we can determine approximate expressions
for the functions

t+ t+
A (a xj and f, (a J j and, consequently,
at—x at—y

=12,
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to find the desired longitudinal local velocity of
component §_ of fluid velocity vector field in a thin film
using the formula u = f, + f,.

DYNAMICS OF FLUID IN NANOCHANNEL OF STRUCTURED
SUPERHYDROPHOBIC SURFACE AND SLIDING PHENOMENA

For the mathematical description of transport
phenomena on a superhydrophobic surface with
microrelief, in stripes of which the liquid, solid and gaseous
phases occur, it is necessary to determine the physical
mechanisms of sliding on the surface and formulate the
corresponding boundary conditions (for instance, see
[24], [25] and respective references given there). As
mentioned in the introduction, sliding takes place if the
value of the tangential component of the velocity vector
at the interphase boundary is not zero. The simplest model
of sliding phenomena suggests that tangential force acting
per unit of surface area S, is proportional to the sliding
velocity: | = yr| ¢» Where 9, is this sliding velocity;
7 stands for shear stress, 1z stands for friction coefficient.
This condition is called Navier sliding condition. For
Newtonian fluid Navier sliding condition can be written in

the form <

tan.

s =L, 2—9 , called Navier boundary

N
condition, where 8, is tangential velocity on the cavity
wall; L, =nu is the sliding length that characterizes the
distance at which the velocity profile is extrapolated to
zero, 77 stands for dynamic viscosity; L, =0 corresponds
to boundary condition of adhesion, at which the relative
velocity of the liquid on the solid wall is zero; L, — o
corresponds to the boundary condition of the absence of
friction, at which plug-like flow takes place with zero
speed gradient. Since fluid dynamics at the interface with
a solid surface can be considered at different scales, as
a rule (as a rule), three different types of sliding at the
interphase boundary are distinguished: internal/molecular
sliding; apparent sliding; effective sliding.

Internal sliding model suggests movement of
molecules in the near-wall layer, and it cannot lead to
large values of L .

The apparent sliding model suggests formation of a
gas cushion or a low viscosity liquid film near the solid
wall. The seeming sliding is supported by a higher shear
rate in the low viscosity layer compared to the shear
volume rate. The apparent sliding length is defined as

n hsucus U
Lapp.xl. = g(z_ IJ ~ %a

where 77, is viscosity of interphase boundary (i.e.
viscosity of the above mentioned gas cushion or liquid
film); <hsu1cus> is averaged (in the sense of surface mean
value) depth of the sulci. It should be emphasized that
for all appearance simplicity, the apparent sliding model
reflects the formation of rarefied gaseous layer near
the hydrophobic wall and makes it possible to better
understand the influence of the interface region structure
on the phase transfer transport phenomena) [25].
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The effective sliding model assumes the formation of a
stable gas phase in the stripes of microrelief of the surface
in the Cassie-Baxter state, and allows you to replace the
actual non-uniform surface with a homogeneous smooth
plane, showing the same hydrophobic properties as real
surface. This approach allows, in addition to increasing
the sliding length, also to find solutions to problems
and analyze complex systems, without requiring time-
consuming calculations of the local velocity field of the
fluid to be performed. The effective sliding length is

09
ose(51)

for surface S and characterizes the sliding intensity

defined as the boundary condition.

where () denotes mean value

of a fluid over a smooth surface with a sliding length
L, . One of the first experimental studies of the effective
sliding length of a Newtonian fluid was performed in
Department of Mechanical and Industrial Engineering,
University of Massachusetts [63], [64] using example of
a flow in a microchannel with a rectangular cross section
and a superhydrophobic coating on the bottom wall:
surfaces with periodic sets of microbars or parallel sulci
were used as a superhydrophobic coating with a surface
portion of liquid-gas plots in the range 0.5+0.9; the height
of microchannels ranged in 76+264 um; it was found that
an increase in the surface fraction of the gas sections and
the height of the microchannel leads to an increase in the
sliding length, the maximum value of which was more
than 20 pm with 0.9 surface fraction of the gas sections.
The obtained experimental results are consistent with the
results of theoretical studies in [65]-[67].

As mentioned in the introduction, with a high surface
portion of the gas sections, the stability of the Cassie-
Baxter state can be broken, resulting in liquid penetrating
into the gaseous stripes [42]. Therefore, with the flow
of fluid in the microchannel, in addition to the general
thermodynamic stability criteria:

— stability criterion for a system with constant volume
and entropy: only processes with a decrease in internal
energy can spontaneously occur in the system, and
consequently a stable state with a minimum of internal
energy is stable;

— stability criterion for a system with constant pressure
and entropy: only processes with a decrease in
enthalpy can occur spontaneously in the system, and,
therefore, the state with minimum enthalpy is stable;

— stability criterion for a system with constant volume
and temperature: only processes with a decrease in
free energy can spontaneously occur in the system.
Therefore, only a state with a minimum of free energy
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is stable;

— stability criterion forasystem with constant temperature
and pressure: only processes with a decrease in the
thermodynamic potential can spontaneously occur in
the system, and therefore the state with a minimum of
the Gibbs thermodynamic potential is stable,
it is also necessary to take into account the balance

of forces acting on the liquid-gas interface. The stability

of the Cassie-Baxter state for an isotropic texture in the
form of microbars set is ensured by the fulfillment of the

inequality [68], [69]

20, ﬂ(l—rgm ) cos(0)<r,, TAp, (13)
where o, is the surface tension of a liquid (72

mN/m for water at 25°C); r

gas

microchannel gas plots (i.e. the percentage of the surface

denotes surface portion of

that is perfect slip:

r ZF’ h is slip size); € stands for contact

angle; T is period of microbars of the texture;
Ap = p, — p, is the pressure difference in gas and liquid
(see Fig. 1, [68]). The stability of the Cassie-Baxter state
for anisotropic texture in the form of parallel sulci is

ensured by the fulfillment of inequality

20,, cos(0) <r, TAp.

(14)

Non-wetted state Wetted state

Wetting transition

Re-entrant sidewall

Nanostructured sidewall

Maodification of contact anele on the sidewall
Fig. 1. Illustration of wetting transition on superhydrophobic
surfaces.
As can be seen from (13) and (14), provided that
Cassie-Baxter state remains stable, the maximum possible
value of the surface portion r

gas
proportional to increment of values Ap and T, and,

of gas plots is inversely

conversely, increases together with the value of contact
angle. According to the results of [70], for €=120°
and for varying the pressure difference in gas and liquid
Ap in the range 200+300 Pa effective sliding length
L,
set with a period 7 in the range 50+250 um and with

~ for an isotropic texture in the form of a microbars
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surface portion 7,

equal to 94 pum; and for anisotropic texture in the form

=0.993 of microchannel gas plots is

of parallel grooves (parallel sulci) with a surface portion
T,es = 0.976 of gas plots the effective sliding length L,
is equal to 185 pum (for the same range of Ap and T').
Now let us briefly describe the basis of the theoretical
analysis of the effective sliding length: a theoretical
analysis allows making the quantitative assessment of the
influence of various factors on the effective sliding length,
to explain the experimental results, find the optimal
texture structure of a superhydrophobic surface with a
stable Cassie-Baxter state. Consider a surface with an
anisotropic texture in the form of parallel sulci and make
the following assumptions: (1) there is a wide channel,
h? T; (2) ideal liquid sliding conditions are fulfilled on
the liquid-gas interphase surfaces; (3) liquid-gas interfaces
are flat. Then the following relations hold [65], [66], [69]:

, Vr

gas

>0, VT <2z, (15)

is an effective sliding length for

RT TV gus
L':ﬁ =—1In sec[ £
oo 2

where L,
a longitudinal fluid flow along the furrow of the
texture; R is of the
(Ris radius (or average radius) if the sulcus is of

surface size microsystem

cylindrical shape);

Y,
L ?1{5%( o D as T =0, r,,, fixed, (16)
T

where Lﬁm is an effective sliding length for a transverse
fluid flow along the furrow of the surface texture;

-

Ly« ——— as T —+o, r,, fixed;
4(1—rgas)

1 Rrgas

L, :—=asr, —0,T fixed;

Ly, : S F =1, T fixed;
a(1-r,,)
RTxr.

L;f : T‘w as r,,, > 0;

p . RT
L, : 7ln(1—rgm) as r,, —> L
From (15) and (16) it follows that under certain
conditions it can be said that the asymptotic values of
sz and Ljﬁ differ approximately twice: L:,f' zZLjﬁ'
€(0,27) is fixed.

If the fluid flows at an arbitrary angle to the texture

when 7'— 0, and 7,
axis, then it is necessary to consider the effective sliding
length as a tensor value L, = {Ljf/k}, and to note that
Navier sliding condition has the following form:
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. ot |89,
<19" >:zLjf{knk A )
Y Wi |

where <:§{ L> is i-th component of the average sliding
speed on a superhydrophobic surface with a texture in the
form of parallel sulci; ’I1k denotes k-th components of the

I
outer normal n to surface S.

In this case, instead of the effective sliding length, we
can talk about the tensor of the effective sliding length,
which can be represented as a symmetric positive definite
matrix:

A )
= > >0, L =L
off . off . off. 0 > M2 21
L21 L22
It is obvious that if L7 = L, then this matrix will be

guaranted diagonalized:

P
i _ L@lf. 0
eff. 0 Li >
o

that is more convenient to use: knowing Lza. and Ljﬁ",

(the essence of which are the eigenvalue of the tensor LAeﬁA
), it is easy to calculate the effective sliding length tensor
when flowing at an arbitrary angle to the texture axis.

III.

In the present work, the dynamics of a liquid on
unidirectional superhydrophobic surfaces in the Cassie-
Baxter state is studied, when surface texture is filled
with gas and, consequently, the liquid virtually is located
on some kind of an air cushion. The model describing
the dynamics of slow fluid flows in microchannels of a
superhydrophobic surface is formulated. Besides, in the
paper, an approach (one of many possible approaches) for
finding the sought-for longitudinal local velocity of one of
the components of the fluid velocity vector field in a thin
film: the nonlinear equation and the idea of its analytical
solution are proposed. Finally, in the work, the design
formula for computing local-slip length profiles of liquid
on the considered superhydrophobic surface is obtained.

CONCLUSION
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Abstract—In the present paper, we propose an analytical
approach for solving the 3D unsteady-state boundary-value
problem for the second-order parabolic equation with the
second and third types boundary conditions in two-layer
rectangular parallelepipedic domain.

Keywords— unsteady-state diffusion equation, initial-
boundary value problem, Robin boundary condition,
analytical method.

I. INTRODUCTION

In the present paper, we propose an analytical approach
for solving the 3D unsteady-state boundary-value
problem for the second-order parabolic equation with the
third type boundary conditions in two-layer rectangular
parallelepipedic domain. Such type problems arise in
particular at study of metal concentration dynamics in
the peat blocks (for instance, see [1]-[5] and respective
references given in these). Mathematical statement of the
considered problem is taken from the article [1], where the
problem was solved by combination of the two approaches:
firstly, the averaging method in the vertical direction (i.e.
in height) and two horizontal directions (i.e. in width and
in length), and, then, the obtained 2D problems have been
solved by the standard/classical analytical methods. As
opposed to the combinational approach suggested in [1],
in the present paper, we do not use approximation methods
at all (basically, result of application of the averaging
method always is approximate).

II. MATHEMATICAL FORMULATION OF PROBLEM
Denote by Q, i-th (i=1,2) layer of two-layer peat
block, which has shape of rectangular parallelepiped:
def
Q" = {x = (x19x27x3) € I ’ | xj € |:09Lj:|7 .] = 1729

ix

(i-1)H, <x,<(i-1)(L,—H,)+H,},i=12.

Ruslans Aleksejevs
Faculty of Mechanics and Mathematics
Lomonosov Moscow State University
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Jekaterina V. Aleksejeva
Institute of Fundamental Science and
Innovative Technologies
Liepaja University
Riga Secondary School 34
Riga, Latvia
jekaterina.v.aleksejeva@gmail.com

Now we formulate a mathematical model
describing the dynamics of metal concentration in a
two-layer peat block: it is required to find functions
¢ (x,1):Q, x[0,7,,] =i ', (i=1,2), which satisfy

e diffusion equations with sources
oc, (x,t) 3 62c.(x,t)
2N p 2 r(xt),

ot ,Z::‘ Y c’)xf £, () @)
(x,0) eintQ, x(0,¢,, ], (i=1,2);

e initial conditions
c[(x,t)L:W =¢,(x), xeQ,, (i=12); )
e the following boundary conditions given:

—  at the trailing wall in the form of von Neumann
condition
Oc; (x,t)

o =c, (%, x;,1),

=0 3)
(x/{xl}ﬂt) € Qix/{x,} X[O’tEND]ﬂ (i = 192);

— at the front wall in the form of Robin condition

|:DilM+ﬂ’ilci(x’t):| =4a; (xz’x3’t)’
0Ox, o 4

(x/{xl}’t) € Qix/{xl} X[O’ tEND]’ (i =1 2);

— at the left-side wall in the form of von Neumann

1

condition
Oc; (x, t)
ox,

:ciz(xl,xpt),

x,=0" (5)
(3/{x}ut) e Qi) x[0,2p0 5 (1 =1,2);
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at the right-side wall in the form of Robin
condition

{Dﬂ ac, (x,t)+/1izcl_(x7t)}

ox,
(x/{XZ } ’t) € Qix/{xz} X [0
bases in the form of Robin condition
=a; (xl,xz,t),

{D. el8)  im3)ae (x,t)}
o=

i3
(x/{XS}’t) € Qix/{;c}} X[O’tEND]: (i = 1,2);

given at the bedding

=ai2(x],x3,t),

(6)

Xy =L,
]. (i=12);

at the lower ( by i =1) and the upper (by i=2)

4 tEND

X3
(7

e matching conditions

interface [6]

o (x,t
(G-, =L
= ((i—l)(D23 _1)+1)5';+(x,t) , (8)

(/{x)01) € @y X [0 |- (1=1,2);

e all 12 consistency conditions linking the initial

and boundary functions from the constraints (2)

).
In the mathematical model (1)(8) it is assumed that all
numerical parameters I, >0 (i = 1,_3), H,>0(i=12),

D,,j>0(i=1,2;j=1,_3), /1,,j>0(i:1,2;j=1,_3)

top >0, and all functions except functions ¢, (x,t) and
¢ (x, t) , which stand for the desired metal concentrations,
respectively, in the first and second layers of the peat
block, are a priori given.

Remark 1. If in the mathematical model (1)(8) we
assume that: (a) ¢, (9 =c¢,(9=0,(i=1,2), (b) boundary
functions a; (g), (i =1,2; j= l,_3) do not depend on time

t, then the model (1)(8) will completely coincide with
the mathematical model (1.1) from [1], in which the
physical interpretations of all the initial data - numerical
parameters and functions are exhaustively described.
Therefore, in this paper we will not describe the physical
meaning of the initial numerical parameters and functions
of the model (1)(8): they have the same meaning as in [1].
End of Remark 1.

The mathematical model (1)(8) can be solved by two
different approaches. The first approach is a more universal
approach for solving wide classes of initial-boundary value
problems in layered regions with layers, whose physical,
chemical, etc. characteristics are different. The main idea
of the first approach is to reduce the mathematical model
(1)(8) to the Fredholm integral equation of the first kind,
and the subsequent procedure for applying Tikhonov’s
regularization method to the obtained integral equation

61
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[71, [8]. In view of the strict requirements for the maximum
volume of articles, in this paper we will not consider the
necessary procedures for performing the first approach.
The essence of the second approach consists of applying
method of separation of variables and constructing the
Green’s function (for instance, see [6] that is one of the
best mathematical textbooks ever written). This method
of solving initial problems (a Cauchy problem, when the
region in which the process is studied is an unbounded
region), boundary-value problems (in the case when the
steady-state process is studied, or the process is studied
at a time sufficiently far from the initial moment of the
process) and initial-boundary value problems is a more
“traditional” approach in the sense that this technique
is, firstly, thoroughly studied in almost all courses
of equations of mathematical physics and/or partial
differential equations, and, secondly, is widely used in the
study of various kinds of mathematical models described
in the language of initial, boundary and initial-boundary
problems for partial differential equations, in particular,
for hyperbolic, parabolic and elliptic types of differential
equations. In this paper, the second approach is chosen
as the analytical method for solving the mathematical
model (1)(8) — the method of separation of variables and
construction of the corresponding Green’s function.

III. APPLICATION OF THE METHOD OF
SEPARATION OF VARIABLES, AND CONSTRUCTION OF
THE CORRESPONDING GREEN’S FUNCTIONS

So, let us consider the initial-boundary value problem
(1)(8), and try to find its solution by applying the method
of separation of variables. To do this, we first formulate,
as is customary in the method of separation of variables
[6], two auxiliary boundary-value problems - the problem
AP1 and the problem AP2, in each of which the equation
is homogeneous.

A. Formulation of two auxiliary boundary-value
problems

Auxiliary problem API. It is required to find the
function 0%01 (x,2):Q,, x[0,1,,] =i ' that satisfies:

e homogeneous equation

oc, (x,t 3 d%c, (x,t
l((3 ):ZDU ](2 ):
t = ox; )
(x,t) eintQ, x (O,tEND],
e heterogeneous initial condition
cl(x,t)|t:0+ =cp, (x), xeQ,, (10)
e homogeneous boundary conditions
oc, (x,t
% =0, (x/{x}.1) € Q. X [0t ], (11)
1 x=0"
ac, (x,1)
D, — =0
G A5 =0 (12)

(x/{xl}’t) € le/{xl} X[O’tEND]’
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oc, (x,t
l;x ) =0, (x/{xZ}’t) € le/{xz} X[O’ tEND]’ (13)
2 x,=0"
oc (x,t)
D, ——=—7 +A,c (x,t =0,
12 axz L ﬂ’l2 1( )|X2:L2 (14)
(x/{x2}’t) € le/{x:} X[O’ tEND]’
dc, (x,1)
—_— —Ase(xt) =0,
13 ax3 - 3 1( )|x370 (15)
(x/{x3 } ’t) € Ql,\'/{,\']} x [O’tEND]’
e as well as two conditions
q (x,t) s =, (x,t)L;:Hl+ , (16)
(x,,x,,2) €[0,L,]x[0,L, ] %[0, 2, |
dc, (x,t) _D dc, (x,1)
13 or, - 23 or, . ) (17)

(x,,x,,1) €[0,L]x[0,L, ][0, 1,y ],

where the function c, (x,t) is defined in the domain
Q, x [O,tEND] and is a nontrivial solution of the problem
AP?2 stated below.

Auxiliary problem AP2. It is required to find the

function 0Zc, (x,¢):Q,, x[0,t,y,]— i ' that satisfies:

e homogeneous equation

ac, (x,1) o%c, (x,t)
ot ox’

J

(x,0) €intQ, x (0,15,

3

2Dy

J=1

i

(18)

e  heterogeneous initial condition

(19)

C, (x,t)|t:0+ =Cy (x), xeQ,,

e homogeneous boundary conditions

ac, (x,t)

0ox, 0"

(x/{xl}’t) € sz/{x,} X[O’ tEND]’

ac, (x,1)
0Ox,

=0,

(20)

x =L

D

21

+4,c, (x,t)

x =L
(x/{xl}’t) € QZx/{x,} X[O7tEND]5

Oc, (x,t)

0’

e2y)

= 0’(x/{x2}’t) € Qz)c/{xz} x [0’ Lenp ]n (22)

+ 4,0 (x,t) 0,

Xy =L,

],

22

-7 (23)

(/) € Qe X[

0,¢

>YEND

62

dc, (x,1)
0x,

+ Ay ¢ (x, Z)Lﬂ, 0,

]

23

24

Xy=L3
(x/{x3},t) € QZ,\'/{xJ} X [O’tEND]'

B. Partial investigation of the first auxiliary
boundary-value problem

First of all, we note that the use of the phrase “partial
research” in the titles of the current and next subsections
is related to the interconnectedness of the auxiliary
problems AP1 and AP2: as it will be seen in subsections B
and C of this section, a full research of AP1 is impossible
without research of AP2, and vice versa.

So, first consider the APl problem, a non-trivial
solution of which will be sought in the form

G (x,t) =X, (xl)Xlz (xz)Xm (xa)TI (t)’

where of

le(xj);_!O,jzl,_3 and 7 (¢) £0 is obvious.

(25)

the  essence the  requirements

Taking into account representation (25) in the equation

(9), we get
(1) 3 X0 (x))
Ti(t)_]Z:;Dlj le (xj). (26)

Since the left side of equality (26) depends only on the
time variable ¢, and the right side depends only on spatial
variables x =(x,,x,,x;), equality (26) is possible only
if both sides of it are equal to the same constant, which
we will denote by -z, without making any assumptions
regarding the sign of the constant ;. So, instead of (26)
we can write the following two equations:

L)+ w7, (1) =0, 27

(3?%)

First we deal with equation (28), and then we return
to equation (27). Alternately differentiating equation

X, and x;, we

"

(28) with respect to variables x,,
X '(x/)

obtain @ D, /
de (X, (x))

D,

] =0,Vj= 1,_3, from  which

it follows that , Vj=13are constants:

~—

"
X (xj)
1j
X, (%)
constants f4,, f,, M, are constituent constants of the

_ 3
= th;, Vj =13, where 4 = Zyu, le. new

J=1
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initial constant g, appearing in equations (27) and (28).
So, we obtained the following homogeneous equations of
the same type:

D11X1"1 (x1)+/ullel(x1)=0’ (29)
D, X/, (xz ) + 1, X, (xz ) =0, (30)
D13X1"3 (x3)+ﬂ13X13 (x3)=(), (31)

3
which are related only by the fact that 1, = Z ;- As

j=1
the constant’s g sign still is unknown to us, we also have
no information about constants’ £, f,, A, signs.
Further, the substitution of (25) to the boundary
conditions (11)(15) gives us the following boundary
conditions:
e forthe function X, (x,) two boundary conditions:

{X{l (0)=0,
D, X}, (Ll ) + 4,4, (Ll ) =0,

e for the function X, (xz) again two boundary

(32)

conditions:
{X{Z (0)=0,

33
DXL (L) Ao (L) =0 G

e  forthe function X, (xs) one boundary condition:

Dy, X15(0)= 23X, (0)=0 (34)

Consequently, the combination of equation (29) and
boundary conditions (32), the combination of equation
(30) and boundary conditions (33), and finally the
combination of equation (31) and boundary condition (34)
generate the following three SturmLiouville problems [9],
[10], the first two of which are complete problems (in the
sense that they have a complete formulation: each of them
has a second-order ordinary differential equation and two
boundary conditions are given), and the third problem
is an incomplete problem (one boundary condition is

missing):
X! () +m, X, (%) =0, x,€(0,,),

Xfl (0)=0, (35)
D, X}, (L1)+ﬂ1 X“( )=0‘
D, X/, (x2)+,u12 " (xz):O, X, E(O,Lz),
X, (0)=0, (36)
D, X}, (L2)+i|2 12( )

{ X1 () + 13X, (x,) = 0, x, € (0, Hy), 37)
D, X/5(0) =45 (0)=0

We will have to solve all three SturmLiouville
problems in turn (35)(37): our goal is to find their non-
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trivial solutions X, (xj) 7_{ 0, j=1,

w

Itis not difficult to show that in the case, when g, <0,
the problem (35) has only a trivial solution. Therefore, in
problem (35) only the case #,, >0 should be considered,
and in this case the general solution of the problem (35) is
the following function

Xn(xl):A”cos[ f%xl],xl elo,,], (38)
11

where 4,, is an arbitrary constant.

Function X, (xl ), X € [0, L ], defined by formula (38),
is called eigenfunction of the SturmLiouville problem (for

instance, see [9] as well as [6]), and it corresponds to the
2
. a, . o
eigenvalue g, =D, [L_]] >0, where @, is a positive
1

root of the transcendental equation

j'111

11

aig(a )= (39)

Since the transcendental equation (39) has an infinite
number of solutions, we can say that the SturmLiouville
problem (35) has an infinite number of eigenvalues

2
Q,
=D n |50,
My 11(111 ]

to which the following eigenfunctions correspond

X (%)= 4, cos(,lgln xl]’ x, €[0,L,],
It

and each of them is determined with precision to

(40)

(41)

an arbitrary constant 4. In (41) number ¢,, is n-th
(n € ¥) positive root of the transcendental equation
(39), and, hereinafter, speaking of the ordinal numbers
of the positive roots of the transcendental equation,
we will mean their ordering in non-decreasing order:
a, <a,<a, <K

Because of the fact that the SturmLiouville problem
(36) differs from the problem (35) only by the coefficients
D,, and 4,, we can write, fully following the results of
the study of the problem (35) obtained above, that the
eigenfunctions of the SturmLiouville problem (36) are the

functions
X, (x,)=4,, cos Fhon Ly, |, x, €[0,L,], (42)
DIZ
where  4,, are some  constants;
ﬂ 2
L, =Dy, [L;] >0 are eigenvalues, B, 1S m-th
2
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(m c¥ ) positive root of the transcendental equation

ﬂltg(ﬁl ) = Al :

D,

12

(43)

Now we investigate the incomplete SturmLiouville
problem (37). It is easy to check that when 4, >0 (in
the case of 14; <0 problem (37) has only trivial solution)
incomplete problem (37) has general solution

: /,u]s
X (x,)=4,<sin| [—x
13( 3) 13{ [ D]3 SJ
D
Fis" cos[ f&)@] . x; €[0,H,],
ﬂ“l} Dl3

which is called the SturmLiouville incomplete problem

(44)

+

eigenfunction (37) corresponding to the eigenvalue
H; (not yet found); A is an arbitrary constant. To
find eigenvalue g ;, we should refer to conditions (16),
(17), in which another function is involved — the desired
function ¢, (x,1), (x,1) € Q,, x[0,2,y,]
problem AP2. In other words, to find the eigenvalues

of auxiliary

and the corresponding eigenfunctions of the incomplete
SturmLiouville problem (37), we will need to investigate
the auxiliary problem AP2, which we will do in subsection
C of this section.

Recall that in the course of studying the AP1 problem
(still unfinished), we found out that all the eigenvalues
of problems (35)(37) of SturmLiouville are positive.
Therefore, the constant g, from (27) and (28), which is
the sum of these eigenvalues, is also positive:

0 < ql:nm = lulln + lulZm + lul3

A

where «,, and B, are n-th (ne¥) and m-th

(45)

aln

:DII(L

1

(m e¥) positive roots of the transcendental equations
(39) and (43), respectively; constituent constant g, > 0,
which is the eigenvalue of the incomplete SturmLiouville
problem (37), has not yet been found (it means that the
eigenfunction X, (x,), x, €[0,H,], having a formal
representation in the form (44) and corresponding to this
eigenvalue, is not uniquely determined).

C. Partial investigation of the second auxiliary
boundary-value problem
We will look for nontrivial solution of the AP2

problem in the following form
=) (x,t) =Xy (xl)'Xzz (xz)'X23 (xz)'Tz (t)’

where meaning of requirements X, (x j) % 0,j= 1,3

(46)

and T, (t) ;:[ 0 is obvious. By analogy with the previous
subsection B, given the representation (46) in equation
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(18), we obtain

Te)+ s (1) =0, @

(43)

where 4, is the same constant 44 as in equations (27),
(28), i.e. y, = g, (for convenience, we will use the notation
M, knowing that g, = 4,).

First we deal with equation (48), and then we return
to equation (47). We already know that constants g, and
M, in equations (28) and (48) coincide. However, we do
not have the right to require that in three homogeneous
equations of the same type

D, X7, (x1)+:u21X21 (xl) =0, (49)
D, X7, (x2)+/u22X22 (x2)=0, (50)
Dy, X7, (x3)+ﬂ23X23 (x3)=0, (51)

which directly follow from equation (48) (see the
transition procedure from equation (28) to equations (29)

(31)), constants f,,, f,, and f,;, whose sum gives u,

|

constants f,,, t,, At (values g, and g, are already

3
Le. p, = Zﬂzj'

], coincide with the previous constituent
j=1

determined, and value g4, will be determined in this

subsection). The reason for this circumstance (i.e. the fact
that 1 =g, but g, Z 11, ;, j =1,_3) is due to the fact that

the coefficients D;; (j=1,3) in equations (29)(31) differ
from the corresponding coefficients D, ( j=L3) in
equations (49)(51). In other words, in the equations (49)

3
(51) constants £y, [y, Hy, Where Z My = Hy, arestill

Jj=1
unknown constants and need to be determined. Finally,
we note that equations of the same type (49)(51) are

3
related only by the fact that g, =Z,L12 ;- Further, the

j=1
substitution of representations (46) to the boundary
conditions (20)(24) gives us the following boundary
conditions:

|
|

e for function X,, (x,) two boundary conditions:

X5 (0)=0,

D21X2’| (L] )+ j“21)(21 (Ll ) = 62

i

e for function

0
X, (x,) again two boundary
conditions:

X5,(0)=0,

Dy X, (Ly)+ 20, X, (L,) = 0; 53)
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e for function X,,
D23X2’3( )+ﬂ'23 23( )
the
equations (49)(51) and boundary conditions (52)(54) again

( ) one boundary condition:
= (54)

Consequently, appropriate combination of
give us the following three SturmLiouville problems, the
first two of which are complete problems, and the third

problem, just like problem (37) is not a complete problem:

D, X, (x1)+:u21X21 (xl ) =0,x € (O’Ll)’
X;,(0)=0, (55)
D, X;, (L1)+/121X21 (Ll) =0;
Dy X3, (x2)+/”22X22 (xz ) =0,x, € (O’Lz )’
X5,(0)=0, (56)
D22X2'2 (L2)+ ﬂ'szzz (Lz) =0;

{Dstzﬂa (x)) + 1 X5 (x,) = 0, x, € (H, L), (57)
D23X2'3 (L3 ) + /123X23 (Ls) =0.

Almost completely following the reasoning from
subsection B in the study of problems (35) and (36),
with respect to complete problems (55) and (56) of

SturmLiouville, we can assert the following statements
without detailed derivation:
e The complete problem (55) of SturmLiouville has
eigenvalues

2
ﬂz]k_Dzl[LZkJ >0, ke¥, (58)

1

to which the following eigenfunctions correspond

X (xl ) =4, 005[1 lt;m x1]’ X € [O’Ll]’ (59)
21

and each of them is determined with precision to

an arbitrary constant 4,;,. In (59) number «,, is k-th
(k c¥ ) positive root of the transcendental equation
ALy

D 21

e The complete problem (56) of SturmLiouville has

aig(a,)= (60)

eigenvalues
ﬁ 2
ﬂ22p:D22[% >0,pe¥, (61)
2

to which the following eigenfunctions correspond

M
X, (%)) =4y, cos[,/ ;p xz} vr, €[0,L,],  (62)
22

and each of them is determined with precision to
In (62) number B, is p-th
( pe¥ ) positive root of the transcendental equation

Bg(B,)= /122 .

22

an arbitrary constant 4,,,.

(63)

Now let us study the incomplete SturmLiouville
problem (57). It is easy to check that when g, >0 (in the
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case of 1, <0 problem (57) has only trivial solution) the
general solution of (57) is function

Xy (x3) =4, {sin (1 /%’%J
23

(64)
Hy Hos
—cos| [, |ig ,—L3+6’] ,xy €[H,,L],
[ D, ] [ D,
where Ay, is an  arbitrary  constant;

Ny YD)
0= arctg[m}

23

Function X, (x;), defined by formula (64), is called
the eigenfunction of the incomplete SturmLiouville

problem (57) corresponding to the eigenvalue p,,.
Recall that in the course of studying the AP2 problem
(still unfinished), we found out that all the eigenvalues
of problems (55)(57) of SturmLiouville are positive.

Therefore, the constant z, from (47) and (48), which is
the sum of these eigenvalues, is also positive:

0< %kp = Myt T s

Hy

2 5 2
=D21(%] +D22{sz] + iy, Vh,pe¥,

1 2

(65)

where @, and B, are k-th (k€ ¥)and p-th (pe¥)
positive roots of the transcendental equations (60) and
(63), respectively; constituent constant z,, >0, which
is eigenvalue of incomplete SturmLiouville problem
(57), is still unknown (it means that the eigenfunction
Xy (x3 )5 X3
in the form (64) and corresponding to this eigenvalue, is

€[H,,L;], having a formal representation

not uniquely determined).

So, within the framework of the study of auxiliary
problems APl and AP2, by this time the eigenvalues
M5 and [y, remain uncertain and, therefore, same thing
can be said about their corresponding eigenfunctions

X13(x3), X, E[O,Hl] and X, (x3), X, € [Hl,L3]; in
addition, it is necessary to clarify the choice of constants
4, (ne¥) Ay, (me¥), 4, A, (ke¥)
4y, (pe¥), Ay; finally, it is required to find functions
T (t) and T, (t), which satisfy equations (27) and (47).

D. Using the matching conditions, and the complete
solving the both auxiliary problems

Recall that in the course of studying the auxiliary
problems APl and AP2, we did not use matching
conditions (16) and (17), and now it is time to use these
conditions to find eigenvalues #4; and f,;, and redefine
the corresponding eigenfunctions X ;(x,), x; €[0,H, ]
and X, (x3), X, E[HI,L3],
formulas (44) and (64)), respectively. For this purpose,

formally represented by

we first note that if equality
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1
aler) ex(e)

holds for Vx; e[O,L}.], j=12, Vte[O,TEND] and
Vx, e(H, —&,H +¢),0<e=1, then it means that
X3 (x)=CXy(x;),0<Ve=1, where C#0 is an

arbitrary constant, which for convenience we choose
A13 . A13 . .
as —, i.e. C=—= (such a choice of a constant is

23
legitimate because of its arbitrariness, and, moreover,

nothing will change from such (or other) choice). Now,
having this fact, substituting representations (25) and (46)
to matching conditions (16) and (17), we obtain

A4, X, (x3)x3:

b 43X, (xs)

gt
x3=H,

4Dy X (x3 )|x3:H— = 4,0y, X, (x3 )|

xy=Hy *

Taking into account formulas (44) and (64) in these
two equalities, after performing the necessary calculations
and transformations, gives us the following results: the
desired eigenvalue y,, from the SturmLiouville problem
(57) are found by the formula

2
4

Hy3 = D5 [H_] >0,

2

(66)

and then the desired eigenvalue p, from the

SturmLiouville problem (37) is calculated by the formula
by = oyt oy oy = 1y~ s (67)

whose right side contains already found eigenvalues
of SturmLiouville problems (35), (36), (55), (56).

In the formula (66) parameter ¥ is positive root of the
transcendental equation

D2372+§ D237/
=T +arct, , 68
S| e =2(7) (68)
2 237 +<
D, (D237 + )+Hzﬂ13 H D
2 13

D,,
\/_\, H 237 +¢ [ 1’ Dyy +§] H, A,

4 =H22 (/u21 Ty~ _:ulz)-
Since the transcendental equation (68) has an infinite
number of solutions, we arrive at the following results:
e  The SturmLiouville problem (57) has an infinite
number of eigenvalues

2
74

Has =D23(_] qe¥,
q H2

q= q(n,m,k,p), Vn,mk,pe¥,

(69)

to which the following eigenfunctions correspond

. Hay
Xy, (x;)=sin X
23q( 3) [ D, 3]
y7);
—tg /'qu L, +arctg) Y212 | Ix
D23 /123
X C0S ,@)% ,xy €[H,,L];
D23

in (69) number y, = Y g(nm.p) is g-th (q € ¥)
positive root of the transcendental equation (68);

(70)

e  The SturmLiouville problem (37) has an infinite
number of eigenvalues

=ty Ty, t s, — My T B
q=q(n,mk,p), Yn,mk,pe¥,

/u13nmkpq

to which the following eigenfunctions correspond

\/ :ul3nmkp 13 Hium,
Xanmkpq ('x3 ) - Cos - x3
Ay Dy, an
+sin M)@ . %, €[0,H,].
D,

So, within the framework of the study of auxiliary
problems AP1 and AP2,
unfinished: the problem of finding functions 7] (t) and
Tz(l‘), for whose solution one, first of all, needs to
clarify/redefine formulas (45) and (65) for constants g,
and u,; problem of choosing constants 4,,, (n e¥),
Ay, (me¥), A, (ke¥) and 4,, (pe¥), which
appear in formulas (41), (42), (59) and (62), respectively.
We start by clarifying/redefining formulas (45) and (65)

two sub-problems remain

for constants g and g,. Since constants g and g,
coincide, then it is sufficed to clarify the formula (45) for

the constant g only:

2 B 2
O<Iulnmkpq :Dzl(%} +D,, {%]
M= =p ! 2 (72)

2 2 2
7/ a’l ﬂm
+Dy; [H_qJ _DII(LI J -D, (L;j
2 1 2
Now we clarify the problem of choosing con-
stants A4, (ne¥), A4,, (me¥), 4, (ke¥) and

4, ) ( pe¥ ), which appear in formulas (41), (42), (59)
and (62), respectively. For this we use the fact that the

system of eigenfunctions of the SturmLiouville prob-
lem forms an orthogonal system with some weight on
the segment. Therefore, we can state that the system of

functions {X”n (x] )}ne¥ , {X]Zm (x2 )}me¥ , {lek (x] )}ke¥ ,
{X 2y (xz )}p€¥ , represented by formulas (41), (42), (59),

(62), respectively, are orthogonal systems on segments
[0,L]. [0.L,], [0,L]. [0,L,], respectively. One of the

66
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reasonable constraints on choice of constants 4,,, (n€¥),
Ay (me¥), 4, (ke¥), 4y, (pe¥), which appear
in formulas (41), (42), (59), (62), respectively, is the re-
quirement of orthonormality of systems {Xlln ()cl )}ne¥ ,

o\ X2 )f o0 VR N )0 \A22p\ M)y, OF clgen-
()]s o (s (K] of e

functions. Another option (very simple, but less reason-
able) of choosing constants is simply equating them to
some number, for example, to 1. In this paper, we choose
the first option:

Xlln (‘xl):\/%*— /L/;:l” Sin[\//'ll)ll" x]]:
11 1 11

(73)
Vx, €[0,L], Vne¥.
Mo Mz
ax 12 ZBm gip X, |,
Hian (2) = J D, {\/ D, J (74)
Vx, € [O,LZ], Vme¥.
\/121 :u21k p \//Jmk X
21k 1 [°
DZI D21 (75)
Vx, €[0,L,], Vk e ¥.
/’lZZp . \/IUZZ;) X
22p 2 |»
D, (76)

Vx, €0, LZ], ‘v’pe¥

Now we can proceed to solving the last problem in
the framework of the study of auxiliary problems AP1
and AP2 — the problem of finding functions 7| (t) and
TZ(Z) from equations (27) and (47), respectively. If we
consider equations (27) and (47) only from the position of
time f € [O,tEND], rather than from the position of spatial
variables, the solution of these equations is the function
T (t) = Be ™', where B is some coefficient that is not yet
defined. Since number ,u(= M= ,uZ) is determined by
finally found formula (72), we can write

T

_ I——
nmkpq (t) - Bnmkpqe

where coefficients B,

, Vn,mk,p,q ¥, (77)

are to be determined taking
into account spatial variables.

To satisfy conditions (10) and (19), in the formula
(77) for the layer Q,,

coefficients B, and for the layer Q, there should be

there should be its own distinctive

its own distinctive constants B, -
formula (73) for X,,,(x,), formula (74) for X,,,(x,),
formula (71) for X3, (%;), formula (75) for X, (x,),

formula (76) for X, (x,), formula (70) for X, (x;),

Taking into account

formula (77) for T,,,,., ( ) in representations (25) and (46),
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we obtain the following formula for the desired functions
¢ (x,t), where (x,t) e x [O,tEND], and ¢, (x,t), where
(x,t) e, x [0, tEND] :

-+00

a(xt)= Y,
n,m,k,p,q=1
Xlnmkpq (‘x) = Xlln ('xl )X12m ('xZ )XISnmkpq (x3 )’
€ [O,Ll], X, € [O,LZ], X, € [O,Hl], te [O,tEND], system
of functions {X \nmkpg (X)}

+00

c, (x,t) = Z

n,mk,p,q=1

Blnmkpqe_/lnmw .tXlnmkpq (x)> (78)

where

is an orthogonal system;
n,m,k, p,qe¥

Blnmkpqeiﬂntnkpq.tXankpq ('x)5 (79)

where Xankpq (x) =Xy (xl )XZZp (xz )XZSnmkpq (x3 )a
e[O,LI], e[O,LZ], x3e[H1,L3], te[O,tEND],

system of functions {X 2y (X)} e is an orthogonal
n,m,k,p,qe

system.

Obviously, the function ¢, (x,t), determined by
the formula (78), satisfies all homogeneous boundary
conditions (11)(15) of the auxiliary problem AP1, since
they are satisfied by all members of the quadruple series
in the right-hand side (78); similarly function c, (x,t),
determined by the formula (79), satisfies all homogeneous
boundary conditions (20)(24) of the auxiliary problem
AP1, since they are satisfied by all members of the
quadruple series in the right-hand side (79); in addition,
these functions satisfy the matching conditions (16), (17),
since functions X, (x3) and X, (x3), which
are contained in each member of the quadruple series
of (78) and (79), respectively, automatically satisfy the
matching conditions (16), (17) — functions X, (x3)
and Xy, (x3 ) were determined owing to the conditions
(16), (17). Therefore, it remains to enforce functions
¢ (x,t) and ¢, (x,t) to satisfy the initial conditions (10)
and (19), respectively.

The sought-for function ¢, (x,t), which is determined
by formula (78), to satisfy initial condition (10), we obtain:

Blnmkpq Xlnmkpq (x)

+00

¢ (x)= Z

n,m.k,p,q=1

(80)

Analogously, the sought-for function c¢, (x,t) deter-
mined by formula (79) to satisfy the initial condition (19),
we obtain:

+00

ey (x) = Z

n,m,k,p,q=1

Bankpq Xankpq ('x)' (8 1)

Let us by turns apply to (80) and (81) one of the
fundamental theorems of mathematical physics — Steklov’s
Theorem on decomposability of any twice continuously
differentiable function into absolutely and uniformly
convergent series by orthogonal system of eigenfunctions
of the SturmLiouville problem (first strictly proved in
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[11]; see also [10]): for Vn,m,k, p,q € ¥ there take place

_[ Cio (y)Xlnmkpq ()’)dy

Ql)
J. Xlznmkpq (z)dz
L H, (82)
Idyl _‘- dy, J. Cio (y)Xlnmkpq (y)dy3
0

>

1nmkpq =

_[dzl j dz, I Xlnm,w (z)dz,

I € (y)Xank[]q (y)dy

B _ @,
2nmhkpq J' Xzznmkpq (Z)dZ
Q.
L L (83)
_[d)/1 _[ dy, J. C (y)Xankpq (Y)dJ/3
H,

j'dz ydz j

It is not difficult to prove [6] that the function
¢ (x,l) defined by formulas (78), (82) is a continuously
differentiable function by a variable ¢ in the interval
[0, 75, | and twice continuously differentiable function by
variable x for the layer €, , which satisfies the equation
(9). Similarly, a function c, (x,t), defined by formulas (79),
(83) is a continuously differentiable function for a variable
in a segment and a twice continuously differentiable
function (twice differentiable function) for a variable ¢
for the layer €, , which satisfies equation (18). Thus, the

functions cl(x,t) and CQ(x,t) are continuous functions

for Q, X[O,tEND] and Q, X[O,tEND], respectively, and
since these functions satisfy the matching conditions
(16), (17), they are considered to be solutions of auxiliary
problems AP1 and AP2, respectively. Thus, the study of
auxiliary problems AP1 and AP2 is entirely completed,
and now we can proceed to finding a solution for the
original problem (1)-(8).

E. Solving the original problem (1)(8)

Obviously, substituting (82) in (78) and (83)

in (79), we get the following representations for

the functions ¢ (x,), V(x,t)eQ x[0,t,,] and
c, (x,t),V(x,t) eQ,, X[O,tEND] :
Cl (x’t): J. Gl (x’y’t)clo (y)dy’ (84)
Q,
G xpt)= 3 et K (¥ )lekw (y), (85)
n,m,k,p,q=1 I Xlnmkpq
Cz(x’t): .[ Gz(x,y,t)czo(y)dy, (86)

Q,
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+
8

X2nmkpq (x) Xankpq (y)

(87)
I Xzznmkpq (z)dz
Q,,

>

G (xyr)= 3 e

n,m,k,p,q=1

k.

which are a more compact form for auxiliary problems
AP1 and AP2 solutions, respectively. Each of the above
introduced functions Gj (x, y,t), j =12 is a well-known
and deeply studied Green’s function [6], [10], [13], [14].
Our goal in this subsection is the analytical construction
of the solution to the original problem (1)(8), using the
Green’s functions Gj (x, y,t), Jj=12. As you will be able
to see below, after completing the study of auxiliary prob-
lems AP1, AP2, there is no difficulty in finding an analyti-
cal solution to the original problem (1)-(8): a more or less
difficult part of the research for the problem considered in
this paper is the study of auxiliary problems AP1 and AP2.

Let us formulate a new auxiliary problem, naming it
NAP1:itisrequired to find solutions to the inhomogeneous
equation (which coincides with equation (1) for i=1)

3
)3, T ),
(x,t) eintQ, x (0, tenp ] R
which satisfies the zero-initial condition
q (x,t)|t:0+ =0,xeQ,

and zero-boundary conditions (11)-(15) of the
auxiliary problem AP1.
The desired solution of the NAP1 is the function
t
¢ (x,t) = jdr j G, (x,y,t—r)f, (y,r)dy,
0

Q,

(8%)

where the function G, (x, Y, b= T) is the same Green
function (85), in which instead of the argument ¢ there is
an argument f—7.

Now let us formulate a new auxiliary problem NAP2:
it is required to find solutions to the inhomogeneous
equation (which coincides with equation (1) at i=2)

oc, (x 1)

ZDZI
J=1

(x,t) eintQ, x(0, IEND],

) + f5(x1),

which satisfies the zero-initial condition
C, (x,t)|t:0+ =0,xeQ,

and to zero-boundary conditions (20)-(24) of the aux-
iliary problem AP2.

The desired solution of the NAP2 is the function

c, (x,t):jdrj G, (x,y,t—r)fz(y,r)dy, (39)

Q,

where the function G, (x, Vot — T) is the same Green’s
function (87), in which instead of the argument ¢ there is
an argument ¢ —7.

Thus, the following functions that contain the
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corresponding right-hand sides of (84), (88) and (86),
(89), give us a solution to problem (1)-(8) provided

that cjl(xz,x3,t)50, aj,(xz,xs,t)zo, cj2(xl,x3,z)50,
ay (x,x,,0)=0, ay(x,x,0)=0 for Vj=1,2:

c; (x,t) = j G, (xayst)ch (y)dy

Qiy

, (90)
+J-dz' I G, (x,y.t=7) f,(y,7)dy, j=12
0 Q,

Therefore, to complete our study, it remains to find a
solution to problem (1)-(8), provided that f] (x, y,t) =0
and c¢;, (x)EO for Vj=1,2, and then, add the solution
found to the right side of the formula (90). To achieve
this, it is necessary to use the multiplicative property of
the Green functions as well as the properties of the Dirac
delta function [14], [15]:

e function ¢ (x,t), which is defined as

t Ly

H, _
cl(x’t):jdfjdyz.[Gl(x,y,t—z-)| Mdy3
0 0 0

n=o Dy,
t L, H,
+!d7! dy, _!- G, (x,y,t—r)|yl:Ll a;, (yz,y3,r)dy3

*an(ylaypr)dy} 91)

¥,=0 D

12

t L H,
+IdTIdyl I G, (x,y,t—r)|
0 0 0

a;, (J’1 ’y3a7)dJ’3

t L H,
+_|-afr'|.dy1 .[ G, (x,y,t—r)|y2=L2
0 0 0
e (J’uyz’z') dy
D,

;=0 22

foL L
+Id1jdylel (x,y,t—z')|
0 0 0

is a solution to problem (1)-(8) at i=1 under
conditions £ (x,1)=0, ¢,y (x)=0 (i.e. with homogeneous
equation (1), zero initial condition (2), and non-zero
boundary conditions (3)-(7));

e function ¢, (x,), which is defined as

t L, L B
e (e) = e[ 6 st o), 20,
0 0 ”‘ 21
(L L
+Idrj dy, I G, (x,y,t—r)|y1:L‘ ay, (15057 dy,s
b 0 i,
t L L B
+fdz[dy [ G (x.yi=7) %dy (92)
o0 H‘ . 2
t L Ly
+IdTJ.dyl I G, (x, }’,l‘—r)|y2:[‘2 a,, (yl,y3’1-)dy3
o o A
t L L, a —(123 (ylyyZ’f)
+IdTIdyl J‘ G, (xsy:t 1’)|V3:L3 D—dyZ’
o0 0 ' 23

isasolutionto problem (1)-(8)at i = 2 under conditions
f,(%,6)=0, ¢, (x)=0 (i.e. with homogeneous equation
(1), zero initial condition (2), and non-zero boundary
conditions (3)-(7)).

Thus, the function ¢ (x,t), which is obtained by
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summing the right parts of formulas (90) (at j=1) and
(91), describes the desired dynamics of the concentration
of metal substances in the first layer of a two-layer
peat block, the function cz(x,t), which is obtained by
summing the right parts of formulas (90) (at j=2) and
(92) describes the desired dynamics of the concentration
of metal substances in the second layer of a two-layer peat
block. The construction of the analytical solution of the
problem (1)-(8) is entirely completed.

IV. CONCLUSION

In this paper, it is studied the problem of determining
the dynamics of the concentration of metal substances in
a two-layer anisotropic peat block. The work examines
in detail the well-known variables separation method for
constructing an analytical solution for a mathematical
model of the studied problem. It is shown that the main
difficulty is only the solution of interrelated auxiliary
problems APl and AP2, which are obtained from the
original mathematical model under the conditions that
there are no sources in both layers, and that all boundary
conditions are homogeneous
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Development of a Parametric Program for

Processing a Hyperbolic Surface on a Lathe
Machine

Tsvetan Kaldashev
Technical university of Sofia
Sofia, Bulgaria
email: kaldashev.cvetan@abv.bg

Abstract—This paper discusses the development of a
parametric (macro) program for processing a hyperbolic
surface on a CNC lathe machine. Analytical dependences
have been used to develop the macro program, as a result of
which the CNC (computer numerical control) automatically
calculates the coordinates of the intermediate points of the
tool trajectory. The WHILE cycle operator is used to run
the tool. Macro program functionality has been verified in a
virtual environment using Vericut.

Keywords—CNC,
program.

hyperbola, parametric  (macro)

I. INTRODUCTION

Parametric programming, in addition to CNC
commands and functions, also involves the use of
variables, arithmetic actions, trigonometric and other
functions, algorithmic structure building, system
variables, CNC external linking and control devices “to”
and “from” via interface variables [4]. This considerably
expands the capabilities of CNC machines by allowing
the development of parametric programs for processing of
typical surfaces and the creation of a technological library,
significantly simplified programs for approximating
movements on curves other than a circle (and in general
different from those in the basic language) , which have
an analytical description and others. Variables, as in any
algorithmic language, are used to store and subsequently
use the values that are changing in the course of the
program. Using variables makes the program more
flexible than using ordinary subroutines. The variables are
identified by their name, formed by the “hash mark” - #,
followed by a number or a formula. The variables are user
and system variables (Table 1). The first set of variables
(user) can be used by the developer at random, and the
second group (system) represents fixed-term variables,
most commonly related to the CNC system job records.
When constructing algorithmic structures, the GOTO
unconditional transition operators, conditional IF operator
and WHILE [1] cycle operator are used.

TABLE L.

Type of variables Function Designation

#1 +#33

#100 + #149
#500 + #509

#1000 + #1015
#1100 ~ #1115
#1000 + #1015
#1032 +~ #1132
#2XXX
#3000
#3003 + #3005
#4001 + #4120
#5XxX

Local

User variables
Common

System variables with special purpose

11. PARAMETRIC PROGRAM FOR PROCESSING HYPERBOLIC
SURFACE

The need of developing a parametric program for

treating a hyperbolic surface results from the fact that
rolling rolls are required to be processed for rolled
periodically. In the process of employment, the hyperbolic
surface is worn out and its profile deviates from the set,
which affects the end product.
Hyperbola is a planar curve of second order and consists
of two branches having two focuses (fl and f2) and
asymptotes [3] (Figure 1). The asymptotic intersection is
a center of symmetry for the hyperbola. The axis of the
hyperbola, called the main axis, coincides with the x-axis.
Its vertices have coordinates (a, 0) and (-a, 0). Parametric
equations of the hyperbolic branch corresponding to x>
0 are:

__a
coc (@) (1

Y=0b—tan(a)

As a s the length of the main axis coinciding with the axis
x (Figure 1), and e is the length of the minor axis coincid-
ing with the y axis.
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Fig. 1. Hyperbola [2]

The processing of a hyperbolic surface can be
accomplished using a CAD / CAM system, where a 3D
model is created in advance, from which the control
programs are generated. In figure 2 is shown a window
where the parametric equation of hyperbola is recorded,
as a result of which the system automatically constructs
the curve.

w Relations
i d1 )
W ok 70 X H 2 | A ()
+ |x=125*cosh(t)
_ | y=268.48*sinh(t)

Fig. 2. Construction of hyperbola in parametric equation using the
tool Equation

The PTC Creo CAD / CAM system uses the
Equation tool. For curve construction is used parametric
equation of hyperbola with hyperbolic functions.

After the construction of the hyperbolic curve
using the Revolve tool, the CAD model of the workpiece
is created. Figure 3 shows the final 3D model.

Fig. 3. 3D model of detail
The development of instrumentation transitions for
the treatment of the hyperbolic surface is carried out in

71

the CAM environment of PTC Creo. Figure 4 shows
the clean instrumental transition for the workpiece. As
already mentioned, the CNC does not have a second-order
surface interpolator, which means that the curve should be
approximated with straight lines.

L

Fig. 4. Tool path

Accuracy can be controlled with the Tolerance
parameter so that the hyperbolic surface of the workpiece
is processed with the least possible deviation from the
curve. This means that the smaller the value set in the
Tolerance parameter, the deviation from the curve will be
less, but on the other hand it will affect the volume of the
control program - it will increase.

In order to avoid the aforementioned processing
problems, a good solution is to develop a parametric
program, thus the CNC will automatically calculate the
coordinates of the workpiece contour with precision to
the CNC input increment. The program has the algorithm
shown in figure 5.

As the input data, the main axle length coinciding the
X axis (#100), the length of the minor axis (#101), in the
case coinciding with the Z axis, the increment of the angle
reduction (#102), the initial (#103) and the final (#104)
angles associated with the hyperbola treatment and the
overall length of the workpiece (# 108).

In order to be able to process the workpiece it is
necessary to have the working coordinate system
positioned symmetrically in relation to its length
(Figure 6). Therefore, two portions of the hyperbola are
conventionally indicated in figure 6 with first and second
stretches. Each of the plots is L / 2 long.
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Start

'

Input data
#100=a, #101=b, #102=inc.,
#103=aend, #104=0start, #108=Lpart.

I

Set the coordinates of a point to
change the gutting tools
GO0 X#106+50. Z#109+50.

C )

Reduce the oend value of the
increment
#103=#103 - #102

I

Recalculate new values for X and Z
axis

!

Processing a portion of the hyperbole
GO1 X[#106/COS[#103]] Z[#101*#107]F100

First section of the hyperbole

Oend > Olstart
(#103 > #104)

Reduce the aend value of the increment
#104=#104 + #102

v

Recalculate new values for X and Z
axis

v

Processing a portion of the hyperbole
GO1 X[#106/COS[#104]] Z - [#101*#107]F100

Second section of the hyperbole

astart < olend
(#104 < #105)

Returning the cutting tool to home positions
GO0 X#106+50. Z#109+50.

w )

End
Fig. 5. Block diagram of the parametric (macro) program

Parametric equation (1) of the hyperbola is used in
developing the parametric program. Two operators are
used for the WHILE cycle, the first being used to handle
the first section of the hyperbola and the second for the
second section of the hyperbola.
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T
second
stretch

first

I stretch

3

X #106+50.

—— A

] L]

Fig. 6. Annotation of some variables used in the parametric program

The parameter program has the following structure:

#100=100. (Stojnost za A=)
#101=202.4 (Stojnost za B=)
#108=196. (Daljina na detaila)
#109=#108/2

#102=0.2 (Inkrement)

#103=40. (Kraen agal na krivata)
#104=0. (Nachalen agal na krivata)
#105=#103

#106=#100%*2

#107=SIN[#103]/COS[#103] (TAN)
TO0606

G55 X#106+50. Z#109+50.

S500 MO3

GO0 X[#106/COS[#10311
WHILE [#103GT#104]1DO1
#107=SIN[#103]/COS[#103] (TAN)

GOl X[#106/COS[#103]] Z[#101*#107]
FO.15

#103=#103-#102

END1

WHILE [#104LT#105]DO0O2
#107=SIN[#104]/COS[#104] (TAN)

GO0l X[#106/COS[#104]]1 Z-[#101*#107]
FO.15

#104=#104+#102

END2

GO0 Zz150.

GO0 X[#106/COS[#10311
GO0 Zz150.

M30

The parametric program was verified in a virtual en-
vironment using Vericut. In figure 7 is a screen of the sim-
ulation with the developed macro program.

In order to assess whether it is correct, if there is a
deviation of the surface from the theoretical examination,
the AutoDiff tool is used. It is used to automatically detect
the differences between the resulting model as a result of
the simulation and the one generated by the control pro-
grams. As a result of the analysis no difference was found
(Figure 8 - No Differences) from where it can be conclud-
ed that the macro program is efficient.

Z[#101*4107]

Z[#101*4107]
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Fig. 7. Simulation in Vericut of the parametric program developed

{4 AUTO-DIFF *
Settings  Options Com By Req
Stock Component Stock
Design Component Design
Stock Display Solid
Design Display Solid
Comparison Method Profile
Comparison Type Excess
on Tolerance
Excess
04 42RoyalBlue
Q Mo Differences
Apply Compare Restore Report..  Close

Fig. 8. Analysis with the AutoDiff tool

73

I1I1. CONCLUSION

The parametric program developed has been verified
in a Vericut virtual environment. An analysis of the Auto-
Diff tool has been made from which it can be concluded

that the program is work efficient.
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Developing lathes postprocessor generating
cycles of processing grooves
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Abstract—This article explores the possibility of devel-
oping a post-processor generating circles for radial and fac-
simile grooves in PTC Creo environments using a general-
ized postprocessor G-POST and a specialized language FIL
(Factory Interface Language). The proposed development
approach can also be applied to post-processor generating
cycles for rough and fine turning (G71, G72 and G70).

Keywords— CNC, postprocessor, canned cycle

INTRODUCTION

After the development of instrumental transitions to
process the workpieces using CAM systems, it is necessary
to generate a CN program for a particular machine and
control system. For this purpose, it is necessary to perform
post-processing, i. e. to transform the CL Data file [4] into
the NC program. Here is the CAD/CAM system PTC
Creo and the generalized postprocessor G-POST. It is
based on an existing postprocessor that creates another
new postprocessor [3] for the particular machine and the
control system. G-Post offers the opportunity to create
post-processors for different types of machines: lathes,
milling machines, turning centers, wire EDMs, etc.
G-POST uses the information from CL Data File, created
by PTC Creo, which is the only input for it. In cases where
the created postprocessor does not have the necessary
functions or cycles to manage the particular machine
using the FIL (Factory Interface Language), they can be
created and described with the tools and commands in the
language.

As is known in CNC lathe machines are used repetitive
cycles. They shorten the production time and the length
of the NC program, and that the process can be managed
directly by the CNC without the need to regenerate the
NC program. The G74 cycle is used to process wide
front groove with a narrower tool and holes whose axes
coincide with the axis of rotation of the workpiece. Its
scheme of operation is shown in Fig. 1. Cycle G74 has the
following format [1]:

G74 R(e);

G74 X(U) Z(W) P(Ai) Q(Ak) R(Ad) F(f),

where e - retraction amount; X - X-coordinate of point
B; U - distance between point A and B (incremental); Z -
Z-coordinate of point C; W-distance between point A and
pint C; Ai - distance in the X-axis direction; Ak - distance
in the Z-axis direction; Ad - relief amount of the tool at the

cutting bottom; f — federate.
If the values in addresses X (U) and P are equal to 0,
then this cycle is used for drilling.

L L L Ak
\
Ad1] { { ! A
e : ' - Ai
[ U o ] R
'R RC R R
I F : F| F R A g
I l L
| I I Af
= B
z w ~— | X

Fig. 1. Working scheme of cycle G74

Similar to Cycle G74 is Cycle G75, which is used to
handle broad radial grooves with a narrower tool. The
schema and cycle format are similar to the G74.

L. DEVELOPMENT OF THE POSTPROCESSOR
GENERATING CYCLES G74 anD G75

When developing postprocessors generating cycles
G74 and G75 the following stages are [5]:

1. Create a Manufacturing User Define Feature (MUDF)
that contains all of the technological information such as
distance in the X-axis direction (A1), distance in the Z-axis
direction (Ak), federate (F), creating a tool path;

2. Describe the cycle in G-POST using the FIL
language.

Manufacturing User Define Feature has the task of
retrieving and writing the values necessary for defining
cycles G74 and G75. To load the relevant parameters in the
Tool Motions window, the cycle definition is written as a
CL command:

For Cycle G74
CYCLE/FACE,RETRACT,&PULLOUT _
DIST:FID 224, XAXIS,&PECK _
DEPTH:FID 224,7ZAXIS,&STEP_OVER,FEED,&CUT
FEED:FID 224
For Cycle G75
CYCLE/RADIUS,RETRACT,&PULLOUT _
DIST:FID 216,XAXIS,&PECK _
DEPTH:FID 216,ZAXIS,&STEP_OVER,FEED,&CUT
FEED:FID 216
The meaning of the parameters in the CL command for the
two cycles are as follows:
PULLOUT DIST - retraction of the tool from the surface
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being processed;

PECK DEPTH - depth of workflow cutout for
breaking;

These parameters are standard for the PTC Creo system
and are used in the development of instrument transitions.
The transverse displacement of the tool both on the X axis
and on the Z axis depends on the width of the plate and the
nose radius. Different widths are used for different grooves
sizes, meaning that the transverse displacement will
change. For this purpose, this displacement is calculated
from the tool width and the nose radius by dependence (1):

chip

step_over=0.6*(tool_width-2*nose_radius) (1)

This dependency is recorded in the Relations window
where the tool width and nose radius parameter values
are internal parameters for the PTC Creo system and it
automatically retrieves them from the selected tool which
is doing the proccesing.

After recording the cycles as a CL command, a MUDF
is created where, with its help, the instrumental transitions
are created more quickly, enhances the productivity of
work with CAM system, thus not passing through all
stages of creating a technological operation (fig. 2).

In order to create tool transitions for grooves
processing, only the workpiece, the machined geometry,
the machine, the start and the end points (for automatic tool
change) must be defined in advance. These several steps
are sufficient to insert a MUDF that automatically creates
the instrument transition and loads the cutting mode
parameters. In this case, MUDF is used as a template that
carries all the technological information, but the user can
set (change) different cutting tools and modes than those
in the template.

‘Workpiece }—b{ Manufacturing model H Part ‘

‘ Fixture }—»{ Set up the manufacturing database
‘ Set operations H

‘Workeell, Tooling
Parameters

Coordinate system,
Retract

¥

Create NC sequences

Manufacturing User
Define Feature
(MUDF)

Select or create a tool
Select or create a retract
Define NC parameters
Other

‘ Tool path and CL Data File ‘

l

‘ Postprocessing ‘

l

‘ NC programs ‘

Fig. 2. Block diagrame for creating a lathe operation using MUDF

For postprocessor development, G-POST and FIL are
used to describe the cycles pre-recorded as a CL com-
mand. To process CL records CYCLE/FACE ..., CYCLE/
RADIUS.... the following FIL record is used:

75

CIMFIL/ON, CYCLE
CTYPE=POSTF (7, 4)
CASE/CTYPE
WHEN/ICODEF (FACE)
G74=1
RET=POSTF (7, 6)
XDEPTH=POSTF (7, 8)
ZSTEP=POSTF (7, 10)
FED=POSTF (7,12)
XX=POSTF (26,5,5,1)
WHEN/ICODEF (RADIUS)
G75=1
RET=POSTF (7, 6)
XDEPTH=POSTF (7, 8)
ZSTEP=POSTF (7, 10)
FED=POSTF (7,12)
XX=POSTF (26,5,5,1)
WHEN/OTHERS
XX=POSTF (26,5,5,0)
ENDCAS

XX=POSTF (13)
CIMFIL/OFF

This FIL record is used to take the values of the CL
Data file for the respective cycle (G74 or G75) and set
them to RET (retract distance), XDEPTH (peck depth),
ZSTEP (step_over), FED (cut_feed). After assigning the
variables values with command XX = POSTF (26,5,5,1)
goes directly to a GOTO motion record. This command
works like IF - THEN - ELSE or CASE - WHEN operators
to find a specific subtype [2]. The GOTO movement
record has saved the G74 and G75 output format. The
motion track has the following structure:

CIMFIL/ON, GOTO
XX=POSTF (13)
IF(G74.EQ.1)
G74=0
CURX=POSTF (7,6) *2
CURZ=POSTF (7, 8)

XX=POSTF (14)

XX=POSTF (14)
LASTZ=POSTF (7, 8)
LASTX=POSTF (7,6) *2

XX=POSTF (25,1)

DO/ENDO2, ILOOP=1, 10

ILOOP=1 $$ infinite loop
DMY=POSTF (14) $$ Get next CL
CLC=POSTF (7,2) $$ SFCLASS,
parameter of record
SCL=POSTF (7,3) $$ $FSUBCL,
parameter of record
IF(CLC.EQ.2000.AND.SCL.

EQ. (ICODEF (CYCLE) ) ) THEN
MOD=POSTF (7, 5)

ILOOP=21 $$ Exit the loop

THEN

(TAPERD)
2d

3rd

ELSE

XX=POSTF (13) $$ Process

ENDIF

ENDO2) CONTIN $$ End of DO loop

XX=POSTF (25, 0)
IF (MOD.EQ.ICODEF (OFF) ) THEN
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POSTN/OUT, G, 74,R, RET
POSTN/T,G,74,X,LASTX, Z, LASTZ, P, XDEPTH
,0, ZSTEP, F, FED

ENDIF

ENDIF

IF(G75.EQ.1) THEN

G75=0

CURX=POSTF (7, 6) *2

CURZ=POSTF (7, 8)

POSTN/OUT, G, 75,R, RET
POSTN/T,G,75,X,LASTX, Z, LASTZ, P, XDEPTH
,0, ZSTEP, F, FED

ENDIF

CIMFIL/OFF

In the GOTO record, an initial check is made whether
a G74 cycle command has been received and if the IF
(G74.EQ.1) THEN condition is met, the CURX, CURZ,
LASTZ, and LASTX variables are assigned respectively
for start and end coordinates of the X and Z axis path.
With the DO / Loop function, the remaining CL records
are processed until a CYCLE record is found, then the
MOD variable is assigned the cycle state value. An IF
statement verifies whether the end of the cycle is reached
and whether the condition is filled with a record of the
type POSTN/OUT,G,74,R,RET

POSTN/OUT,G,74,X,LASTX,
Z,LASTZ,P.XDEPTH,Q,ZSTEP,F,FED

a cycle G74 is generated. Similarly, a command G75
is generated.

After the postprocessor has been developed, a control
program for the workpiece shown in Fig. 3. In Fig. 4
shows the program where it was generated for a 3mm
wide tool.

35
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5

Fig. 3. Part

76
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Fig. 4. Generated NC program

II. CONCLUSION
1. Developed and tested experimentally postprocessor
generating cycles for processing radial and front grooves,
which has its practical advantages;
2. This approach to the development cycles for lathes
can be applied to generate control programs using cycles
G70 and G71, G76.
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Method for Measuring Error Establishment in
5-Axis Milling Machines with a Touch Probe

Tsvetan Kaldashev
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Sofia, Bulgaria
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Abstract—The present paper proposes a method for
measuring and compensating for error establishment. The
measurement is done with a touch probe and the measuring
program is a macro program. A mathematical model was
developed to experimentally determine the error of non-
alignment of the axis of rotation of the workpiece with the
Physical axis of rotation of mass C. A virtual approach
to compensate for the error of establishment by using a
postprocessor for the particular machine was also proposed.

Keywords— milling machine, measuring, touch probe,
CNC.

I. INTRODUCTION

Theuse of touch probes greatly expands the capabilities
of CNC machines. Their use reduces machine setup time,
which increases accuracy. These measurement processes
are fully automated. The measurement method consists in
the fact that measurement is actually carried out by the
CNC machine tracking system, and the measuring head
only perceives the controllable magnitude. Impact on
measurement accuracy is the precision of the machine’s
measuring system, scattering when the touch probe is
working and its moving speed at the touch.

The leading manufacturers of CNC Fanuc, Sinumerik,
Heidenhain and others. Offer dialogue cycles to measure
and compensate for the set-up error. In Fanuc, command
G54.4 is available [3].

11. METHOD FOR MEASURING ERROR ESTABLISHMENT

As an example, be considered a rotary die for sanitary
absorbents (figure 1). Typical of them is that they have
a higher productivity than those with reciprocating
movement. The production of these tools is carried out on
4 and 5 axis CNC milling machines [5]

Fig. 1. Rotary die

After milling, the knives are hardened and the cutting
contour is grinded with high-speed spindles with abrasive
tapered head, mostly made of ultra-hard materials. The
ultimate requirement is to achieve a long life of the
contour. In the process of operation, the tool is worn out,
which necessitates restoration of its cutting ability. This
is done by grinding the outer cylindrical surface of a
grinding machine where the setting is carried out between
centers and the grinding on the side surface of the cutting
contour is carried out on a machining center with a bearing
on the bearing in a chuck. As a result of the change of
the technological base, set-up errors are obtained, which
must be compensated in order to obtain a uniform width
of the cutting track. Significant influence on the precision
of machining is due to the radial beating errors and the
failure of the axis of the workpiece with the axis of
rotation of the C axis. To measure these errors, a method
is used to measure the touch probe in mass position A =
90° (figure 2). The surfaces to which the radial beating
is measured are the two supporting boards 1 and 2 of the
workpiece. Measurement is performed through an angular
pitch of 10° on the C axis when it was at the point of the
machine.

Fig. 2. Measuring radial beating with touch probe
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Measuring motion is on axis Z. The program on which
the measurement is performed is a macro program. It is
organized so that the minimum value of radial beating
pmin is found within 180°. The instruction in DNC mode
displays the measured minimum value and the angle
Cpmin, which is measured relative to the machine’s point
of reference. For the determination of the maximum
beating pmax, the workpiece is rotated at 180° to the
minimum beating angle, where the value is determined by
measurement. Analogously, the values of pmin, Cpmin,
pmax and pmax for the second section are determined.
The algorithm for the measurement is shown in figure
3. At the start, there is a check for calibration of the
touch probe. The calibration is done with another macro
program, where a bearing is pressed into the machine
body as a reference. In the table 1 shows the measured
values for one full part of the workpiece.

.

Go to reference point and set the work coordinate system
with G10 L2 P1 Cre

‘ Initialize variables ‘

Measuring on axis Z and recording the measured Zi and
Czi coordinates

Measuring on axis Z and recording the measured Zi+1 and
Czi+1 coordinates

No
Czitl

C=C+AC
n=n+1

Yes
Yes
Print Zmin and Czmin

Rotate the angle
C= Czmint+180

Measurement of
Zmax and Czmax

Print Zmax 1 Czmax

Fig. 3. Algorithm measuring program

In figure 4 shows the distribution of the radial beating
of the workpiece relative to the axis of rotation of C axis.

TABLE 1.
Angle Measured Angle Measured | Angle of | Measured
of value of .
. . value along | rotation | value along
rotation | along the | rotation . . .
. . . the Z axis on axis the Z axis
on axis Z axis on axis Crl [mm]
cel | mm | cp |
10 79.838 130 79.681 250 79.8
20 79.83 140 79.683 260 79.814
30 79.815 150 79.683 270 79.826
40 79.795 160 79.683 280 79.846
50 79.783 170 79.69 290 79.853
60 79.765 180 79.696 300 79.858
70 79.749 190 79.707 310 79.87
80 79.734 200 79.725 320 79.873
90 79.72 210 79.735 330 79.871
100 79.705 220 79.752 340 79.87
110 79.695 230 79.768 350 79.858
120 79.685 240 79.789
79.89
79.88
7
," ® 79385
- / 7983
he S 79.82
Y i 79.81
& o 79.8
b 79.79
—X / 7278 2t
*_ F 79.76
* 7 79.75
@ 79.74
- 5 79.73
* yi 79.72
79.71
b — 2%
Sotes” 7968
79.67
RR9RERRRERRERERRRE3RReRRRRR2a020R
crl

Fig. 4. The distribution of the radial beating of the workpiece relative
to the axis of rotation of the C axis

Measurement was performed at a feed rate of 30 mm /
min, where the scattering of the result remained constant
[41, [21.

After measuring the error [1] it is possible to
compensate it. The detection error can be compensated
by using the postprocessor for the particular machine
being machined or in a manufacturing model to create
a coordinate system rotated relative to the machine with
rotation equivalents equivalent to the error. To calculate
the error of non-alignment of the axis of the workpiece
with the axis of rotation C axis, Microsoft Excel is used
where the mathematical model of the error is introduced.
Thus, after measurement with a touch probe, the minimum
and maximum beating values and the angle at which
they are measured are introduced into the mathematical
model. On the basis of the analytical dependencies in
the mathematical model the matrix giving the relation
between the axis of rotation of the workpiece and the
axis of rotation of the mass C is obtained. The values
obtained are introduced into the matrix of generalized
post-processor G-POST (figure 5).
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Fig. 5. Transforms and Output page of the generalized postprocessor
G-POST with input compensation values

With the proposed method of measuring and compensating
for the error of establishment, the grinding of the
cutting edge of a rotating knife in a virtual environment
(Vericut) was performed. The values with which the
test was made are actually measured on the measuring
headpiece according to the algorithm shown in figure 3.
In table 2 shows the measured radial beating values for
the supporting board 1 and the supporting board 2 (figure
2) and the angle at which they are measured relative to a
reference point of the machine.

TABLE II.
Supporting board 1 Supporting board 2
Measured values, mm
pmin 0.01 0.02
Cpmin 170 140
pmax 0.16 0.03
Cpmax 350 320

After processing the workpiece in Vericut, the
deviation (marked with a yellow color as a narrow strip)
is seen as a result of the set-up error (figure 6). From
figure 6 it is seen that as a result of the error, sections
of the cutting contour are obtained where it is highly
sharpened and sections in which it has a certain width.
This is unacceptable in terms of the working ability of the
instrument above certain limits.

The set-up error value is entered into the G-POST
generalized postprocessor matrix, and then a control
program is generated with the tool trajectory equidistant
to the error. With the generated control programs, a
“grinding” was performed on the side surfaces of the
cutting track in Vericut’s environment. In fig. 7 shows the
result after processing the workpiece with a compensated
set-up error with the postprocessor. From Fig. 7 it is seen
that a relatively uniform width of the cutting track is
obtained.

Fig. 6. Deviation of the width of the cutting path due to error of
establishment of the workpiece

79

Fig. 7. The result of compensating the error in establishment with a
postprocessor

After error compensation and grinding on
the side surfaces of the cutting contour, a two-section
measurement is performed with the X-Caliper tool to
determine the width of the cutting track. The results of the
measurements are shown in table 3, and the sections in
which the measurement in figure 8.

TABLE III.
Section Point Measure value, mm
1 0,279
I-1
2 0,28
3 0,25
-1
4 0,13

The measured value at point 4 shows a difference
due to incorrect setting of the rotation angle relative
to the machine reference point. The task is solved by
recalculating the angle C on the axis, which is set as offset
in the offset of the operating coordinate systems relative to
the machine’s pivot. The study, which is shown, refers to
the most unfavorable case - a curvilinear contour located
on a cylindrical surface, where on these measured values
are accumulated some inconsistencies with the angle at
the tip of the cone tool.

1l

N

Fig. 8. Determination of the size b in different sections of the cutting
contour

I1I1. CONCLUSION

1. An approach is proposed to measure the detection
error in 5-axis machines using the touch probe;

2. An approach is proposed to conpensate the postpro-
cessor error for the particular machine;

3. The set-up error compensating approach has been
verified in a virtual environment (Vericut) where it
is determined that the deviation in the width of the
cutting track falls within the accepted limits.
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Study of Error Establishment in Milling
Machines with 5 Axes
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Abstract—This report examines the accuracy of rotary
die processing on a 5 axes machine and a special bolt-
disk system. Faults that affect the accuracy and their
measurement and reduction within acceptable limits are
analyzed. As a result of the measurement, a virtual model of
the radial beating of the workpiece relative to the actual axis
of rotation of the machine was developed.

Keywords— CNC, milling machine, error detection, 5
axis.

I. INTRODUCTION

When machining rotationally symmetrical details
on 4 and 5 axis milling machines, setting is most often
done in a chuck. As a result, there are set-up errors related
to the radial and axial beating of the machine masses.
These errors, as well as machine positioning errors,
have a significant effect on the accuracy of processing
[1], [2], [5]. With modern CNCs, different commands
are available, with which some of these errors can be
compensated. In the Fanuc CNC, the G54.2 [3] command
is used, which sets the position of the workpiece set on a
circular axis as a support compensation for the tool. Thus,
when rotating the circular axis, the CNC automatically
receives the current compensation of the device based on
the angular displacement of the mass and creates a suitable
coordinate system of the workpiece (figurel). Once the
support compensation is established, the coordinate
system of the workpiece is created dynamically regardless
of the position of the rotary mass. The new position of
the coordinate system of the workpiece is obtained by
adding the fitting compensation to the initial set offset by
a reference point of the machine.

For older CNCs, the offset of the set-up error is
performed using devices where the radial beating error is
measured with an indicator clock.

Petar Hadjiiski
Technical university of Sofia
Sofia, Bulgaria
email: phad@tu-sofia.bg

# Rotation axis
center

W : Workpiece origin offset value
0o : Reference angle

Fy : Reference fixture offset value
0

F

: Rotation axis angle

system origin
: Fixture offset value

Fig. 1. Rotary table dynamic fixture offset

II. STUDY OF ERROR ESTABLISHMENT
WITH FIXTURE

The workpiece alignment device consists a disk
with a bolt system 1 and 2 (Figure 2) located on the flange
of the chuck 3 at a central angle of 90 degree. The bolts 1
are used to secure the chuck to the rotating mass C. Bolts
2 are in contact with the mass of the machine, thereby
pushing the chuck (rotating it around a point located at
180 degree relative to the bolt used for adjustment). In this
way, the axis of the workpiece is displaced relatively to
the axis of rotation of the mass C, while the radial beating
becomes as small as possible.

As an example will be discussed detail - knife for
a rotary die for a sanitary absorbents. In these details, the
width of the cutting blade (Figure 3), which is finally ob-
tained by grinding the side surfaces 1 and 2 of the cutting
contour [4], is of great importance. The mounting is made
on the bearing and the front face of the shaft (Figure 4).
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Fig. 2. Workpiece alignment tool

As a result, a base error arises due to the in organized
base shifting. It appears because before the machine detail
is found, it is grinded between the centers of a grinding
machine on the cylindrical surface “A” on which lies the
cutting contour “B”. Once a piece is found in the chuck of
the machine, an error occurs due to the non-alignment of
the axis of the workpiece 1-1 with the axis of rotation of
the mass C. On the other hand, there is a mass positioning
error A -.

b
2

1

Fig. 3. Cutting width b

As aresult of the beating, the axis of the workpiece 1-1
makes a precession around the axis of the machine O-O.
As a result, the radial and frontal rolling of the cylindrical
surface “A”, on which is located the cutting contour “B”
having a trapezoidal section (Figure 3), has a significant
impact on the precision of processing of the workpiece.

A

] b
2@1

Fig. 4. Errors in establishing detail rotary die

The cutting capability of the contour sections is
determined by the width b of the cutting track, and it must
change for the time between two resharpenings in the
bmin to bmax range. The maximum permissible width so
that cuts are obtained is bmax and bmin is the minimum
width allowed so that no breakage occurs and a resource
is provided between two resharpenings. In order to reduce
the impact of the settlement error caused by a shifting in the
bases, it is necessary to work on a method to compensate
it for a full turnover. After setting the machine detail, the
radial beating is measured with an indicator clock set in
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the spindle of the machine. Measurement is carried out at
A axis position of 90° (Figure 5).

lo

Fig. 5. Measuring radial beating with an indicator

For the surfaces to which the radial beating is taken,
the two supporting boards 1 and 2 are selected. Measure-
ment was performed at 30° C on axis C. In Table 1 shows
the measurement results.

TABLE L.
Radial beating, mm
Angle of rotation
on axis C, [°] Supporting board 1 | Supporting board 2
0 0 -0.06
30 0.05 -0.08
60 0.1 -0.1
90 0.13 -0.09
120 0.12 -0.08
150 0.09 -0.06
180 0.04 0.03
210 -0.02 0.05
240 -0.06 0.07
270 -0.08 0.07
300 -0.07 0.06
330 -0.04 0.03
360 0 -0.06

With the measured radial beating values, a virtual error
model in the PTC Creo CAD system has been developed
to determine how the axis of the work surface is displaced
relative to the real axis of rotation of axis C (Figure 6).

The center of the supporting board 1 is constructed
by passing a straight line connecting two points
corresponding to the maximum and minimum radial
beating. The center point is the center of the circle with a
radius equal to the radius of the tool (supporting boards).
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\ Supporting

board 2

51

Supporting
board 1

Fig. 6. Beating the workpiece to the real axis of the machine

Similarly, the center of the circle for the supporting
board 2 is built. The red color of the supporting board
shows the actual C axis position on the machine, and the
gray shows the beating of the workpiece relative to the
same axis. Once the two centers have been built, a line is
drawn to connect them. The angle between the two axes,
which is 0.02° (0° 1” 12”), was measured with the toolbox.
In Figure 7 shows the displacement of the workpiece axis
due to the beating for the supporting boards 1 and 2.

Fig. 7. Displacement of the workpiece axis due to the beating for the
supporting boards 1 and 2

After the tool is centered (radial bevel reduction) with
the chuck and flange assembly with the bolt system, the
radial bevel is reduced to 0.06 mm for the supporting
board 1 and 0.04 mm for the supporting board 2. After re-
positioning the tool on the side surface on an instrumental
microscope, the dimension b of the cutting track for the
three cutting edges located at a central angle of 120 ° in
the sections shown in Figure §.

v
v |

I i

10‘

Fig. 8. Determination of the size b in different sections of the cutting
contour

Table 2 gives the measured values of the b dimension
of the cutting track.
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I11. CONCLUSION

From Table 2, it can be seen that at 0.06 mm for sup-
porting board 1 and 0.04 mm for supporting board 2, the
error that occurs on the width of the cutting track is within
0.2 mm. The highest accuracy is obtained by processing
the second loop where a relatively uniform width of the
cutting track is obtained. The results obtained are accept-
able to a certain extent, but this necessitates subsequent
finishing in order to achieve a uniform width of the cutting
track.
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Abstract—The work in this study is focused on
investigation of the tribological behavior of ductile cast
iron with nanosized particles: titanium nitride TiN;
titanium nitride 30% + titanium carbonitride 70%
(30%TiN+70%TiCN). The ductile cast iron composition
is: Fe-3,55C-2,67Si-0,31Mn-0,009S-0,027P-0,040Cu-
0,025Cr-0,08Ni-0,060Mg wt%. Before the addition to the
melt nanosized particles were coated with nickel by the
electroless nickel deposition method EFFTOMNICKEL
.The nickel coating on the nanosized particles ensures their
wetting in the melt as well as their uniform distribution
into the cast. The optical and quantity metallographic
observations and wear test are performed to study the
influence of the nanoparticle additives on the cast iron
tribological properties. It is observed that the quantity
proportion changes between pearlite, ferrite and graphite
phase in the cast iron structure. The graphite shape is
retained the same, but the nanosized additives decrease the
average diameter of the graphite spheres Dmid and increase
the quantity of the graphite phase in the structure of ductile
cast irons. The cast iron wear resistance in the presence of
nanosized additives of (TiN+TiCN) and TiN increases to
55-69% in comparison to wear resistance of the cast iron
without nanoparticles.

Keywords—nanosized particles, microstructure, hardness,
wear resistance, ductile cast iron.

I. INTRODUCTION

The grey cast iron antifriction properties and wear
resistance are well known and depend on the graphite
presence in the cast iron structure. At the same quality of
the graphite phase (shape, size, quantity and distribution)
the wear resistance of the cast iron depends on the
structure of the metal base. The graphite characteristics
and the metal base structure define the mechanical
properties, which could be changed by thermal processing
and alloying, as well as the tribological properties of the
grey cast iron [1]-[6]. In a small quantity the nanosized
additives to the melt change the graphite morphology from
flake-like to vermicular-like [7] and the matrix structure,
which increases the wear resistance [7]-[12].

The aim of this study was to investigate the influence
of different nanosized additives on the graphite
characteristics, metal base microstructure and tribological
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properties of ductile cast iron samples.
IL. MATERIALS AND METHODS

The samples from ductile cast iron with additives
of nanosized particles: titanium nitride TiN; titanium
nitride 30%TiN + titanium carbonitride 70%TiCN are
investigated. The composition of ductile cast iron is: Fe-
3,55C-2,678Si-0,31Mn-0,009S-0,027P-0,040Cu-0,025Cr-
0,020Ni-0,039Mg wt%. The quantity of the nanosized
additives into the cast iron is 0,01 wt %. The electroless
nickel coating is deposited on the nanopowders prior to
the casting by EFTTOM-NICKEL Method [13]. Nickel
coating deposited on the nanosized particles improves
their wetting and uniform distribution in the moulding
volume.

The microstructure of cast iron samples is observed
by means of the optical metallographic microscope
GX41 OLIMPUS. The samples were treated with 2
% HNO, - C,H,OH solution before the examination.
The microhardness of the coating was determined by
Brinell Method. The quantity metallographic analysis is
performed by ,,Olympus Microlmage” Software and the
data for an average diameter Dmid of the graphite grains,
their roundness as well the volume parts of graphite,
pearlite and ferrite are received.

The experimental testing of the wear is performed
in conditions of a fixed abrasive by a cinematic scheme
,»pin - disc” using method and a device for an accelerated
testing. The device functional diagram is shown in Fig. 1.

The tested cylindrical sample 3 (body) is fixed in
a loading head 6 as its frontal surface contacts with the
abrasive surface 2 of a horizontal disc 1 (antibody). The
antibody 2 rotates with a constant angular speed around
its vertical axis. The cycle’s number is accounted with a
cyclometer 5. The device allows alteration of the sliding
speed changing the disc angular speed from a control unit
and trough changing of the distance between the rotation
axis of the antibody 1 and the axis of the sample 3 toward
the rotation axis of the disc.

The abrasive surface 2 of the antibody 1 is formed
by impregnate corundum 60% harder then the tested
materials. The used impregnate material in this study is
Smirdex 330, Duraflex P80, 117SV.
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Fig. 1. Functional scheme of a device for wear testing of ductile
cast iron samples with nanosized additives in a fixed abrasive

The methodology includes the following opera-
tions:

Preparation of same cylindrical samples 3 with an

equal surface roughness avoiding structural and

physical and chemical changes of the samples surface.

The sample dimensions are: base radius r=4mm and

height 20mm;

Measuring of the weight of the sample before and after

a determinate friction road S by an analytical balance

WPS 180/C/2 précised to 0,1[mg]. The samples are

treated with a special solution to neutralize the static

electricity before the testing;

The sample 3 is mounted in a loading head, the

desired normal load P and friction road S is assigned

by a cycle counter 5;

The absolute massive wear m [mg] is measured as a

difference between a sample mass before and after a

definite cycle number N (friction road S ).

Test basic parameters:

1. Absolute massive wear m, [mg] - difference between
the samples weight before and after appointed
number of friction road S ;

2.Massive wear rate dm/dt [mg/min] - the lost weight
of the sample surface for a minute;

3. Absolute intensity of the linear wear i - this is the
lost thickness of the surface layer for a one friction
cycle. It is a dimensionless number, which could
be calculated by the formula having in mind the
lost weight:

i__m
p.A,.S

where: p is the density of the sample materi-
al  p=7,8.103 [kg/m3], Aa is the nominal interaction
contact surface, S is a friction road calculated by the
number of cycles of the contact interaction N by the
formula:

(1

S=2.m.R.N
where R=42 [mm)];

4. Absolute wear resistance [ - it is determined as
a reciprocal value of the wear intensity and
respectively it is a dimensionless number etc.

1 pA,S

2

I = 3)

l m
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The specific wear resistance /, is a number presenting
the friction road in meters, covered by 1 square millime-
ter contact ground in which 1mg ground material is lost.
The dimension respectively is [m.mm2/mg];

5. Nominal contact pressure Pa [N/cm?2] is the
normal load P, distributed per a unit of a nominal
(geometrical) contact surface etc.

pa=—- “@

Aa
In Table 1 the value of some basic test parameters are

shown.
TABLE 1. TEST PARAMETERS

Parameters Value

Nominal contact pressure, Pa 0,21.10° [Pa]

Average speed of sliding, V 26,38 [cm/s]

Nominal contact surface, A 50,24 [mm?]

Density p 7,8.10° kg/m?]

RESULTS AND DISCUSSION

The structure of the tested cast irons consists from
ferrite, pearlite and graphite (Figs 2,3 and 4). The
quantitative metallographic analysis is performed to
evaluate the nanosized additives influence on the graphite
quantity, size and morphology, as well as on the volume
ratio of ferrite and pearlite (Table 2). Analyses are made
for three random fields of metallographic section, and
average value is given. The nanosized additives in
spheroidal graphite cast iron do not alter the graphite
shape. They decrease the average diameter of the graphite
spheres Dmid only from 11,00 to 10,52um. The nanosized
additives cause an increase in the quantity of the graphite
phase in the range 35+94% compared to cast irons
without nanoparticles (Table 2).

SEM analysis of the fracture of the impact
destructed cast iron samples with nanosized additives,
show the nanoparticles presence in the graphite [11]. These
results and that achieved from the quantity metallographic
analysis prove the modified influence of the nanoparticles
on the graphite phase in the cast iron samples.

e

. W Ee il e
i 2 aue® et

Fig. 2. Microstructure of not developed (a) and developed in
2% solution of HNO3 + ethyl alcohol (b) ductile cast iron samples
without nanoparticles.
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W it

Fig. 3. Microstructure of not developed (a) and developed in 2%
solution of HNO3 + ethyl alcohol (b) ductile cast iron samples with
nanoparticles of TiN.

In this study the wear of three pieces of ductile cast
iron samples is investigated (Table 3). The ductile cast
iron samples hardness with and without nanoparticles
varies from 165 to 185 HB (Table 2).

Fig. 4. Microstructure of not developed (a) and developed in 2%
solution of HNO3 + ethyl alcohol (b) ductile cast iron samples with
nanoparticles of (TiN+TiCN)

The experimental results for the massive wear m,
wear rate dm/dt , absolute intensity of wear i and absolute
wear resistance I of the samples and their alteration in a
contact interaction time are received (Table 3).

For an assessment of the base structure wear

resistance should have in mind its ability of changing as a
result of the complicated processes during the operation.
It is observed the micro geometry change, significant
residual stresses, reinforcing of the surface layers trough
the formation of sliding bands in the materials with a
stable structure (after casting, improving and normalization)
during the exploitation. During the exploitation of materials
with a metastable structure (martensite, bainite, and residual
austenite) it is observed structural and phase transformations
in the surface layer and the wear resistance is defined by
the intensity of formation and properties of the secondary
structures. Graphite in the grey iron structure is an important
factor for their wear bearing. There is no adhesion wear in
some sections of the contact surface during a dry friction.
The reason is the presence of graphite in the structure, which
possess a lubricating ability and it appears to be a lubricating
material. It is specified the wear resistance of the cast irons
on a pearlite base is inversely proportional to the average
distance between the graphite grains at given conditions
(contact pressure and sliding speed).

When the distance between graphite grains de-
creases the protective properties of the surface carbon
layer are improved and cast iron wear resistance increas-
es.

In the presented study the tested cast iron with
and without nanomodifiers possess an equilibrium ferrite
— pearlitic base structure. Nanosized particles change
the pearlte-ferrite proportion. The microstructure tests by
optical and quantity metallographic analysis show that
nanosized additives increase the graphite quantity and
decrease the distance between graphite grains without
changing the graphite shape. The intensity of wear of
the cast irons with nanoparticles decrease, the wear
resistance increases — with 69% for the cast iron with
TiN additive and with 55% for the cast iron with (TiN +
TiCN) additives (Table 3).

TABLE 2.

NANOADDITIVES, GRAPHITE CHARACTERISTICS, GRAPHITE, PEARLITE AND FERRITE QUANTITY

Ne Nanosized Volume part of: [%] Hardness
. D ., um Roundness HB
of the sample particles graphite pearlite ferrite
1 - 11,00 1,59 8,44 32,12 59,44 185
2 TiN 10,64 1,49 11,36 34,28 54,36 165
3 TiN+TiCN 10,52 1,28 16,36 25,36 58,28 180
TABLE 3.

TEST RESULTS FOR MASSIVE WEAR M, WEAR RATE DM/DT, INTENSITY OF WEAR 7 AND WEAR RESISTANCE /.

Friction road, S [m] 140 280 420 560 659
Cycles number, N 500 1000 1500 2000 2500
Time, 7 [min] 2,35 4,7 7,05 9,4 11,75
sample 1 18,3 24,5 28,2 30,8 32
Massive wear,
sample 2 8,2 10,8 15,5 18 19
m [mg]
sample 3 10 12,9 15,5 19,2 20,8
sample 1 7,79 5,21 4 3,28 2,72
Wear rate,
sample 2 3,49 2,3 2,2 1,91 1,62
dm/dt [mg/min]
sample 3 425 2,74 22 2,04 1,77
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sample | 0,071.10¢ 0,095.10 0.109.10°¢ 0,119.10° 0,124.10
Intensity of wear, sample 2 0,032.10 0,042.10 0,06.10 0,07.10 0,075.10
i
sample 3 0,039.10 0,05.10° 0,06.10 0,074.10° 0,08.10°
sample 1 14,08.10° 10,53.106 9,17.10° 8,4.10° 8,06.10°
‘Wear resistance,
sample 2 31,25.106 23,80.10° 16,67.10° 14,29.10° 13,6.10°
1
sample 3 25,64.10° 20.10° 16,67.10° 13,5.106 12,5.106

CONCLUSIONS

The tribological properties, microstructure and
hardness of unalloyed ductile cast iron without and
with nanosized additives are investigated. The nanosized
particles change the quantity proportion between pearlite,
ferrite and graphite in the cast iron structure. Nanoadditives
of (TIN+TiCN) and TiN in the ductile cast irons have a
modifying effect on the graphite phase. They reduce the
average diameter of the graphite grains. The graphite shape
doesn’t change but its quantity increases, the distance
between the graphite grains decreases, which have an effect
on the cast iron wear behavior. The wear resistance of the
ductile cast irons with nanosized additives of (TiN+TiCN)
and TiN increases by 55-69% compared with this one of
the same cast iron composition without nanoparticles.
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Abstract — Composite nickel coatings composed of
Ni; Ni + TiN are studied. The method for elecrtroless
nickel deposition EFFTOM-NICKEL with TiN nanosized
strengthening particles (50nm) is applied. The coatings
are deposited on austempered ductile iron (ADI) samples.
The composition of cast iron samples is: Fe-3,63C-2,59Si-
0,30Mn-0,010S-0,034P-0,53Cu wt. %. The samples are
put under isothermal hardening at  900°C for an hour
and isothermal retention at 290 °C for 2 hours with
the aim to receive a lower bainite structure. The wear
resistance experimental testing is carried out using Taber-
Abraser test machine by disk to disk classical method. The
microstructure observations of the coatings and padding are
performed using an optical microscope GX41 OLIMPUS
also the coatings’ microhardness by Knoop Method is
examined. The wear resistance, microstructure, thickness
and microhardness of the as plated and thermally processed
at 290°C for 6 hours coatings are defined.

Keywords — titanium nitride, electroless nickel coating,
wear resistance, microhardness, lower bainite.

INTRODUCTION

The simplicity of electroless plating technology and
its ability to produce high quality coatings is the reason
for their popularity in surface modification and significant
impact on numerous industrial applications. Nickel is a
preferred metal in this method for producing coatings.
Nickel coatings have excellent corrosion and wear
resistance and high microhardness [1]. The necessity for
the materials surface properties improvement launched the
idea of the various second phase particles incorporation in
the electroless nickel coatings in the 1960s [2] and led to
the development of electroless nickel composite coatings.
The electroless composite coating is formed by the co-
deposition and settlement of particles on the surface of
the work piece, and the subsequent envelopment of these
particles by the matrix material as it is deposited. There is
no molecular bonds between the particles and metal matrix
[3]. The soft or hard particles are used for the co-deposition
process. Several factors influence their incorporation in
the electroless Ni—P matrix including, particle size and
shape, relative density of the particle, particle charge,
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inertness of the particle, the concentration of the particles
in the plating bath, the method and degree of the agitation,
the compatibility of the particle with the matrix, and the
orientation of the part being plated [4]. In [5] the authors
outline the improvement in surface properties offered
by such composite coatings and their significant impact
on numerous industrial applications securing a more
prominent place in the surface engineering of the metals
and alloys. Thus composite coatings constitute a new
class of materials which are mostly used for mechanical
and tribological applications. Among these materials,
nickel deposits incorporating hard ceramic particles such
as silicon carbide SiC, combine anti-corrosion properties
(due to the presence of nickel), with mechanical and
tribological performances (due to the presence of particles
of SiC). [6] studying the mechanical (hardness) and
tribological (friction resistance and wear) properties of the
co-deposits concludes that increasing the size or the rate
of SiC particles incorporated lead to an increase in both
the hardness of the films and friction coefficient when
sliding against a steel ball. Author’s research [7] on the
mechanism of incorporation of reinforced ZrO2, TiO2,
and Al1203 particles on 6061 aluminium alloy and on the
effect of different composites on the mechanical properties
of the deposit such as hardness and wear resistance proved
once again that the reinforced particles as well as the heat
treatment provide satisfactory improvement in hardness
and wear resistance of the deposits.
Improving the properties of low-cost materials is
a good opportunity to expand their application areas.
Electroless nickel coatings are such an opportunity for
the improvement of the cast irons surface properties [8].
The study in this work utilized electroless nickel (EN) and
cathodic arc deposition (CAD) technologies with lower
processing temperature to treat austempered ductile iron
(ADI). The test results show that microstructures of ADI
did not deteriorate after EN and CAD surface treatments.
Moreover, both the EN and CAD-DLC (diamond-like
carbon) coatings are identified to be amorphous type and
they could be well deposited on the ADI substrate. The
duplex coated DLC/EN-ADI show the highest hardness
(1312 HVO0.05), followed by DLC-ADI (1088 HV0.05),
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EN-ADI (409 HVO0.05) and then uncoated ADI (396
HVO0.05). In the case of corrosion resistance, all the
coated specimens are better than that of the uncoated one
in 3,5wt.% NaCl aqueous solution, and the sequence is
DLC/EN-ADI > EN-ADI > DLC-ADI >ADL

In recent years, physical vapor deposition (PVD)
technique using lower processing temperature has been
widely adopted to coat various films, such as diamond-
like carbon (DLC), CrN, TiN etc., on the engineering
material for surface modification. In particular, DLC
film possesses excellent mechanical properties such as
high hardness and low friction coefficient. Electroless
nickel (EN), another lower temperature coating process,
has also a wide field of application such as the industrial
components and machine parts. The purpose of the study
[9]is to investigate the effect of EN and PVD-DLC surface
coatings on mechanical behaviors of ADI, especially the
tensile and fatigue properties.

This study is focused on the investigation of
nanosized strengthening TiN particles influence on the
tribological properties, microstructure and microhardness
of composite nickel coatings, deposited on austempered
ductile iron (ADI) samples, copper alloyed.

MATERIALS AND METHODS

A.  Materials and heat treatment

The EFTTOM-NICKEL technology for electroless
nickel plating developed at TU of Sofia [10] is applied to
obtain composite coatings with nanosized strengthening
TiN particles (50nm).

The composite coatings are deposited on copper alloyed
austempered ductile iron (ADI) samples.The composition
of cast iron samples is: Fe-3,63C-2,59Si-0,30Mn-0,010S-
0,034P-0,53Cu wt.%. The cast iron samples are put under
prior to the plating process. The heat treatment consists of
heating at 900°C for an hour and subsequent isothermal
retention at 290°C for 2 hours. The result is to obtain ductile
cast iron with a lower bainite structure (Fig. 1).

Two types of coatings are investigated: electroless nickel
coating Ni and composite nickel coating with nanosized
titanium nitride Ni+TiN (Table 1).

Some of the samples are heat treated at 290°C for 6
hours after coating deposition for the coatings’ adhesion
improvement and microhardness increase.

The microstructure of the padding and the coatings
and the coatings’ thickness are defined by means of an
optical metallographic microscope GX41 OLIMPUS. The
microhardness testing of the coatings is examined by Knoop
method under 20g load (Tablel).

TaBLE 1 COMPOSITION, HEAT TREATMENT,
MICROHARDNESS AND THICKNESS OF COATINGS

Ne | Composition Heat Microhardness | Thickness,
treatment HKO0,02 [wm]

1 Ni - 538 10

2 Ni 290°C, 6h 950 10

3| Ni+ TiN - 588 8

4 | Ni + TiN | 290°C, 6h 1020 8

89

Fig.1. Microstructure of the austempered ductile iron
sample without coating

B.  Device and method for wear resistance testing

The experiments on the wear resistance of nickel
coatings are carrying out using a classic design “back-
to-back” disc on a TABER ABRASER test machine 503,
modified in accordance with the developed by the authors’
method. The device design is shown on Fig. 2.

The ring shaped sample 1 (solid) with a coating

2 is fixed on a horizontal disc 3, which is moved by an
electric motor 4 with a constant angular speed w. The
antibody 5 is a disc from a special abrasive material
CS10. The desire normal load P in the contact surface
is set through a mounted in the antibody axle, which is
operated by a special device. In this way the body 1 and
antibody 5 are fixed on two cross axes. Upon the constant
angular speed w=const of the sample 1 and upon constant
nominal contact pressure Pa=const the friction in the
contact surface K keeps a constant rotation speed of the
antibody 5.

B R L
I I IR S Y

@" R

QD
| N
|

Fig.2. TABER-ABRASER test machine

The test method description:

e All samples with the same ring shape and size,
before the coating process are subjected to a
mechanical treatment, namely grinding and
polishing to ensure an equal surface roughness
Ra=0,4um. This is a binding requirement for
the reliability of the wear testing, because the
electroless coatings “copy” the samples surface by
the plating process.

e  When choosing the integral parameter “massive
wear” the weight of the sample is weighed before
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and after a determinate number of the disc rotation
by an analytical balance WPS 180/C/2 précised
to 0,Img. The samples are treated with a special
solution to neutralize the static electricity before
the weighting.

e Sample 1 is fixed on a horizontal disc 3 and by
the lever system the desire normal load P is set.
The friction road L is determined by the number of
cycles N, accounted with a cyclometer 7.

Test basic parameters are:

e absolute massive wear m[mg] - this is a coating
lost weight in the process of the wear, estimated
as a difference between the samples weight before
and after the appointed number of friction cycles.

e speed of massive wear m [mg/min] - the lost
weight of the coating for a minute.

e intensity of wear i - this is the lost coating
thickness for an one friction cycle. The result is a
dimensionless number, which could be calculated
by the formula having in mind the lost weight:

s m
"= 0AdL

(1)

where:
- pis the coating density - p=7,8.10° [kg/m3];

- Aa is the nominal interaction contact surface - Aa

=26,10° [m2];

- L is the friction road, estimated by the number of
cycles N:
L=2.t.R.N 2)

where:

-R is the distance between the rotation axis of the bearing
disc and the mass center of the contact place between the
sample 1 and the contra body 5 (Fig. 1).

e absolute wear resistance I - this is a dimensionless
number and is determined as a reciprocal value of
the wear intensity, namely

1 0.Aa.L

I ==

1 m (3)

e nominal contact pressure Pa ,[N/cm?] is the normal

load, per the contact interaction surface Aa, i.e.

- P
Pa—Aa

“4)

e comparative index of wear resistance eic what
means the ratio between the wear resistance of
the tested sample Ii and the wear resistance of
a sample-standard le, i.e it is a dimensionless
number, indicating how many times the wear
resistance of the tested sample is higher compared
to the sample-standard under the same contact
interaction conditions:

Eie = %

‘ ®)

The parameters of the contact interaction are
presented in Table 2.

TABLE 2 TEST PARAMETARS

Nominal contact surface
26.10°
4,,[m’]
Nominal contact pressure
47,15
Pa [N/cm?]
Average speed of slidin,
8P g 17,90
¥, [cm/s]

RESULTS AND DISCUSSION

The coatings’ thickness is between 8+10um (Table
1). The microhardness HKO0,02 test results of the coatings
are presented in Table 1. The heat treatment of the coatings
at 290°C for 6 hours leads to the coatings’ microhardness
twice increase.

Electroless Ni-coatings show amorphous
structure in an as-plated state. The coatings’ structure
becomes crystalline after heat treatment at 2900C, 6h.
The diffraction patterns of the samples prove the presence
of Ni3P phase in the coatings’ structure [12].The heat
treatment at 2900C, 6h leads to a crystal formation
of Ni3P phase, which is dispersed and increases the
microhardness of the coatings [11], [12]. The introduced
nano- and microparticles in coatings deposited by various
methods further increase their microhardness [13].

The coatings’ microstructure appears as a white
strip following the sample relief (Figs 3 and 4). The
padding microstructure of the cast iron, obtained at a
low temperature isothermal retention in the bainitic field
consists of a lower bainite (Figs 1, 3 and 4).

Fig.3. Microstructure of the austempered ductile iron sample
with coatings Ni after heat treatment at 290°C, 6 h

Fig.4. Microstructure of the austempered ductile iron sample
with coating Ni+TiN after heat treatment at 290°C, 6 h
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The experimental results received for the massive
wear m for the different coatings during the contact
interaction are presented in Table 3.

TABLE 3 MASSIVE WEAR VARIATION IN TIME.

No 2,5 5 7,5 10 12,5 15
" | [min] | [min] | [min] | [min] | [min] | [min]
1 3,2 5,1 6,0 6,7 7,9 8,9
2 3,8 4,7 6,9 8,0 9,8 10,5
3 2,7 3,8 43 53 16,0 6,9
4 1,5 2,8 4,0 4,6 4,9 5,2

The experimental results received for the massive
wear rate i dependence on the friction road L for the dif-
ferent coatings are presented in Table 4.

TABLE 4 MASSIVE WEAR RATE VARIATION 1IN FRICTION ROAD

No 26,85 | 53,70 | 80,55 [ 107,4 | 134,25 | 161,1
~ | [m] [m] [ [m] [ [m] | [m] | [m]
1| 128 | 102 [ o8 [ 067 | 063 [ 039
2| 152 | 094 | 092 [ os0 [ 078 | 070
3] 108 | 076 | 057 | 053 [ o048 | 046
4| o060 | o056 | 053 [ 046 | 039 | 035

Table 5 presents experimental results of the
coatings’ massive wear m in contact interaction t=15min,
the massive wear rate 71, also the wear intensity value i and
absolute wear resistance /. The samples’ wear intensity i
and wear resistance / are calculated at the friction road
L=161,1 [m].

TABLE 5 WEAR INTENSITY AND WEAR RESISTANCE
IN FRICTION ROAD L=161,1 m.

m m Wear Wear
Ne | [mg] | [mg/min] | intensity | resistance
i 1
1| 89 0,59 2,72.107 0,37.107
2 110,5 0,7 3,2.107 0,31.107
3169 0,46 2,11.107 0,47.107
41 5,2 0,34 1,6.107 0,63.107

The analysis of the wear resistance value (Fig .5)
shows the sample 4 with Ni+TiN coating with heat
treatment at 290°C, 6h possesses higher wear resistance
(I=0,63.107) than this one of the sample 3 with the same
coating but without heat treatment I1=0,47.107).
The measured higher microhardness of the Ni+TiN
coating with heat treatment at 290°C, 6h (1020 HKO0,02)
compared to this one of the same coating without heat
treatment (588 HKO0,02) corresponds to higher wear
resistance (Table 1 and  Fig. 5). The lack of correlation
between the microhardness and wear resistance of the
coatings of pure Ni (samples 1 and 2) could be attributed
to the low adhesion between the coating and the padding
This could be explained with the graphite presence in the
iron microstructure.
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Fig.5. Wear resistance I of the coatings composition Ni (samples 1 and
2) and composition Ni+TiN (samples 3 and 4), deposited on the aus-
tempered ductile iron samples.

CONCLUSIONS

It is found out that the electroless nickel coatings’
microhardness with composition nickel Ni and nickel +
nanosized titanium nitride (50nm) Ni+TiN deposited on
austempered ductile iron samples is twice higher after
heat treatment at 290°C, 6 h than this one of the coatings
without heat treatment.

It is found that heat treated at 290°C, 6 h
composite nickel coatings composition nickel + nanosized
titanium nitride (50nm) Ni+TiN posses 34% higher wear
resistance than this one of the same coatings without heat
treatment.
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Abstract—The corrosion behaviour of aluminium alloy
EN AW-2011 was investigated in selected environments
of various electrolytes using gravimetric technique. The
results showed that, under the conditions employed in the
present work, the corrosion rate of this alloy depends on the
specific ions present in solution. The corrosion resistance of
aluminium alloy EN AW-2011 is higher in solutions of acids
and salts containing sulfate and nitrate ions than in these
consisting chloride ions.

Keywords—aluminium alloy EN AW-2011, corrosion
resistance.

I. INTRODUCTION

Aluminium alloy EN AW-2011 is construction
material widely used in the automotive industry, aircraft
and chemical industries as screw machine products,
appliance parts and trim, ordnance, automotive,
electronic, fasteners, hardware, machine parts [1]. During
its exploitation, in natural or technological environments
as electrolytic media, it is in contact with aggressive
components and interacting with them is progressively
destroyed.

Corrosion of metals is the spontaneous chemical
destruction of metals under the effect of their environment
[2]. The corrosion study of aluminium and aluminium
alloys is of immense technological importance due to
their growing industrial application.

The corrosion behaviour of aluminium alloys depends
on the chemical resistance of oxide layer of ALO,,
the characteristics of the parent metal, the chemical
composition and the number of the alloying elements [3],
[4]. The environments that contain aggressive ions, such
as chloride, activate the corrosion process, impair the
stability and integrity of the passive layer [5].

In recent years the environmental factors affecting the
corrosion behaviour of aluminium and its alloys in salt
solutions [6] - [9] and acid solutions [10] - [12], have very
often been studied.

The aim of the present investigation is to study the
corrosion behaviour of aluminium alloy EN AW-2011
under exposure to selected environments of different
acids and salts containing chloride, nitrate and sulfate ions
and measure corrosion rate using gravimetric technique.

1L MATERIALS AND METHODS

The experiments were performed with samples
aluminium alloy EN AW-2011 with an exposed area
of 8.54 cm?. For the corrosion tests, a 1M solutions of
various electrolytes such as HCI, HNO,, H,SO,, NaCl,
NaNO, and Na,SO, were used at room temperature (=
25°).

Before immersion in solution, the experimental
samples were washed in detergent for five minutes and
then rinsed with distilled water and dried. The dried
samples were weighed with an analytical balance Acculab
ATILON an accurate to+0,0001g and then were immersed
in 100 ml of test solution of 1 M HCI. The system was
lightly covered with parafilm. The same process was
repeated at different of 1 M solutions of HNO,, H,SO,,
NaCl, NaNO, and Na,SO,. The first weight loss of each
coupon was determined after 4 h and after that every 192
h of exposure. The maximum period of exposure was 768
h. After immersion period the samples were cleaned by
brushing them under the stream of water using a fibre-
bristle brush to remove the corrosion products. Then the
samples were rinsed with tap water, dried under a stream
of air, and weighed. For each of the immersion period the
corrosion rate (Km) of alloy were determined using the
following equation:

Km=m, —m,/S.10% g/m.h (1),

where

m, is the weight of the sample, g; m, is the weight of
the sample after the corrosion test, g; S is the area of the
sample, m and 7 is the test time, h.

III. RESULTS AND DISCUSSION

The gravimetric technique is has proved to be useful
in monitoring the corrosion of aluminium alloy in
selected environments of different electrolytes. Corrosion
of EN AW-2011 was detected in each of the immersion
solution as indicated by the weight loss data. The results
of obtained are processed by this method and presented in

table (Table I and Table II).
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Table 1.
Corrosion rate of aluminium alloy EN AW-2011 in 1M salt solutions
4h | 192h [384h|576h|768 h
Solution, | Km, Km, Km, | Km, | Km,
IM g/mh| gmh | gmh| g/imh| gmh
NaCl 0,14 0,020 0,023 | 0,020 | 0,014
NaNO, 0,09 0,004 | 0,020 | 0,014 | 0,013
Na,SO, 0,06 0,002 | 0,001 | 0,010 | 0,010
Table II.
Corrosion rate of aluminium alloy EN AW-2011 in 1M acid solutions
4h | 192h |384h|576h|768 h
Solution, | Km, Km, Km, Km, Km,
IM gmh| gmh | g/imh| gmh| gmh
HCl 0,67 0,16 0,24 0,20 0,20
HNO, 0,30 0,26 0,40 0,36 0,37
H,SO, 0,14 0,27 0,46 0,45 0,47

The corrosion rate (Km) derived as per equation
(1), is plotted against exposure time immersed in aqueous
solutions of salts (Fig. 1) and acids (Fig. 2).

EN AW-2011
0.15
-
: oo
=
@ 0.1
P NaCl
= 0.05 A
= —— NaNO3
=
=]
z 0 Na2504
= 0 5 10
S -0.05 .
Exposure time (hours)
Fig. 1 Corrosion rate of aluminium alloy
EN AW-2011 immersed in 1M salt solutions
EN AW-2011
~ 08
~ N
£ 06
E
o 04 HCl
g
g 02 JL ——HNO3
g2 o H2504
s 0 5 10
Q

Exposure time (hours)

Fig. 2 Corrosion rate of aluminium alloy
EN AW-2011 immersed in 1M acid solutions

Observation of the graphs shows as initial increase
in corrosion rate of aluminium alloy EN AW-2011 with
respect to time. During the first four hours of immersion
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in solutions of acid (HCI, HNO,, H,SO,) and salt (NaCl,
NaNO, and Na,SO,) the gaphs achieve the maximum
level followed by a sudden decrease in corrosion rate of
aluminium alloy. This figure shows that, after 192 hours
the corrosion rate increased slightly and stays constant till
768 hours of exposure in test environments.

The behaviour of this process can be attributed to the
formation of the protective layer on the alloy surface and
increase in corrosion rate with respect to time. Increase in
corrosion rate ceases with the formation of the protective
oxide layer [13]. When exposed to environment with
aggressive ions this oxide layer breaks down at definite
sites causing corrosion on the aluminium surface. The
corrosion rate of aluminum alloys depends on the specific
ions present in solution.

Solutions of most inorganic salts cause insignificant
corrosion of aluminum alloys at room temperature [14].
EN AW-2011 showed better corrosion resistances in
salt solutions containing sulfate (Na,SO,) and nitrate
(NaNO,) ions even after 768 h of immersion. It showed
high corrosion rate in NaCl environment and is found the
increasing trend of weight loss.

In acid solution mechanism of dissolution of
aluminium and its alloys is as follows [15]:

Al+H,0 —AIOH , +H" +¢

Aluminium alloys most resistant to solutions dilute in
sulfuric acid and nitric acid bit hydrochloric acid solutions
is definitely corrosive to this alloy. In acid solutions,
chlorides greatly stimulate attack of the protective layer
[14] and it showed very high corrosion rate.

Alloy EN AW-2011showed better corrosion
resistances in H,SO, as compared to HNO, even after 768
h of immersion.

The results obtained in this work also showed that,
in the conditions employed in the present work, the
corrosion rate in solutions of acids (HCI, HNO,, H,SO,)
was higher than of the samples immersed in solutions of
salts (NaCl, NaNO,, Na,SO,). Furthermore, as shown
in the Fig. 2 the corrosion rate of the samples immersed
in 0,1M solutions of HCI showing the highest corrosion
rate. This was followed by the aluminium alloy immersed
in 0,1M solutions of HNO, and H,SO,.

Comparison of the corrosion rate of EN AW-2011
from weight loss analysis showed that the solutions of
acids and salts consisting sulfate and nitrate ions are
found to be less aggressive to the alloy showing relatively
less corrosion rates than these consisting the chloride
ions. The maximum corrosion rate in presence of chloride
ions is indicative of the high penetrating power of these
aggressive ions into the barrier oxide layer [16]. Nitrate
ions shown the moderate weight loss in presence of these
acids and salts. Sulfate ion in the solution appears to
impart passivity to the alloy and reduced corrosion rates.
The presence of sulfate ion in the medium is probably to
produce aluminium sulfates which are less soluble than
the other aluminium salts formed in presence of nitrate
and chloride ions and may effectively retard the surface
degradation [17].

IV.  CONCLISIONS

The present study on corrosion behaviour of
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aluminium alloy EN AW-2011 reveals susceptibility of
corrosion in selected environments of various electrolytes
of IM HCI, HNO,,H,SO,, NaCl, NaNO, and Na_SO,.

The results obtained in this work showed that, in the
conditions employed in the present study, during the
first hours of immersion the corrosion rate achieves the
maximum level. The corrosion resistance of this alloy
depends on the specific ions present in solution and is
more in the acid and salt environments containing sulfate
and nitrate ions than in the solutions consisting chloride
ions.
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Abstract—In this paper we examine the conservative
averaging method (CAM) along the vertical z-coordinate for
solving the 3-D boundary-value 2 layers diffusion problem.
The special parabolic and hyperbolic type approximation
(splines), that interpolate the middle integral values of
piece-wise smooth function, is investigated. With the help of
these splines the problems of mathematical physics in 3-D
with respect to one coordinate are reduced to problems for
system of equations in 2-D in every layer. This procedure
allows reduce also the 2-D problem to a 1-D problem and
the solution of the approximated problem can be obtained
analytically. As the practical application of the created
mathematical model, we are studying the calculation of the
concentration of heavy metal calcium (Ca) in a two-layer
peat block.

Keywords—conservative  averaging method, finite-
difference method, diffusion problem, special splines.

INTRODUCTION

The boundary value problems (BVP) described
by PDE with piece-wise coefficients in multi-layered
domains are currently the subject of studies [4]. The
interest is often caused by problems in itself, but even
more interesting are their solutions: mainly numerical
ones, because analytical solutions can only be obtained
in the ordinary sense (without changing the number
of dimensions of the boundary-value problem) in the
simplest cases [2]. The article deals with a universal
method for solving the second order of partial differential
equations — a consider conservative averaging method
(CAM), the essence of which is a reduction in the number
of dimensions of a given BVP, with a view to obtaining
analytical expressions (formulas) of the solution. The
further solution of the BVP includes a repeated reduction
in the number of dimensions or applying of numerical
methods to solve the acquired BVP. The unknown
function is replaced by the approximated solution —

Rezekne, Latvia
Erika.Teirumnieka@rta.lv

lanet.lv

the special spline with two different functions, which
interpolate the middle integral values of piece-wise
smooth function. The functions of the hyperbolic type
spline are created and used with parameters that have to
be chosen in the appropriate way to decrease the error of
approximation of the solution. It should be noted that, in
limit case when the parameters of spline function tends to
zero we have the integral parabolic spline, obtained from
A Buikis [3]. The 2-D boundary value problem obtained
by the conservative averaging method (CAM) was solved
numerically using the finite-difference method in the
case of parabolic and hyperbolic splines. A test example,
a solution to the given 3-D boundary value problem,
was created for numerical approbation of the averaging
method, where the unknown function was a solution to
the corresponding 1-D boundary value problem for two
ODEs. The solution of ODEs’ could be obtained both
analytically (exact solution) and numerically by the
averaging method using parabolic type and hyperbolic
type splines. This in turn allowed a comparison of the
analytical solution with the obtained numerical solutions.

MATERIALS AND METHODS

1.The Mathematical Model
The process of diffusion is considered in 3-D
parallelepiped

Qz{(x,y,z):OSxSl,OSySL,OSzSZ}

The domain Q consists of two layer medium.
We will consider the stationary 3-D problem of the
linear diffusion theory for multilayered piece-wise
homogenous materials of N layers in the form
Q; :{(x,y,z):xe(O,l) y€(0,L) ze(zi_l,xl-)},i:L_N
where is the height of

H; =z -z layer
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Q;,2z90=0,zy =Z. The distribution of concentrations
¢ =¢; (x,y,z) inevery layer Q; atthe point (x,y,z) =Q;
should be calculated by solving the following partial
differential equation(PDE):
Dyd%c; 1ox* + Dydc; 1y + Dyo%c; 162% +
Ji(x,y,2)=0
Diy > Diz
¢ =¢; (x, y,z) - the concentrations functions in every

> (1L.1)

D.

x> coefficients,

are constant diffusion

layer, f; (x, y,z) - the fixed sources functions. The values

¢; and the flux functions D;,0c;/0z must be continuous

on the contact lines between the layers z = z;,i =1, N -1 :

Ci|zi = Ci+1|zi S Dy, Oc; /aZ|Z,- = D(i+l)zac(i+1) /62|Z (1.2)
where i =1, N —1. The layered material is bounded above
and below with the plane surfaces z=0,z=Z2 with fixed

boundary conditions in following form:
D, .0c; (x,y,O)/@z =0, cy (x,y,Z) =C, (x,y), (1.3)

or cl(x,y,O)zCo(x,y), cN(x,y,Z)zCa(x,y), (1.4)

Co (x, y) , Cy (x, y) are the given concentration-func-
tions.

We have two forms of fixed boundary conditions in
the X,y directions: 1) The periodical conditions by
x=0,x=1 (1.5):

ci(O,y,z)zcl-(l,y,z), 6ci(0,y,z)/8x=acl-(l,y,z)/8x,

2) The symmetrical conditions by y=0,y=L (1.6):
oc; (x,O,z)/@y =0c; (x,L,z)/@y =0.

We will use the CAM and the finite difference (FD)
method to solve the problem (1.1)-(1.6). These procedures
allow reduce the 3-D problem to some 2-D boundary-val-
ue problem (BVP) for the system of partial differential
equations with circular matrix in the X -direction.

2.The conservative averaging method with para-
bolic splines

The equation of (1.1) are averaged along the heights H;
of layers Q; and quadratic integral splines along z co-
ordinate in the following form one used [3]
¢i(x,,2)=Ci (e, y)+ mi(x, Nz - 2;)+

2.1
e,-(x,y)G,-((z—Ei)2/Hl.2—1/12) @1

G[:H[/Dl‘z s El' (Zi—1+zi)/2' mi,e[,Ci - the un-
known coefficients of the spline-function,

1%
Ci(x,y)=H,; 1'[ ci(x,y,2)dz - the average

Zia

values of ¢;,i=1, N .

After averaging the system (1.1) along every layer €Q;
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we obtain
Dy0*C;/ox* + D02 C; 1oy* +2H e +

2.2
Fi(x,y)=0 =

Ci(x,y)=Hi_1_|.Zzi ¢i(x.y.z)z - the average values of
fii= 1, N . From (1.1), (2.1) using boundary conditions
(1.3) we can determine the unknown functions m;,e;

. Therefore, from (2.2) we obtain the system of N
partial differential equations (PDE), where the boundary

conditions for C; are determined from (1.4)-(1.5) in the
X,y -directions for averaged values

Ci(0,y)=Ci(L,y), 8C;(0,y)/ax =aC;(I,y)/ax  (2.3)

aC;(x,0)/ 8y = oC;(x,L)/ 3y =0, (2.4)

In the case N =2 (two layers) we have (2.5):

e =(9C, —(12+3/k)Cy —3C, +(6+3/k)Cy)/
(G, +26G,)

B

ey =(9C, —(12+3k)Cy +(6+3k)C, —3Cy )/
(26, +26G)

>

k=G /G,.

We have from (2.2) the following system of two PDE
D1x62C1 (x,y)/[ﬁx2 + D1y62C1 (x,y)/@y2 +
2H1_1€1 (x,y)+ Fi(x,y)=0,

(2.6)

D2,0%Cy (x,y)/ &% + Dy, 07 Cy (x, y)/ 0y* +

205" ey (x, y)+ Fo (x,) = 0.

After resolving (2.6), the concentration functions

¢; =¢;(x,,z) shall be obtained

Cl(x9y>z):Cl(xry)+ml(xry)(szl /2)+
el (x,y)Gl((z—Hl /2)* 1 HE —1/12)ze[0,H1]”

3 (x,3,2)= Ca(x, )+ my (v, )z = QH) + H, )/2)+ _
ez(x,y)Gz((z—(ZHl +Hy)/2)*/H3 —1/12) zelny,z]
From (1.3) it is obtained

my(x,3)= e (x,y)/(3Dy, )+ 2(Cy (x,)- Co (x. ¥))/ Hy,

my(x,y)= €5 (x.9)/(3D )+ 2(Cy (x,)= C (x. y)) H

3.The conservative averaging method with
hyperbolic type splines in 2 layers
The equation of (1.1) is averaged along the heights
H;of layers €2; using the hyperbolic type splines.
Applying averaged method with respect to z we use
the approximate solution with two fixed parametrical
functions f, fi2,1 =12
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ci(x,y,z)Z Ci(xay)-i_mi(x’y)fil (Z_El')+
e:(x,3)+ fin(z-7;)

b

Ci(x,y)=H; -1 J x y,z)dz - the averaged values,

according to the definition of the spline function
[ faGh==[] 1l

=(zi1+2)/2,z€ [Zi—lazi]

dz 0

Zj
0.5H; sinh(a;(z - z;))
sinh(0.5a;H ;)

flzl -

cosh(a;(z—-2;))— 4;
8sinh? (0.5a;H;)

flz2 -

0.5sinh(0.5a;H; ) -1

a;L/2

i = >

a; >0 are fixed parameters (unknown). It should be

noted if parameters @; tend to zero then the integral
parabolic spline from [3] is obtained in the limit case. The

unknown functions m;(x,y) e;(x,y) we can determined
from boundary conditions at z=0,z=Z7:
d;,, =0.5H;a; coth(0.5 a;H;)
k;; =0.25a; coth(0.25a;H;)
Cy-0.5mH| +eb, =C
Cy +0.5myH, +eyby, =C
cosh(0.5a;H;)— 4;
8sinh?(0.254,H,)
Dy (mydy; +erky; )= Dy (mydy —erks.)
Cy+0.5mHq +eby, =Cy —0.5myH, +eb,y,
=2(Cy +bye )/ H .

biz =

Thus we have a system of 2 algebraic equations for deter-

mining e;,i =1,2:

bjiey +bpep =63C, +4C
-2C-C, +Cy , where

by =bsby, +hy, , by =bsby, +Dyiky, , by =2by,
s by ==2by,, by=2Dydy,/Hy , by=2d,,/H,,
Dy =Dy, /Dy, .

>

b21€1 + b22€2 = 2C2

The solution for e, e, is:
e :b17C1 +b18C2 +d4Ca +d6C0
ey = b27C1 +b28C2 +d5Ca +d7C0 , where
b17 = (— b4b22 +2b12)/det s b]g = (— b3b22 —2b12)/det
. byy =(babyy =2byy)/det . byg=(bsby +2by)/ det

>
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5 d4 = (b3b22 +b12)/det 5
d5 = —(b3b21 +b1 1)/det R
det= b] 1b22 - b21b12 .

dg = (babyy —byp)/det
dy = (=bybyy +byy)/det

The 2-D boundary-value problem is in following form:

0

_(Dlx

ac,

_j+

0 oCy
D +bsey + F1 =0,
(1yayJ sep + £ =

Ox Ox oy
0 0Cy 0

D + Dy +bger + F> =0, .
6x( 2x o J y[ 2y Py J 6€2 T 12 (3.1
%O _ 0D g ¢, 1,y = i (x.L) =0,

Ox Oy

where b5 =2Dy, k|, /H|, bg =2Dy,ky, /H) .

4.The finite-difference method for two layers with
parabolic type splines

Subscripts (i, ]) refer to x,y indices; the mesh spac-
h

X2 Ty

We consider an uniform grid (N ¥ X (N y+ 1)) [7],
(xiaJ’j)’xi:h :(j_

_{ Dh,,i=1N,
Jj =l,Nyh, =

X yj
=1LN, +1, N,h,

ing in the x;,y ; directions is A For two layers (

N =2) we can the PDEs (2.6) rewritten in following
vector form:

D,0%Clox* +D,0*Cloy* ~AC+F =0 (4.1)

where D, Dy are the 2 order diagonal matrices with
elements D), D,, and D; o D, y - A is the matrix of
second order, C is the 2nd order vectors-column with

elements C;,C, and F is the 2 order vectors-column
with following elements :

(Fl —((6+ 3k’1)C0 -3C, )/(Hldl) J
F+((6+3k)C, —3Cy)/(Hady))

A:dil{(l

(d)

conditions (2.4) for vector function C in the uniform

2+3k‘1)/H1
~9/H,

~9/H,
(12+3k)/ H,

]

=Gy, + (& ) The equation (4.1) with periodical

grid (xi , ) j) is replaced by vector difference equations
of second order approximation in 3- point stencil [1]:

where W; are vectors-column
(W] ~ (Cl,jaCZ,ja"wCNx,j)T)v

with elements (Fl’j,szj,...,FN“jy‘,j =2, Ny
AA,CC,BB = AA are the block- matrices of second

F j are vectors-column

>
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order with the elements of the circular symmetric matrix

with N, = M -order in the following form (it is possible
to define the circular matrix with the first row that is in

the form 4 = [al,az,...,aM J):

2
Y [Dly/hy,o,...,o] o2 ,
0 Dzy/hy,o,...,o]

c1 €2

C

5 2

where the circular matrices ¢ |,¢ ,,c 3,C sare

ccy =[

cey =[-9/(Hd))0,..,0},  ce3 =[-9/(H,d))0,...,0]

.| |

The boundary conditions (2.4) are replaced by dif-
ference equations of first order approximation:

c3 Cy4

2(D1x /% + Dy, /h§)+ (12 +3k7! )/(Hldl =Dy, 1 h2,

|

0,...0.-Dy, / h2

Z(sz Ih2 + Dy, )+ (12 + 3k)/(H o dy ),

Dy, /h2.0,..0-Dy, [ h2

Cleny )=o)+ 02). c(e.0)=cleL—n,)+oli2).
5.The finite-difference method for two layers with hy-
perbolic type splines

The vector F' and matrix A in (4.1) are

F +b5d4Ca +b5d6C0, F2 +b6d5Ca +b6d7C0 ,

2p)
j , Where

25%)
ayy ==bsby7 , ajy =-bsbig, ay; =-behy7 ,
any =—bgbyg .

The circular matrices ¢ ;are dazy =—bgbag

¢y = [a12 503---301 ccy = [azl,O,...,O],

Weuse a; =15,a, =13 .
6. The numerical methods

The vectors-column Wj from (4.2) is calculated on
Thomas algorithm [9] in the matrix form using MAT-
LAB.

2(Dlx/h§ +Dly/h§)+a”,
— Dy, /h20,.,0,-Dy, /h2

2(D2x /h? +D,, /h§)+ sy,
~ Dy /1 h20,..,0~D,, | h?

W;=X;Wi+Y;=0,j=N,(-DI, (6.1)

where X ;,Y; are corresponding matrices and vectors,

98

obtaining of following expressions (6.2):

Xp=(c ;-4 0,8 ;.
Yj:(C -4 ij_Jl(A ij+Fj), J=2()Ny,

Here X| =E,v, W5 z(E—XﬁleN, (N=Ny),

[1,0,...,0] 0
where E = .
0 [10,...0]
: . 4 A,
The inverse matrix of = is
Ay Ay

B, B
B=A"',(B4=4B=E), B=|_"' "?|  where

By By

—1

By = (A4 —A3A1_1A2) : By =—A; ' 4B,

1
B = (A1 —AzAglAJ , By=—A; 438, .
The others operations with circular matrices and vectors
of the second order can be easy obtain [6].

Results and discussion
1. Approbation of numerical algorithms

The special solution in the form
&1(x,.2) = g1 (2)cos(my/ Lsin(x /1) ,
¢y (x,y,2) =gy (z)cos(ny/L)sin(2mx/l) of the PDE

(1.1) was designed, where functions g;(z) g,(z) was
the solution of the following boundary value problem for
two ODE (for boundary condition (1.3)):

gl(2)—afg(2)=0, g(0)=0,g5(z)—a3g,(z) =0
,82(2)=1, g(H))=gy(H)), (7.1)
Dlzg{(Hl) = DZZg’Z(Hl) , where

4Dy, Dly
ay=nr —_— /D1 ,
\/[ 22 :
4Dy, 2yj
ar=7m —— |/ Dy
\/( 22 :

The analytical solution of boundary-value problem of
ODEs (7.1) is [5]:
g1(z) = A sinh(a;z), (7.2)
g>(z) = P, cosh(a,z) + P sinh(a,z) , where the
constants are:
_ P2 cosh(a2H1 )+ P3 sinh(azHl )
sinh(a,H )

_ 1-Pysinh(a,2)

cosh(a,Z)

A

P,

>
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Levels of C by z=H1, MaxCz=0.2151, MinCz=0.1154
T

Py = cosh((ag —ay )H}Ja1 Dy I
= +

sinh(a2H2 +a1H1)a2DZZ
sinh(alHl )sinh(azHl )(alDlz - (lzDzz) '
sinh(a2H2 )COSh(alHl )(alDlz - a2D2Z)

‘ 0188
A
AN 079, / 1
\ 0.1610.17 |

Based on the literature source [4], it can be proofed ]
that the solution to the BVP (7.1), obtained by hyperbolic o5~ I

0.152
spline function, coincides with the analytical (exact) oaf "
solution (7.2) of the BVP (7.1). 03f
0.2
0.161 0.1
2. Some numerical results orp © 0152 Zo.
Measurements of peat samples for the determination of 0 02 04 06 08 1

. . . y
heavy metals — iron and calcium concentrations were

carried out in the swamp of the Vilani municipality

Fig. l. Levels of cat Z = H] for hyperbolic spline.
Knavu swamp. Peat analyses have been performed

Levels of C by z=H1, MaxCz=0.2123, MinCz=0.1227

with the OPTIMA 2100 MS ICP/OES Spectrometer U =
of the inductively associated plasma optic emission 00

spectrometer of the Perkin Elmer firm in the laboratories o

of the Geotechnology and Eco-Industrial Research Centre Z; prea  parz

of Rezekne Academy of Technologies [8]. We consider <05 e A

the metal concentration in the 2 layered peat blocks Q 04 A
with following measure: 03 Y pen
L=l=1m, H =1m, Hy=15m, \p\ \ /M
Z:H1+H2 :2‘5m 0 0.2 04 y 06 0.8 1

On the top of the earth (Z =7 ) we have the measured Fig. 2. Levels of Cat z = H for parabolic spline.

concentration c[mg/kg]x1000 of calcium (Ca) in the

Concentration C2-av,MaxC2=0.4368, MinC2=0.3107 sz
1

following points in the (x, y) plane: Ny D?\\k”\ I
(0.1,02)=0.62 , ¢(05,02)=057, A\
(0.9,02)=043, ¢(0.1,0.8)=0.51, i ——

c(0.5,0.5)=043 , ¢(0.9,05)=0.64 , SR NN

¢(0.1,0.5)=0.58 , ¢(0.5,0.8)=0.44 , “ ]

(0.9,0.8)=0.72 . i —

" ot

This date are smoothing by 2D interpolation with A
MATLAB operator, using the spline function. We use ’

following diffusion coefficients in the layers: Fig. 3.The averaged concentration s

Dy, = 10_3 , Dy, = 5-1()_4 , Diy =Dy, = 1()_4 , within the second layer for hyperbolic spline.

Levels of C by y=L/2, MaxCy=0.6222, MinCy=0.0285

Dy, =D, = 107> . We can see the distribution of con- ' ‘ s
i

centration ¢ in the (x, y) plane for Ca at z = H, for
hyperbolic (Fig. 1) and parabolic (Fig. 2) spline. | \

We can see the distribution of concentration ¢ in the .,5 w *
(x,y) plane for Ca at z=H, for hyperbolic (Fig. 1) «os | “ £
and parabolic (Fig. 2) spline, in the Fig. 3 — the aver- o4y ‘q ]
aged concentration C, within the second layer for hy- W 1 “‘3

perbolic spline, in the Fig. 4 — concentration’s ¢ ¢ypveS

0509 537

at y = L/2 for hyperbolic spline.

Fig. 4. Concentration’s C sat y = L /2 for hyperbolic spline.

curve
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CONCLUSIONS

1. The 3D diffusion problem in N layered domain

described by a boundary value problem of the
system of PDEs with piece-wise constant diffusion
coefficients are approximated on the boundary

value problem of a system of N PDEs. The
last mentioned system is solved due to the finite
difference method.

For reducing the 3D diffusion problem to 2D
boundary value problem of a system of PDEs the
conservative averaging method (CAM) along
the vertical z-coordinate by using parabolic type
splines and newly designed special hyperbolic and
type splines is studied.

3. The calculation process compared the effectiveness

of the parabolic and hyperbolic splines usage for
3D diffusion problem reduction to 2D boundary
value problem and resulted in higher accuracy of
the approximated solution directly with hyperbolic
type splines.

A Test example has been created allowed a
comparison of the analytical (exact) solution of the
1-D BVP with the numerically obtained solutions of
parabolic type splines and hyperbolic type splines,
to assess their accuracy. It was found that the
solution obtained by hyperbolic splines functions
coincided with the analytical solution of the 1-D
problem under consideration. This indicates the
usefulness of the further usage of the CAM for
solving BVP problems with the hepl of hyperbolic
type splines compared to the previously widely
used parabolic type splines.

5. The theoretical and practical problem studied makes

it possible to obtain an engineering algorithm for
mathematical modelling mass transfer processes in
multilayered domain.

The results of the numerical experiments can
give some new physical conclusions about the
distribution of metals concentration in different
layered peat blocks.

(1]

(2]

(3]

(4]

(5]

(6]

[7]
(8]

9]
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Abstract—A method for contactless temperature €
measurement has been created with two photo receivers with Bl by
different spectral sensitivity. An algorithm for processing the
signals from both receivers of a single-chip microprocessor
system has been developed. An optical system for the LWIR
diapason of the spectrum is proposed. gray body
T, ) hon
Keywords — differential photo receiver, temperature, T, }gray
method, IR diapason, lens design. T3/ body
A

I. INTRODUCTION

Temperature is one of the basic parameters to be
measured and controlled in modern manufacture. It is
increasingly important to acquire contactless methods for
temperature measurement based on the registration of the
thermal radiation of objects.

Planck law, Wien law, Rayleigh-Jeans law and Stefan-
Boltzmann law are known to determine the magnitude
and spectral distribution of the energetic luminosity of
the heated object in terms of its temperature. These laws
are used to solve the forward problem. Pyrometry is one
area of science which solves the inverse problem - to find
temperature of objects by the magnitude or by the spectral
distribution of the energy flux emitted by them.

Two basic methods can be used to solve this problem.
First method (radiation) — temperature is determined by
the magnitude of the optical flux emitted by the object.
Second method (method of spectral ratio) — temperature
is determined by the spectral characteristics of the optical
flux emitted by the object [1], [4].

At present radiation pyrometers are the largest
group of non-contact temperature measurement devices.
However, they have a few significant limitations. The
main limitation is the dependence of the flux falling on
the pyrometer from two unknown quantities: the actual
temperature of the object 1’ obj (to be measured) and its
emissivity coefficient d.

Fig. 1. Emissivity coefficient of different bodies

Emissivity coefficient of all bodies can be varied from
0% for ideal mirrors and up to 100% for black bodies (fig.

D).

Most of the measured objects are “non-gray” bodies.
Therefore, their emissivity coefficient depends on the
wavelength €. In addition, the emissivity coefficient

depends on the temperature of the objectT obj -
Thereforeg = f(A,T). This implies uncertainty in

the measurement results and difference AT between the

actual temperature of the object 1’ obj and the measured

T,.(T,.=T,—AT). The

obj

T AT
T, =—%= oo —=1-%/&(T)
Vosfem) T,

is valid for radiation pyrometers where &(7T')is the
integral emissivity coefficient in the operational spectral

one dependence

meas™

diapason of device AZ .
If &(T)=100%, then %=0;
&(T)=85%, then A—;ﬂ:4%;

£(T) = 40%, then % =20%;

As can be seen, the error due to the unknown
emissivity coefficient can be great. Therefore the value
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SST )of the object being measured is introduced to
radiation pyrometers.

The actual value of the coefficient £(7") is determined
by the equation

[ &, T)s(A)R, (4, T)dA
e(T) =4 ,
j s()R, (A, T)dA

AL

where £(A4, T) is a spectral emissivity coefficient of
the object, S(A) - spectral sensitivity of the photo receiver
used in the pyrometer, R,,(A, T) - spectral density of the
energetic luminosity of an black body (BB).

There is ambiguity in determining the coefficient
&(T) due to its complex dependence on A and T
. Therefore it is practically impossible to enter this
coefficient correctly when using radiation pyrometers and
the error in temperature measurement can reach tens of
percent [3].

Pyrometers of spectral ratio (PSR), which are the
subject of the present paper, have no such limitations.

The purpose of the present paper is to introduce a two-
spectral pyrometer (dual spectrum pyrometer or pyrometer
of spectral ratio) in order to increase the accuracy of
contactless temperature measurement as compared to the
commonly used radiation pyrometers.

The goal set can be reached by accomplishing the

following tasks:
e Choice and development of a functional block
chart of the pyrometer;
e Development of a basic electrical circuit diagram
of the pyrometer;
e Development of a device control algorithm.

1. EXPOSITION
1. The essence of the two-spectral method

The method consists in measuring the ratio of the sig-
nals from the controlled object for two narrow spectral
ranges and comparing it with the ratio of the signals for
the same spectral range (diapason), but obtained for an
black body (fig. 2).

R(3.T)
R (02, T))

PEair
Rafyl(}\'l*T]) &1
Rr)ij(}‘Z’TZ)

Rofy_j(}“ 1 7T2) 1 /
-

by Re

I; T, T,

max | lm:{x]

Fig. 2. The essence of the spectral method

The temperature measured 7', - is numerically equal
to the temperature of the BB (black body) where the ratio
of the spectral densities R,, (A, T) for two narrow spec-

tral ranges is equal to the same ratio, but for the controlled

object at its actual temperature 7',

Therefore, the ratio between the electrical signals at
the output of the two photo receivers can be expressed as
follows:

ul Rbb(ﬂ'l ’ Tmeas) —

u2 Rbb(/ll’ Tmeas) Robj(/IZ’ T:)bj)
_ R,,(4, ];bj)gﬂl I
R,,(4,, T,,)E,,

In (1) the spectral densities R will be expressed by the

R4 Toy)

law of Wein, which is valid for the short wavelength range
of the spectrum (under the condition that A-T < C,).

G

R(A, T)=C A exp )

From (1) and (2) an equation can be obtained for the
relationship between the actual and the measured object

temperature
1 1 __ AL In(g/e) . )
T;)lzj Tmeas C2 (12 - ﬂ'z)

From (3) follows that:
- For gray bodies 7, =T, Certain bodies

that are in two close spectral diapasons can be

meas *

accepted as gray;

- For non-gray bodies the correct determination
of T o depends not on the absolute value of
the refractive index, but on the ratio 81/ &,. This
ratio is more stable when changing the external
conditions by changing the absolute value of

the integral emissivity coefficient £(7")used in
radiation pyrometers.

2. Choice and development of a function circuit di-
agram of a two-spectral pyrometer.

The function circuit of the two-spectral
pyrometer can be created in two variants depending on the
means of signal generation in the two spectral diapasons.
In the first case a beam splitting device and two separate
photo receivers are used. In the second case one tandem
structured photo receiver (“sandwich” type) is used. In
the latter case no beam splitting device is used. There is
a different dependence of the current in dark environment
from the temperature for the two spectral diapasons. This
will increase the measurement error. For this reason,
the circuit with two separate photo receivers and a beam
splitting device is used in the developed pyrometer.

Fig. 3 shows the function circuit of the developed
two-spectral pyrometer. The heated object emits a flux in
a hemisphere. Part of the flux falls on the pyrometer’s lens
and focuses on the beam splitting device.
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Fig. 3.

The lens is an achromatic doublet AC254-100-
B-ML from the Thorlabs catalog. The beamsplitter is an
interference filter which partially passes and partially
reflects the radiation. About of beamsplitter was selected
a translucent sheet BSW11 from the Thorlabs catalog. It is
made of quartz glass (Fused Silica) and divides the optical
flow in a 50:50 ratio. The device divides the optical signal
between the two photo receivers. Each photo receiver
has a light filter. Two identical silicone photodiodes are
selected as photo receivers Hamamatsu S2386. As filters
from the catalog of Thorlabs are selected accordingly:
filter 1 - FB900-10 (Center Wavelength CW=900nm; Full
Width Half Max PWHM=10nm and filter 2 - FB1000-10
(CW=1000nm;PWHM=10nm). The photodiodes produce
electrical signals proportional to the optical flux. These
signals are amplified in an electronic processing unit,
and then their ratio is determined which is subsequently
converted to a value of the measured temperature of the
controlled object T°

meas *

3. Development of basic electrical circuit of the
two-spectral pyrometer.

Fig. 4 shows the basic electrical circuit of the device.
Silicon photodiodes are used as photo receivers.

The photoelectric current L, through the photodiodes
is transformed into a voltage by means of feedback

+5V

Tmeas
(B[4
u
amplifiers LM258:
U=l R, 4

where U, is the voltage at the output of the amplifier,
R, - feedback resistance.

The feedback of the operational amplifier is selected
so as to use the entire measurement range of the analog-to-
digital converter of the controller.

The 8-bit PIC18F452 microcontroller which has a 10-
bit analog-to-digital converter is used to control the device
operation. The controller has a sufficient number of input-
output ports and a sufficient amount of program memory
where the control program can be located.

The threshold voltages that determine the measurement
range of the converter are respectively V. =0 Vand V .+
=5 V. The input analog signal to ADC is expressed as 2'°
or 1024 levels. The increase in voltage is determined by
the formula:

AU:VLIFO+ > =4883mV  (5)
2 1024

The device functional circuit consists of two measuring
channels. The voltage from the outputs of the current-
to-voltage converters is fed to two analog inputs of the
controller RAO/ANO and RA1/ANI1. The inputs switch. At
any moment of time voltage is measured at one input only.

a R2 £8222wl53338854%x
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4. Development of a block chart of the program al-
gorithm.

The block chart of the control program algorithm is
shown in fig. 5. [7]. First, the controller is initialized, con-
stants and variables are defined and corresponding cells
from the data memory are reserved for them. The next
stage of the block chart is related to determining the I/O
ports to be used. Digital inputs, analog inputs and digital
outputs are determined. PIC18F452 has 4 internal mod-
ule timers. Only Timer 0 is used. It sets time lags in the
program which are used to synchronize the operation of
the microcontroller and the alphanumeric LCD. Next,
an initialization of the display is performed. The master
program is a continuous loop, which stops only when the
voltage measurement from the ADC (analog-to-digital
converter) has been completed.

The processing of the result of each measurement
takes place in a subroutine, which starts when an ADC
break occurs.

Subprogram for
Begining processing of interrupt
from ADC
Initialization of Selection of analog
PIC18F452 input
- Hardware
Defininelconstantand multiplication of ADC
variables
result
Defining inputs and Convertine thelrcsult
to a binary-decimal
outputs,
type
Initialization of timer 0 Determiningithelvalue
output address of the
of controller 5
first sensor
Initialization of LCD Displaying the value of
display the first sensor on LCD
Determination of a 4- Determining the value
bit interface on the output address of the
LCD display second sensor
Configuring of the Displaying the value of
controller the second sensor on
interruptions Lco
Configuring of ADC Displaying the ratio of
the two results on LCD
Starting measuring of Starting the next
ADC measurement of ADC
4._@ Returning from the
subprogram to the -—b@
main program
Is there an
interrupt from
ADC?

Fig. 5. Control program algorithm

Subroutine for processing ADC break

At the beginning of the subroutine an analog input for
the next measurement is selected. The result of the pre-
vious measurement is then processed, which includes —
hardware multiplication of the measurement value by a
preset constant. The ratio U, /U, between the voltages
measured in the two channels is determined. The result is
converted from hexadecimal to binary-decimal code.

The second stage of the subroutine is related to out-

putting the measurement results on an LCD display. First,
the output addresses are defined, it means - to determine
in which position to display each digit from the result, in-
cluding the decimal points. The values of the calculations
are then displayed. Finally, a subsequent measurement is
started in the subroutine and then returning to the master
program takes place.

Connecting to the microcontroller and controlling
the LCD display

The display used is a two-line, alphanumeric, liquid
crystal display, with 20 characters per line. It is a smart
display with its own control scheme — LCD driver hd44780.
Thedisplay hasatotal of 16 ports to enable power supply and
connection to an external microcontroller. For controlling
the LCD module a control bus is used comprising RS,
R/W, E ports which are correspondingly connected to
microcontroller ports RB2, RB3, RB4 initialized as digital
outputs. The data bus of this type of display consists of 8
ports. The microcontroller communicates with the LCD
module by means of the data bus. In this case a mode is
selected for this communication to take place using 4-bit
interface. The DB4, DB5, DB6, DB7 display ports are
initialized as inputs and correspondingly connected to the
microcontroller’s RD4, RDS5, RD6, RD7 ports which are
initialized as outputs. At the beginning of the program,
initialization of the display takes place, which selects the
following:

e 4-bit interface;

e two-line mode;

e character format 5x8 dots;

¢ incrementing the address counter by one unit when

in read/record mode

I1I1. CONCLUSION

A two-spectral pyrometer with two identical silicon
photodiodes and a beam splitter has been developed.
The use of this circuit reduces the influence of external
conditions on the measurement error. The device is
intended for high temperature measurements ranging
from 700 °C to 1500 °C. The spectral diapasons of the
two channels are separated by narrowband filters, thus
increasing the accuracy of the measurement.
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Materials

Samuil Khanin
Herzen State Pedagogical University of
RussiaSt.Petersburg, Russia
antodinik@gmail.com

Abstract—This  work  presents experimental
results on the study of current-voltage characteristics and
oscillograms of microplasma pulses of the p-n-junction
avalanche breakdown. Based on the latter, the pulse duration
distributions are determined. As a result, it is shown that
microplasma noise has fractal properties. The latter
form the basis of avalanche breakdown types developed
classification. The correlation between the fractal dimension
of microplasma noise and structural inhomogeneities of
functional semiconductor structures is revealed.

Keywords— avalanche breakdown, microplasma, p-n-
Jjunction, fractal, structural defect, semiconductor structure.

[. INTRODUCTION

Avalanche breakdown of real semiconductor structures
is strongly localized and has microplasmic character [1,
2]. Breakdown localization usually occurs in places of
various defects. These may be vacancies, dislocations,
inclusions of another phase, inhomogeneities in
the distribution of alloying impurities, amphoteric
impurities. Dislocations [1] are the most significant here.
Close to dislocation there are areas of compression and
expansion of crystal lattice, which effects the width of
band gap. Moreover, dislocations are centers of impurity
association, and they create enhanced diffusion channels
for the latter. Accordingly, the probability that carrier
generating avalanche will appear in defect area is higher
than for defect-free area. The concentration of charge
carriers in enhanced diffusion channel is higher, and
the effective thickness of depleted layer is respectively
lower. As a result, the field strength locally increases,
breakdown voltage decreases, microplasmas are formed.
Current flowing through microplasma channel is short
pulses appearing and disappearing in random times [1, 2].
In the previous works [2-4] we obtained first indications
that temporal distribution of microplasma pulses is
random, and at the same time has self-similarity property.
The discovered properties require additional studies,
including those aimed at identifying correlation
between the observed time distributions in the context

Antonina Shashkina
St.Petersburg State University of Film
and Television
St.Petersburg, Russia
shashkinaas@yandex.ru

of fractal approach and structural inhomogeneities of
semiconductor materials, which is the subject of this
work.

II. MATERIALS AND METHODS

As a follow-up to the works [2-4] we investigated
gallium phosphide p-n-junctions used particularly in LEDs
with red emission AJI102AM (GaP:ZnO). Semiconductor
structures were supplied with constant reverse voltage
(supply voltage) from 10 to 19 V. Signal received at the
resistance in series connection with p-n-junction was
amplified and fed to analog-to-digital converter (ADC).
Further processing of signal from ADC was carried out
using Matlab mathematical package.

Supply  voltage was controlled through
programming, with spacing increment of about 0.005
V until first microplasma appeared. After that, the rate
of tension growth decreased, though it was increased
until next microplasma appeared. The process continued
until reverse current pulses disappeared and its changes
started being monotonous, i.e. semiconductor switched to
developed avalanche breakdown mode [4, 5]. At the same
time, the signal was recorded in the computer memory and
displayed in real time on the screen in Matlab window.
The proposed method was applied to 300 semiconductor
structures.

The obtained quantitative data were used to
construct inverse branch of current-voltage curve (I-V
curve) for each studied sample, showing breaks and
fractures associated with avalanche current unstable
nature. With specially developed software for each point
of I-V curve, it was possible to record and characterize the
oscillogram of pulse current — dependence of voltage on
time, with voltage dropping with resistance connected in
series with p-n-junction.

The obtained oscillograms confirmed self-similar
nature of avalanche current pulses set through reverse
biased p-n-junction. Fractal dimension of different
semiconductor structures at different breakdown voltages
was determined.

Algorithm for calculating fractal dimension D
using Hausdorft’s formula was implemented in Matlab [6]:
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D:}}%m’

where dt is the length of the extracted segment of
the investigated time series, # is the number of iterations.
Using wavelet analysis [7], local extrema moments of
signal values along Y axis were determined. As a result
we obtained a number of extrema values and a number
of corresponding time moments (number of points on X
axis). At the first iteration we selected a segment equal
to half the length of the investigated time series. Its
beginning was combined with the first point of the series.
The segment “overlapped” a number of points. Then the
beginning of the segment was combined with next nearest
nonoverlapped point. Then we determined the number of
overlaps. At the second iteration: we divided the segment
in half, and counted number of series overlaps similarly.
Then we did i number of steps. As a result, we got
dependence of number of overlaps 7 on length of used
segment df, and plotted dependence In(n) against In(1/
dt) (Fig.1). Using least square method we made a trend
line and defined tangent of its inclination angle, which
is equal to D. Meanwhile we established that the value
of fractal dimension significantly depends on reverse
voltage supplied to a sample.
To obtain additional information on the structure
of semiconductor structures we recorded and analyzed
I-V curve direct branches.

III. RESULTS AND DISCUSSION

Fig. 2-4 represent indicative oscillograms of pulse
current, analysing which we can classify avalanche
breakdown by fractal properties. We can distinguish the
following types of avalanche breakdown:

Type B (basic) is characterized by long current pulses
of same amplitude, fractal properties are distinct (dimen-
sion is usually up to 0,6-0,7) (Fig. 2).

Fig. 1. Fractal dimension curves

Type C (chaotic) is characterized by chaotic
changeindurationand amplitude of microplasma
noise (absence of significant pulses) and weaker
fractal properties (fractal dimension is close to
1) compared to type B (Fig. 3).

Type S (secondary) is close to type B, though pulses
are very short, numerical value of fractal dimension is
intermediate between values of fractal dimensions of
type C and type B (Fig. 4). One may note that type B
breakdown can regenerate into type S breakdown. Such
samples are noticed to have increased series resistance.

Materials science, condensed matter physics and
other sciences have general hierarchy of real structures:
macrostructure, mesostructure, microstructure [8]. At all
three levels, with load on a sample, there are processes
of self-organization in structure. Emergence and
resorption of microplasmas is a process that takes place at
microlevel, and it can be regarded as fluctuations between
two stationary states. These fluctuations are determined
by changes in parameters at microlevel, which depend on
macroparameters, most important of which is temperature
[9-11]. Therefore, presence of fractal properties (self-
similarity properties) and multi-level amplitude of
current pulses indicate that in avalanche breakdown
several competing factors act simultaneously, and they
must be considered together in analysis of avalanche
breakdown mechanisms of p-n-junction. These factors
are: dependence of concentration, mobility of charge
carriers, mean free path on temperature and field value.

Feedbacks common to self-organizing processes
were reflected in the developed simulation mathematical
model. Within the model processes taking place in
p-n-junction  were presented as dynamic positive
(contributing to development of breakdown) and negative
(suppressing breakdown) feedbacks, which allowed to
take into account the most important factors affecting
avalanche formation during microplasma noise analysis.
The theoretical values of fractal dimension calculated
using the model showed good correspondence to the
values obtained during the experiment. Thus, we verified
the classification.

Let us turn to the main goal of this work — establishing
correlation between fractal dimension of microplasma
noise and structural inhomogeneities of semiconductor
structures. As is known, defectiveness degree of structure
can be judged by analysis of [-V curve direct branch
[12]. Excess currents (in our case above 107'2A) on it
with displacements less than 1V are associated with
tunneling, which can occur in the area of extended
defects (dislocations, packaging defects, etc.) and
local heterogeneities of composition. In this case, the
coefficient of nonideality (which is part of the Shockley
equation for the diode) is much more than two [12].
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Fig. 2. Oscillogram of pulse current through reverse biased p-n-junction at avalanche breakdown type B
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Fig. 4. Oscillogram of pulse current through reverse biased p-n-junction at avalanche breakdown type A

As the experiment shows, most of the type B results of these studies we found that most LEDs
devices have tunnel component at displacements  made on the basis of group B structures begin to
less than 1V on I-V curve straight branch (Fig. €mitin yellow spectrum at current values close
5), on type C and S structures such components {© 120 mA, whereas for LEDs of group S and C
are practically not detected in the same voltage 810W appears at current values above 200 mA.
range (Fig. 6). This may be due to a large number of defects

We defined the value of direct current at that contribute to formation of microplasmas
which yellow glowing appears in LEDs based in avalanche breakdown. Traditional methods
on the studied structures. According to the ¢annot effectively detect such defects.

Direct current (A)

i i i
02 04 05 og 12 F

Direct voltage (V)

Fig. 5. I-V curve direct branch at avalanche breakdown type B
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Direct current (A)

nz 04 0B 1]

Direct voltage (V)

Fig. 6. I-V curve direct branch at avalanche breakdown type S

Summarizing the above, we can conclude that the
applied experimental method for analysis of fractal
properties can be used as a basis for nondestructive control
method of structural inhomogeneities in development
and production of semiconductor devices.

IV. CONCLUSIONS

Our analysis showed that microplasma noise has
fractal properties. Based on the latter we developed an
avalanche breakdown types classification. The obtained
data confirm that the semiconductor structure sample
belongs to one or another classification group. Thus,
we found that strongly pronounced fractal properties
may indicate the presence of a large number of defects
in semiconductor structure. Based on this we propose
nondestructive control method for semiconductor
devices.
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Abstract—The development of autonomous energy
supply systems is among the priority ways of scientific
and technological growth in the Russian Federation. The
autonomous energy supply module providing the consumer
with heat, electric power, hot and cold water can contain
the different variants of the electric power subsystem.
This paper considers three different variants of building
the electric power subsystem for the rotary expansion
engine used as a driving machine whereas the permanent
magnet synchronous machine is used as a generator. Also
the designed structure of 30 kW electric power supply
subsystem is regarded.

Keywords—autonomous  energy  supply  module,
permanent magnet machines, power converters, variable
speed system.

1. INTRODUCTION

The priority area of scientific and technological
growth in the Russian Federation includes the transition
to environmentally clean and resource-saving energy
sector, forming new power sources and ways of storing
and transporting energy [1]. As a part of that, creating
autonomous energy supply plants is an actual task. This
problem is particularly urgent in regions having no
centralized energy supply: no heat, electricity, cold and
hot water (For example, in the northern regions where the
extending of the centralized power supply lines is not cost-
effective [2]). The autonomous energy supply module
allows to solve the problems of providing consumers with
necessary energy resources [3]. The autonomous energy
supply module can be located in the immediate area
surrounding consumers, which allows to reduce losses
associated with the transportation of electric and thermal
energy.

The autonomous energy supply module contains
steam generator (steam boiler) having the required power
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and working on natural gas and (or) other types of fuel.
Also the module includes the low-speed rotary expansion
engine of a new type, the electric generator having electric
energy converting system (which meets the requirements
of the state standard [4]) and other units that provide the
consumer with heat, hot and cold water.

The low-speed rotary expansion engine is used as a
steam engine for driving the shaft of the electric generator.
The engine of this type provides the smooth rotation of the
output shaft with almost constant output torque depending
on the temperature and the pressure of the working fluid
of the steam generator [5].

In autonomous electric power plants having low-speed
engine (up to 750 rpm) it is difficult to design a generating
system based on the industrial synchronous generator (SG)
having electromagnetic excitation, without using in such
a system the electric or the mechanical multiplication.
Maintaining the shaft speed in the range of fluctuations no
more than 10% in synchronous generators is carried out by
automatic excitation controllers. At rated speeds of 1500
or 3000 rpm such a problem is not so acute and is easier to
solve. But in all cases an electric energy generating system
is not operational if the speed significantly deviates: both
because of the changes in technological process (variation
of the heat carrier parameters) or because of the need to
control electric energy consumption in order to save the
fuel.

The choice of the electric machine for the autonomous
power plant is presented by the authors in [6]. It is shown
that the application of the permanent magnet synchronous
machine (PMSM) is perspective for reducing mass and
dimensional characteristics of the power plant.

This paper considers the technical solutions for
creating the electric power subsystem of the autonomous
energy supply module whereas the PMSM is used as a
starter-generator.
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II. ELECTRIC POWER SUBSYSTEM CONCEPTS

Autonomous electric power plants continue to be
evolved and improved. Various autonomous power supply
systems are being advanced by their composition and by
their power, and their control systems are being improved.
Such systems containing electric generators often produce
electric energy working at the variable speed of the
generator shaft.

They must convert the alternating voltage having
the variable frequency to the voltage having the quality
indicators for the general purpose industrial systems [4].

One of the tasks for the autonomous energy supply
module is providing the consumers with three-phase
voltage having constant frequency whereas the speed of
the rotary expansion engine is variable. The real task is
developing the autonomous electric power plant having
the power up to 30kW as a subsystem of the energy supply
module with the rotary expansion engine having variable
shaft speed from 300 to 750 rpm. The electric power
subsystem must be able to control the output power to
provide the effective operating modes.

The analysis of the currently existing autonomous
electric power systems allows to conclude that constructing
the electric subsystem of the autonomous energy supply
module can be based on three concepts.

Concept 1.

The first basic concept is using the SG having
electromagnetic excitation, with the automatic excitation
controller and the standard frequency converter (Fig. 1).
Such concept is applied in diesel generator sets [7].

In the systems presented in Fig. 1 the output parameters
meet the requirements of the state standard [4] generally
if the speed fluctuates into the range of 10-15% (0.85-1.1

of n, (rpm)).

I
|
I
1 1 3
nin :-BO-
I

Diesel

Fig. 1. Diesel generator set

Fig. 1 shows the following units: 1 — diesel engine;
2 — synchronous generator (SG); 3 — rectifier; 4 — voltage
inverter; 5 — frequency converter; 6 — electric power
system outputs; 7 — control system (automatic excitation
controller).

In the case of the autonomous energy supply module
being designed the speed could not be lower than 650 rpm.
Since the SG at the low electric load is forced to work
having constantly higher speed, it results in the higher
fuel consumption. Electric power quality depends on the
voltage inverter applied and the supplementary filters
and compensating devices completing the power plant. If
the voltage at the generator output is reduced lower than
the acceptable level, the standard frequency converter
switches off its outputs due to the error of losing the input

voltage. After the outputs were blocked operating can
be continued only if the voltage is increased to the level
required.

The problem is also complicated with the fact that
electrical corporations and firms mainly produce SG
having the rated speed of 1500 and 3000 rpm. Therefore
there is a need for the mechanical transmission (reduction
gear, chain or belt drive, etc) between the shaft of the SG
and the shaft of the driving engine (e.g. the diesel engine
in Fig.1) for keeping the acceptable voltage level at the
input of the rectifier at the lower speeds (<750 rpm).

Concept I1.

The second basic concept is using the power step-
up transformer (voltage multiplicator) at the output of
the electric generator. Ideally it should be the regulating
booster transformer having the possibility of boosting the
voltage if the speed is below the acceptable level.

Applying such concept essentially increases mass and
dimensional characteristics of the autonomous energy
supply module (e.g. a standard transformer of the TC type
having a power of 30 kVA weighs more than 250 kg and
has a specific power less than 0.2 kVA/kg).

The structure of converting the mechanical energy
from the engine shaft in this case is shown in Fig. 2. The
stator windings of the SG are connected according to
A-connection or Y-connection.

RIU

SGPMA TS1

AFE

@

Fig. 2. The power system structure containing the step-up transformer
and rectifier-inverter unit

DC/
DC

R

®min...Omax

Fig. 2 shows the following units: TS1 — step-up
transformer; RIU — rectifier-inverter unit that can include
the uncontrolled or the controlled rectifier (AFE), boost or
buck converters of the DC voltage (DC/DC) and the output
voltage inverter (I); TS2 — output isolating transformer.

Concept I11.

The third basic concept is using the SG or SGPM
(synchronous generator with permanent magnets) and
modular electronic power converters as part of the RIU
without the mechanical or electric multiplicators (Fig. 3).
The units shown in Fig. 3 have the same designations as
in Fig. 2; TS — output isolating transformer. This technical
solution, in spite of its higher cost, has the best mass
and dimensional characteristics and is promising for the
autonomous electric power plants having variable speed
of a driving engine. Moreover, where necessary, the
SGPM (PMSM) can be used for the starter mode of the
steam generator or of the wind power plant with a vertical
axis of rotation (Darrieus or Savonius wind turbine type).
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Fig. 3. The basic concept for the autonomous energy
supply module without the mechanical or electric
multiplicator

At the first start the power plant is in the starter mode
for spinning and bringing to the required aerodynamic
performance. After that the power plant should be driven
into the generator mode. Such wind power plants have
various advantages over the wind plants with a horizontal
axis of rotation: operating with the wind of any direction,
no need in wind orientation system, reduced mass and
dimensional characteristics of the engine. Such systems
can be closely established near the autonomous energy
supply module container and serve as an auxiliary power
supply system for the module (including the function of
recharging the accumulator batteries contained in the
autonomous energy supply module).

II1. 30 KW SYSTEM DESIGN

Fig. 4 shows the designed structure and the
composition for the 30kW electric subsystem of the
autonomous energy supply module.

The module contains the following basic units and
systems:

1. Accumulator batteries unit (AB) consisting of 5
batteries (lead-acid helium sealed) and charger 1
controlling the charging process (individually for
each battery) and limiting the charging current.

2. Power converters (controlled units) for providing
the auxiliaries of the autonomous energy supply
module and monitoring the output power changes
and fluctuations.

» UZI —inverter for controlling the start of the REE

— rotary expansion engine (an additional option
if required). It is implemented on the base of the
standard 3kW frequency converter having the
ability to be connected to the 48V DC-bus (e.g.
Unidrive SP 1402) or using DC/AC converter
48V DC/3x380V AC of 3 kW power. The module
can be equipped with the supercapacitor (e.g.
LSUMO048R6C) and the charger 2.
Instead of using UZ1 the soft starter device can
be applied (e.g. MCT-331H of SPC Bitek, The
Russian Federation [8]). In this case it is connected
to output of the UZ2 inverter.

» UZ2 — inverter for creating the local three-phase
380 V AC network. 4kVA inverter UZ2 is supplied
from input DC voltage 48-60V.

» UZ3 — electric network inverter having the input
DC voltage +24V and the output single-phase
AC voltage 220V, 50 Hz. The AC/DC converters
forming the stabilized voltages of the needed

values for supplying low power electric devices

and sensors are connected to the output of UZ3.

UZ4 — rectifier-inverter unit (RIU) with output

isolating transformer TS2 of 30 kVA power. The

composition of the RIU is determined by the type
of an electric generator of the autonomous power
plant.

3. Generator unit on the base of SG or SGPM (e.g.
SGPM of the LSRPM 250SE type, Leroy Somer
[9]) having the power of 31 kW, the speed of 710
rpm and the embedded speed sensor (encoder EN)
and air cooling system.

4. Autonomous power energy module control system
(APEM CS) with sensors and auxiliary units.
The control system is intended for controlling the
operating modes of the power energy module.

ABCO
AB : Cha{ger E:_'
I
M 48V 24V |12V \_‘
# SA1
l FM1
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3x220V
50Hz
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3x400V
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A\ SA2

GND
48V 24V 12V 5V

Auxiliaries
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+
- — —
Super- Charger
KMAB
Uz1 | 48v capacitor — 2
¥
ke UZ4 TS2
—~ Y Y\
RIU Wa'a'aW B
Wa'a'aWEN
3x220V
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Control KMi
P Load
< oa
APEM CS |5 S-unit
< module

IR

REE and steam
generator control

Fig. 4. 30kW autonomous energy supply module electric subsystem

The signals of the output variables states (output AC
network variables: currents, voltages, power consumption)
from the sensors unit (S-unit) and the generator shaft
speed from the generator unit come to the input of the
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APEM CS. The output signals of the APEM CS are
the signals of regulating the switching equipment and
connecting the load module for balancing the autonomous
electric network load. Also the output variables of the
APEM CS are the control signals for the steam generator
for providing the effective and energy-saving operating
modes.

5. Switching and protection equipment.

* SAIl — switch for connecting the AB unit (DC
contactor 100V, 60A).

* SA2—switch (circuit breaker or contactor 30V, 1A)
for supplying the auxiliaries of the UZ1 inverter.

* FMI - single-phase circuit breaker or AC
contactor. It is being connected after switching to
the autonomous supply of the auxiliaries from the
own network. FM1 prevents the discharge of the
AB unit.

+ KMAB — DC contactor for connecting 48V DC
voltage from the output of the AB unit or the
supercapacitor to the input of the UZ1 inverter.

* KMS — switch (3x380V AC contactor, 10A) for
connecting the stator winding of the SGPM to
three-phase voltage for the idle start of the REE.
Then the engine reaches the nominal conditions at
the «light» operating mode till the speed is 600-
700 rpm.

*+ KMG - switch (3x380V AC contactor, 50A) for
connecting the output of SGPM to the RIU after
the starting procedure was completed and the
KMS switch was switched off.

« KML - AC contactor for connecting the load
module.

Fig. 5 shows the module structure of the power circuit
as a technical solution for the RIU. Such solution may be
effective for the autonomous energy supply module [10]
—[12]:

1. Three-step principle of converting the electric
energy from the SGPM. The structure of the RIU
based on this principle includes the uncontrolled or
the controlled (active) rectifier — module 1, the boost
DC/DC converter operating at the high frequency
(more than 10kHz) — module 2, the inverter of the
required power having the input control of the DC
voltage (450-600V) and the sensorless vector control
mode — module 3. The DC voltage multiplication
factor of the module 2 is in the range from 2 to 3,5.
The output of the RIU is connected to filter F or an
isolating transformer (which is more preferable). The
power circuit of the rectifier, the DC/DC converter
and the inverter can be manufactured as separate
complete devices. There can be two separate control
systems for the DC/DC converter and the inverter or
single combined control system for two modules.

2. The autonomous energy supply module of this type
has optimal mass and dimensional characteristics
for the output power given, and these characteristics
mostly depend on the applied SGPM and the
implemented control principle of the RIU [6]. The
module can provide the power control without
electric power sensors if the calibration curves of

the power plant (the steam generator and the rotary
expansion engine at the rated shaft speed) are known

in advance.
0}
(low) Rectifier Inverter
+
\ :
.| U DC
150-
B zoov‘ DC
e T

Fig. 5. Module structure of the power circuit

The ready-made technical solutions analysis made by
the authors allows to note that currently there are no high
power DC/DC converters manufactured by the industrial
companies for integrating into the systems with frequency
converters having an option of connecting to the DC-bus.

There are no various options for purchasing the invert-
ers with input DC voltage and output three-phase AC volt-
age that are not complete standard frequency converters in
the market of electric products in the Russian Federation.
Such technical decisions are available at the markets for
the solar power systems. E.g. the inverter Omega 11kW
(solar inverter for the power water pump [13]) of Master-
Power (Spain) having the input DC voltage range from
250V to 800V and the output three-phase AC voltage of
380V.

Scientific articles and patents [12], [14] confirm the
relevance of the solution of the technical problem in
designing autonomous electric power plants of various
power and of different purposes with variable speed of a
driving engine and controlling output electric power for
efficiency increasing.

V. CONCLUSION

The designed electric power subsystem of 30kW pow-
er for the autonomous energy supply module is given in
this article.

The synchronous generator with permanent magnets
(SGPM) is recommended to be applied as an electric gen-
erator within the autonomous energy supply module.

The structures including SGPM without using electric
or mechanical multiplicators have the limited possibilities
of regulating the output voltages. It requires designing
the special type of the rectifier-inverter unit (RIU) of the
module type including the rectifier (controlled or uncon-
trolled) module, the boost DC/DC converter and the in-
verter having an option of connecting to the DC-bus.
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Abstract—Sapropel has been wused for different and biological compounds that can have a multitude of

purposes - in agriculture as fertilizer, in construction as
building material, in cosmetic products, in balneology also
in medicine and pharmaceuticals as bioactive component.
Previously sapropel has been commonly used in raw form
and there is no general accepted method or standard method
for obtaining sapropel extract. However, most extraction
methods follow the same path. Currently, there are few
extraction methods using several extractants for obtaining
bioactive components from raw sapropel.

The most commonly used extractant is alkaline solution.
When sapropel is subjected to alkaline environment, the
humic and fulvic acids, together with some lipids, vitamins
and sugar, present in the raw sapropel become soluble,
however other organic and mineral content present in
the sapropel remain solid. Alkaline extraction is followed
by filtration and water present in the aqueous mixture is
evaporated off.

Latvian freshwater sapropel can be used as raw material
for obtaining sapropel extract and use it as remedy. But the
main question for sapropel usage in medicine, balneology
and pharmacy is to develop quality criteria for raw
sapropel and its extracts. The quality criteria should include
minimum requirements for biologically active substance
concentration, pH values, antioxidants as well as physical
characteristics.

In future studies the differences in extract characteristics
of the various deposit sites, as well as the stability of the
extracts under different storage conditions should be
defined; also, there is need for a common approach to
develop method of extraction process for active substances
from sapropel and analysis procedures of its extract.

Keywords—antioxidants, extraction, freshwater sapropel,
Sfulvic acid, humic acid, sapropel

1. INTRODUCTION

Sapropel has long been used as a remedy in medicine
and veterinary medicine, having a positive effect on the
health [1], [2]

Sapropel biological and biochemical structure and
composition varies strongly depending on its origin.
Its characteristics are determined by organic, mineral

effects on skin [3]. Sapropel has a high heating capacity
that makes it useful for topical applications in medicine
and rehabilitation. It is proposed that the medical effects
are due to its high heating capacity and a mixture of
chemical elements, hormones, various organic acids and
vitamins (C, B1, B2, B5, B6, B9, B12, E, D and P) found
in sapropel [2], [4]being included in most of ancient
Mediterranean/European medical texts and currently
used to prepare therapeutic hot-muds (peloids.

Previously sapropel has been used in raw form and
there is no general accepted method or standard method
for obtaining extracts of its active components. There are
number of extraction methods using several extractants
for obtaining bioactive components from raw sapropel
and most of the extraction methods follow the same path
[5]-

Extraction is a principal process for recovery and
separation of biologically active compounds from
nature materials. Extraction converts complex matrix
into suitable ingredients for pharmaceuticals, medicine,
cosmetics and analytical procedures [6].

Literature suggest different extraction methods for
obtaining biological active substances from sapropel.
Most popular is solid-liquid extraction (SLE) with
alkaline solution [7]. There are recent reports for sapropel
extract using microwave-assisted extraction (MAE),
ultrasound-assisted extraction (UAE), supercritical fluid
extraction (SFE) and hydrostatic pressure extraction
(HHPE) [6]-[8]. All these techniques have proven
effectiveness in extraction form natural matrices and
could be used as extraction methods for raw sapropel.
Also all methods have followed principles of maximizing
the yield of extraction, can be adapted for industry and
have procedures to avoid impurities [6].

The first step of extraction process is isolation of active
components from cells by using physical and chemical
processes [9]. Choice for appropriate cell disruption
process depends on sapropel sediments, that consist of
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crystalline skeleton like sand and clay, and residues of
water organisms — flora, fauna; it all makes colloidal mud
solution, which has complex cellular matrix [10]. In case
of sapropel extract, cell disruption usually is done by
drying samples before solid-liquid extraction process.

1. MATERIALS AND METHODS

A.  Sapropel samples

In this work the sapropel samples were extracted
from 5 lakes in eastern Latvia. Lakes were selected by
analysing the Latvian lake database (ezeri.lv) [11],
containing official geological survey of Latvia lakes. The
sapropel deposits depth, lakes coordinates, history of
agriculture next to lake were considered in the selection
of the lakes. The sapropel was obtained from 5 lakes:
Audzelu lake (Audzelu ezers), Dunaklu lake (Dianaklu
ezers), Ivusku lake (Ivusku ezers), Zeilu lake (Zeilu ezers),
and Little Kivdalova lake (Mazais Kivdalovas ezers) in
Latgale region of Latvia.

The extraction of sapropel from the lakes was
performed during the winter time when the surface of the
lakes is frozen. Prior to the sample collection the thickness
of the proper sediment layer was determined and the
depth of sapropel deposit was established for each of the
lakes as well as within each of the lakes by taking probes
in several locations. To select a well-composed sapropel
layer for further laboratory analyses the samples were
taken from three different depths of sapropel sediment
at each extraction point and up to eleven different points
through lake coordinates (fig.1). During the sample
collection procedure 21 samples were obtained from each
for the lakes that resulted in 105 sapropel samples in total.

242500
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100 200 300 400 m N 241500
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® Izp&tes urbums, kurd netika ieglts paraugs
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Fig. 1. Sapropel sample coordinates in Audzelu lake
(A1 — A1l sample taking points)

Preservation of sapropel samples. All sapropel
samples were kept in closed plastic containers without
oxygen access to oxygen in order to prevent oxidation
of the sapropel and its active components. The sediments

were refrigerated and kept at 4°C; in these conditions’
samples were stored from 4 to 8 months before extraction
process and analysis.

The storage temperature of 4°C was selected as it most
closely resembled the natural water temperature at the
bottom of the lake during the winter time.

B.  Extraction of active componenets from
Sapropel

For the extraction of active components from the
sapropel samples the alkaline method was selected.
Extract was obtained from each of the samples (n=56).
Solid-liquid extraction process with 2% NaOH solution
was used for the extraction of humic and fulvic acids
from the sapropel samples. Sapropel sample with NaOH
solution was stirred for 24 h, and then mixture was
centrifuged at 5000 rmp for 30 min, and then filtrated.
Filtrate was acidified with 5 N H,SO, solution till pH 2
and centrifuged again. Filtrate was separated from solid
particles, and both liquid extract and solid extract were
stored at 4°C before use.

After sodium hydroxide solution was added pH level
rises from neutral to pH 10, all chemical cell disruption
processes began, stirring helps with mixing base alkaline
solution with sapropel; colloidal mixture is formed.
After centrifugation, sand particles and insoluble matter
precipitates and is discarded. When acid was added humic
acids molecules precipitated from the solution and stay
in solid form; fulvic acid remains in the solution. The
extraction process results in two forms of extract: solid,
crystalline phase; main part of which is humic acids, and
the liquid that contains high concentration fulvic acid
solution.

C.  Characterisation of the sapropel extract

For the characterisation of the sapropel extracts there
are no generally accepted guidelines as it is usually the
case for many plant extracts. In general the minimal
quality indicators for plant extracts are the concentration
of active substances, pH values, visual inspection, and
raw material quality. The same principles were applied to
the characterisation of the sapropel extracts.

Sapropel extracts were characterised by organic
carbon content (TOC), humic acid (HA) and Fulvic acid
(FA) concentration, pH level, and antioxidant level.

Total organic carbon, HA and FA were determined
using spectrometric method.

Sapropel pH level was determined using distillated
water (volumetric ration sample: water - 1:2.5).

To determine antioxidants the following methods
were used: DPPH radical method, Folin-Ciocalteu
method for determination of the total phenolic content
and total antioxidants status were calculated.

The total phenolic content in sapropel extract was
determined spectrophotometrically according to Folin-
Ciocalteu method [12]we will determine the antioxidant
properties of methanolic extract of propolis from
Ghardaia and Khanchla provinces of Algeria and will
correlate the values with total levels of polyphenolic
compounds. Methods: The total polyphenol contents of
methanolic extract of propolis were measured by using
Folin-Ciocalteu spectrophotometric method. Thereafter,
the antioxidant properties of these polyphenols were
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determined by using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH. This method is based on the reaction of phenol
in sapropel extract with Folin-Ciocalteu reagent. The
content of phenolic compounds of the extract was
expressed as gallic acid equivalents. The gallic acid was
used to set up a standard curve. All the samples were
analyzed in triplicates.

The total free radical scavenging capacity of sapropel
extract was determined using the stable DPPH radical,
which has absorption maximum at 515 nm. The radical
solution was prepared by dissolving 2.4 mg DPPH
in 100 ml methanol, a test sample (5pul) was added to
methanolic DPPH. Also, absorption of blank sample
(without antioxidant) was measured. A calibration curve
was plotted with DPPH scavenged versus concentration
of Trolox equivalent (TE mmol/L) [13], [14]. All samples
were determined as triplicates.

Total antioxidant status (TAS) in samples was
measured using Randox Total Antioxidant status kit
(Randox Laboratories Ltd.) adapted to the RX Daytona
automated chemistry analyzer (Randox Laboratories Ltd)
[15]

ABTS®  [2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid)] incubated with H,O, and peroxidase
(metmyoglobin), generated the ABTS® radical cation. It
has a relatively stable colour of green and blue, which
absorbs at 600 nm. The antioxidants present in the
sample prevent the formation of the cation; therefore
the colour is proportional to its concentration. The result
was expressed in milimoles of Trolox equivalent (TE
mmol/L) of the sample solution.

I11. RESULTS AND DISCUSSION

A.  Sapropel samples

The location of balneologically usable sapropel
layer in the studied lakes was found to be from 2.0 to
9.0 m from the surface of the sediment layer exact
depth depending on the lake and the position of the
measurement point in the lake. Actual thickness and
location of the balneologically usable sapropel layer
varied depending on the depth of the lake and the degree
of the decomposition of organic matter in the lakes. If the
depth is less than 1.5 m from the surface of the sediment
layer, sapropel sediments are not fully developed and
thus were not used in this study. Organoleptically testing
the colour of samples it was found that sapropel colour
varies from greenish yellow till black. Green and yellow
coloured sapropel usually relates to high silica content
and is found in moraine landscape lakes; black coloured
sapropel has high organic matter and is found in lakes
with low mineral content; brown and dark green sapropel
is mixed type and its origin comes from lakes plankton,
higher plants and sometimes its connected with peat
layers [1]. Sapropel sample pH level is around 7 — 8 it
means that these sapropel sediments has high mineral
content [16]. The characteristics of the research areas are
shown in table I.

TABLE I. THE CHARACTERISTICS OF THE RESEARCH AREAS

Characteristics
Lake name Lake surround- Sapropel The depth of
. the sapropel pH
ings colour
layer, m
Audzely | Small village | gy 265-114 | 7.14
forest
Ivusku Agricultural | g 0 195 104 | 796
land
Dunaklu Towns.suburb, Greenish 09-95 756
has an island yellow
Forest,  agri-
Zeilu cultural land, |2 2 T K| 40-95 7.82
green
cemetry
. . | Agricultural
Litle Ki- 1 0d, farm- |2 3 T K17 112 | 727
vdalova brown
stead

B.  Sapropel extract

All 105 sapropel samples were tested for the presence
of heavy metal residues and pesticides. Almost all of
the samples tested had the level of heavy metal and
pesticides below the level accepted for medical use, 56
samples were selected for the extraction of humic and
fulvic acids.

In literature it is reported that the concentration of
humic and fulvic acids in the sapropel extract varies
due to differences in the chemical structure of humic
substances (HS) and physical availability of the organic
matter associated with mineral in sapropel [17].

Extraction performed with sodium hydroxide the
yielded approximately is 22 -28 g of humic acids and
5 - 9 g fulvic acids from one-kilogram dried sapropel.
Outcome of acids is calculated in dried extract form, for
fulvic acids excess liquid was evaporated. Humic acids,
fulvic acids and total organic carbon, extracted from one
g sapropel from each of the lakes are shown in fig. 2;
median values of HA, FA and TOC were calculated to
show average values of each lake. The highest difference
between the sapropel from different lakes is in the yield
of the fulvic acids where the highest and lowest values
differs by more than 80%, while the total organic carbon
is more uniform with the difference between lowest and
highest values less being less than 30%. Results show
that the highest organic acid concentration is in Audzelu
lake and Little Kivdalova lake. The high organic acid
concentration in these lakes can be related to the way
sapropel forms in these lakes. In both lakes the sapropel
sediments are organic sapropel with lower mineral
content and with lover pH values.

m HA (TC 55%) mg/g

138,44

Dunaklu 44.48
I—— 104.28

FA(TC 52%) mg/g  mTOC mg/g

. 160.19
Zeilu 74.25
I 126.36

113.12
Ivusku 76.51
I 106.48

167.83
Little Kivdalova 72.78
——— 129.12

161.79
Audzelu 69.53
I — 125..4

Fig. 2. Concentration of humic acid (HA), fulvic acid (FA) and total
organic carbon (TOC) in each lake, mg/g.

116



Klavina et al. Extraction of Biologically Active Components from Freshwater Sapropel.

It is reported in [18], [19] that not only the color
of sapropel sediments can vary, but also the color of
extracted HS can be different, indicating the degree of
humification and HA and FA concentration in the extracts.
Color of extracts was from light yellow to dark brow.
Extracts from Dunaklu and Ivusku lake were yellow but
extracts from Audzelu and Little Kivdolova lakes were
darker almost black and it correlates with HA and FA
concentration.

The concentration of humic and fulvic acids in sapropel
extract are higher in organic sapropel, it also is related to
the age of sapropel layers as the formation of bioactive
substances, mineralisation of lakes and degradation of
organic matter all influences the concentration of HA and
FA in sapropel [3], [20].

In the analysis of the extracts the antioxidant level
was measured. Antioxidant levels were calculated for
each sapropel layer, there was no significant difference in
antioxidant concentration of each sapropel extract from
various layer, so median concentration of antioxidants
was calculated to show average findings from each lake.
It was found that antioxidant level is considerably higher
in organic sapropel extracts from the lakes Audzelu, Little
Kivdalovu and Zeilu. The difference between the highest
and the lowest values is almost threefold for the total
antioxidant level. The reason for so drastic differences in
the antioxidant levels between different lakes is not fully
understood. It seems that the antioxidant level does not
correlate with the level of humic and fulvic acids

Antioxidants
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Total antoxdant number, mmol/L

Fig. 3. Antioxidant level in sapropel extract from each lake.

One trend is that one of the lakes — Dunaklu
lake gives considerably lower both antioxidant and
humic and fulvic acids levels. However, Ivusku lake
with the lowest antioxidant levels is high in fulvic
acid level. More studies of different samples from
the sediments in the same lake might be needed to
better understand the variations of these parameters
in the sapropel extracts obtained from different
sources. The antioxidant measurement results are
shown in fig.3 for each lake.

IV. CONCLUSION

Balneologically usable sapropel was found in all
studied lakes. The most suitable lake as a source of
sapropel was found to be Audzelu lake. It is easy
reachable, because of the small village next to it, it
has high humic and fulvic acids concentration and it
shows the highest antioxidant level.

The concentration of humic and fulvic acids
and the antioxidant levels varies strongly between
different lakes. In the studied samples the
concentration of humic and fulvic acids do not
correlate with the antioxidant level.

The difference in humic acid levels between
different lakes is much less pronounced than the
difference in the fulvic acid and antioxidant levels.

In cases where higher fulvic acids and or
antioxidant level are desirable it is important to
select correct lake for the raw sapropel extraction
since the fulvic acid content and antioxidant level
varies strongly between the lakes.
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Research of Laser Marking and Engraving on
Brass Alloy 260
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Abstract—Brass Alloy 260 is widely used in mechanical
engineering (odometer contacts, radiator cores), electrical
engineering (electrical connectors, screw shells), plumbing
(bathroom fixtures), consumers (watch parts, buttons,
lamps) etc. The paper presents an analysis of the laser
marking and engraving process. The ability Rofin
powerline f20 laser system to engrave on Brass Alloy 260
is described. Recommendations are given on choosing the
right parameters for laser marking and engraving of Brass
Alloy 260 products.

Keywords— laser engraving, laser marking, Brass Alloy
260, Brass Alloy laser marking, laser marking analysis.

L INTRODUCTION

The need for different types of information to be
placed on different products has increased in recent years.
The most common information on products is related to
the manufacturer. A serial number of the product or item,
information about the manufacturer, manufacturer’s logo,
etc. Specific material for marking is brass alloy which is
widely used in many areas including military area, where
the need for marking has increased. Ammunition marking
is necessary for public safety and stronger ammunition
control. [2],[4]

Information can be placed in direct text (letters,
numbers, and images) or encrypted (barcode or QR code).
Different marking methods are used based on the type
of material used and production needs. Manufacturing
companies devote their efforts and resources to the
development of different marking methods for specific
needs.

Various marking methods are widely used in
industries and fields: shock-mechanical; electro erosion;
electrochemical; screen printing; pad printing; anodizing;
thermal painting; powder coating; ink printing; labeling;
laser marking etc. Each of them has its own place in
different specific productions. As the materials used in
production change, the requirements for their marking
change.

Historically

used marking methods become
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unprofitable or unusable. Like shock-mechanical marking

method can’t be used on brittle materials.[1] Laser

marking successfully replace older marking methods and

provide the following benefits:

* the ability to mark various types of materials - metals,
semiconductors and dielectrics;

« contactless method;

» minimal heat-affected zone;

* high wear resistance;

* accuracy;

* high contrast;

* high labor productivity;

* high information density;

« flexibility; marking of hard-to-reach places;

* no additional processing;

* the possibility of marking in the movement; integration
into automated lines;

« ensuring high protection of information; environmentally
friendly process.

* possibility of marking on assembled products, like
ammunition cartridges (Fig.1). [5], [6]

1

| THETI
————

Fig. 1. Brass ammunition cartridge laser marking. [2]

As we have many different materials used in produc-
tion, we must choose the right laser system that meets our
marking needs. There are different types of laser systems
on the market that have a wide range of applications:

* Gas laser — Helium-Neon, Argon, Krypton, Carbon di-
oxide, Nitrogen.

* Solid-state laser — Rubin, Neodymium: Glass, Neodym-
ium, Alexandrite.

* Diode laser — GaAlAs/GaAs, InGaAsP/InP, InGaAlAs.

(3]
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II. OBJECTIVE OF THE STUDY

The objective of the paper is to analyze marking
possibilities on Brass Alloy 260 using the 20W fiber laser
system Rofin powerline f20.

Research is made for company that manufactures
several types of Brass Alloy 260 products. Goal is to
create a system and marking technology and integrate
it in one of the production stages with the following
requirements:

» The mark should be clear and legible;

After chemical treatment, the mark can’t be significantly
damaged;

*The marking area is up to 10x50 mm,;

*Up to 16 symbols are placed in the marking area;

*Marking speed should be at least 2 products per second.

I1I. MATERIALS AND EQUIPMENT

A. MATHERIALS
Brass alloy has been used for many centuries for

locks, plumbing valves (Fig.2), bearings and musical

instruments. [A7]. Brass is an alloy of copper and zinc.

Changes in proportions of zinc and copper leads to

different material properties.

There are 3 types of commonly used brass alloys:

e Cartridge Brass (Brassalloy 260)—areas of application:
plumbing  tools, automotive  manufacturing,
ammunition (Fig.1) components etc.

e Brass C330 — wide usage in plumbing for good
bending and welding ability.

* Brass C360 - Leaded brasses are known for resistance
to atmospheric corrosion. [A7]

Fiber Laser
Excimer Laser (CuBr Laser Disk Laser
gimer Laser Cubt Laser L oaG taser
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Fig. 3. Various material electromagnetic radiation absobrtion [%]
depending on emited wavelength [um)].

B. LASER SYSTEM

The fiber laser system Rofin powerline f20 was used in
the study.

p
/ Galve
! Head

X mirror

Y galvo Laser source

N Focusing opties

4

Fig. 4. Schematic view of Rofin powerline f20 experimental set-up

Material [N

Rofin powerline f20 laser system technical parameters
can be observed in Table II. and schematic view of exper-
imental set-up could be observed in Fig.4

TABLE IL. ROFIN POWERLINE F2() TECHNICAL PARAMETERS
Symbol Name Values range | Units
Fig. 2. Brass Laser Marking with Fiber Laser [A8] v Scan speed 1 — 20000 mm/s
Brass alloy 260 consist of copper and zinc. Where Af Defocus -10—+10 | mm
Coper is approx. 70%, zinc is approx. 30% and other P Avarege power | 0 — 20 w
components are less than 0.15%. S Impulse frequen- [ 20 — 50 kHz
TABLE I. CoMPONENT ELEMENTS PROPERTIES [A9] 2
T Impulse length 4-200 ns
COppCI’, Cu 68.5-71.5% Working range 300x300 mm
Iron, Fe <=0.050 % Focal spot size 20 pum
Lead, Pb <=0.070 % A Wavelength 1064 nm
Other, total <=0.15% Laser type diode pumped fiber Yb;
ZiHC, 7n 285-31.5% Operating mode impulse

Brass alloy is a highly reflective material. Therefore,
many laser systems are not suitable for marking this ma-

terial (Fig.3).

C. MESUREMENT DEVICES

In the beginning of experiments laser system
adjustments were made in pulse mode. The average
output power was measured on an OPHIR F150A-BB-26
instrument (Table 3). Results are represented as power as
a function from kp (Fig5). This graph is important as in
laser system software must be defined coefficient kp not
power directly.
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TABLE III. PowER MEASUREMENT SENSOR OPHIR F150A-
BB-26 SPECIFICATIONS
Absorber Type Broadband
Spectral Range [pm] 0.19-20
Aperture diameter [mm] 26
Power Range [W] 0,05 - 150
Power Noise Level [mW] 3

Max Average Power Density | 12
[kW/cm2]

Max Energy Desnity [J/cm2] | 10

Power Accuracy [+/-%] 3

Cooling fan

P=P(k,), =800 [kHz], 7=4 [ns]
25

20

Fig. 5. Mapping of values of power regulation coefficient k, [%] to
laser mean power P [W] with a constant pulse repetition frequen-
cy =800 [kHz].

“Lext” 3D Laser Measuring Microscope OLS 5000
was used in this study for laser processing impact on
the material e.g. in this case after laser processing we
measured the width and depth of laser beam influence on
the material.

Measurements were made using MPLFNN10XLEXT
lens with 236x zoom and following technical data was
given from manufacturer:

* Z measurement pitch: 2um
* Z axis measurement accuracy: 0.15+L/20pm
» XandY axis resolution: +/- 1.5%

Iv. METHODS OF MEASUREMENT

Effects on area of laser impact - heating, melting or
evaporation depends on the energy that is absorbed by
material. For understanding Energy absorption in more
detail following formulas was used:

* Linear Pulse Energy

P
LPE = |J/mm
L. 17/ mn) 0
The LPE dimension is numerically equal to the absorbed
energy per unit length in the laser marking area.
* Linear Pulse Density

f

TR

LPD 2)

The LPD dimension is numerically equal to the number
of pulses fallen to a unit length.

» Effective energy

E,=LPE LPD, 3)

The E, dimension gives the amount of absorbed energy
of the laser radiation per unit area of the laser impact
area. From formulas (1), (2) and (3) formula a shorter
version could be obtained (4).

rf
Eef =—7,
v )

V. RESULTS AND DISCUSSIONS

The experiments in this study were grouped in three
main directions:

- Investigation of the duration of laser pulses on
the width and depth of the lines marked on the
samples;

- Investigation of the effect of the processing speed
on the geometry of the marked line (width,
depth);

- Examination of the influence of the power density
on the marking (width and line depth)

During each of these series of experiments, the
remaining technological parameters were kept constant.

16
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Fig. 6. Graph shows depth changes as a function from impulse length

h=h(t). Variable parameter is 1. All other parameters are constant: f= 2

[kHz], k,= 80 [%], v=20 [mm/s]. k, — mean power [%]; T — pulse dura-
tion [ns]; f— pulse frequency [kHz]; v — marking speed [mm/s]

A nonlinear increase in the depth of the mark is observed
for the entire investigated pulse duration range (Fig.6).
The curve is part of a parabola. The rate of increase in
depth is:

e 0.10 um/ns for the range T € [20, 100] ns;

e 0.04 um/ns for the range T € [100, 200] ns.

In the first pulse duration range, the marking depth is
changing significantly faster than in the second.
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Fig. 7. Graph shows width changes as a function from impulse length
b=b(t). Variable parameter is 1. All other parameters are constant:
=2 [kHz], k,= 80 [%], v=20 [mm/s].

A nonlinear increase in the width of the mark is observed
for the entire investigated pulse duration range (Fig. 7).
The curve is part of a concave parabola. The rate of in-
crease in width is:

e 0.023 um/ns for the range t € [20, 50] ns

e 0.13 um/ns for the range t € [50, 200] ns.

In the first pulse duration range, the marking width is
changing significantly faster than in the second.

14
12

10
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Fig. 8. Graph shows depth changes as a function from marking
speed h=h(v). Variable parameter is t. All other parameters are
constant: f=2 [kHz], k, =80 [%], 7=200 [ns].

The depth of the marking decreases non-linearly with
increasing the span speed v € [5, 100] mm / s (Fig.8).
The rate of decrease in depth is:
e 0.139 um/(mm/s) for the range v € [5, 50]
mm/s;

e 0.026 um/(mm/s) for the range v € [50, 100]
mm/s.

The results are in line with the theory of speed influence
on the laser marking process of metals.
The same non-linearity is observed for marking width
changes as a function from marking speed (Fig.9).

The rate of decrease in width is:

e 0.93 um/(mm/s) for the range v € [5, 50]
mm/s;

e 0.033 um/(mm/s) for the range v € [50, 100]

mm/s.
90
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Fig. 9. Graph shows width changes as a function from marking
speed b=b(v). Variable parameter is t. All other parameters are
constant: f=2 [kHz], k, =80 [%], T=200 [ns].
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Fig. 10. Graph shows depth changes as a function from power density
h=h(qy). All other parameters are constant: f= 2 [kHz], v=35
[mm/s], =200 [ns].

A nonlinear increase in the depth of the mark is
observed for the entire investigated power density range
(Fig.10).
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Fig. 11. Graph shows depth changes as a function from linear pulse
energy. All other parameters are constant: f= 2 [kHz], v=15
[mm/s], =200 [ns], P=18 [W].

A nonlinear increase in the depth of the mark is ob-
served for the entire investigated linear pulse energy
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range (Fig.11). The rate of increase in depth is:
e 3.984 um/(J/mm) for the range LPE € [0.16,
1.6] J/mm;
e 0.925 um/(J/mm) for the range LPE € [1.6, 3.2]
J/mm.
In the first pulse duration range, the marking depth is
changing significantly faster than in the second.

VL CONCLUSION

More and more companies and manufacturers need
to mark new materials where classical marking methods
become more difficult to apply. Laser marking provides
new opportunities to process different materials. Each
material has its own specific characteristics, so it is
necessary for each technology to choose the most optimal
and efficient laser system.

The need for our research is new requirements for
the manufacturer to mark each product by including the
marking system in the production line. The material used
in the production is Brass Alloy 260.

With our chosen F20 fiber laser system, samples with
variable parameters of the laser system were marked. The
depth and width of the mark were analyzed.

The depth and width of the marking lines were analyzed
as a function of the laser parameters, the results obtained
were good and meet the user requirements.

Further research will focus on analyzing other
parameters related to markup quality, such as contrast, and
more. Their dependence on changing laser parameters.
Research will also be done with other laser systems having
a variable wavelength. It will also assess the performance
and economic efficiency of the new technology.
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Abstract—The paper discusses design of energy storage
based energy recovery system for elevators. The main
element of such system is unidirectional DC-DC converter to
control energy flow to supercapacitor or li-ion battery based
energy storage. The paper gives explanation of selection of
the converter topology and some design considerations. The
test results of experimental prototype on a developed test
bench are presented in the paper.

Keywords—DC-DC converter, supercapacitors, energy
efficiency, electrical drive, isolated converter.

I. INTRODUCTION

Energy efficiency of an elevator can be improved by
storing the regenerated braking energy produced during
descending of heavy loads and ascending of light loads.
The proposed solution is to integrate DC-DC converter
together with supercapacitors into one module and retrofit
existing electrical drive system of the elevator to increase
energy efficiency. The structure of the energy recovery
system is shown in Fig. 1. Such system makes the elevator
system energy efficient.

Variable
frequency

rectifier converter

L1 .............ﬁ
L2 J‘EF ooooo
L3 =

DC ﬁ

Unidirectional
DC-DC
converter

\
Braking chopper l 1|:|- JA

Auxilary DC
loads

Supercapacitor
module or Li-ion
battery

=

Supercapacitor based modernization device

Fig. 1. The application of supercapacitor based retrofit device in
elevator or lifting device system.

To utilize low voltage energy storage unidirectional
DC-DC converter is required. The stored energy later
can be used to supply auxiliary DC loads such as LED
lightening and elevator control system. Induction motor
or permanent magnet motor together with frequency
converter is used more frequently to drive elevator
mechanisms. If the motor is pushed rotating faster than
the synchronous speed, then it will move to regenerative
braking mode and generate electricity. The braking energy
still is wasted as heat in braking resistors in more than 90

percent of all installed elevators [1]. By useful utilizing of
this energy could be stored from 20 to 40% of electrical
energy. In other cases regenerative variable frequency
drives are used that supplies braking energy back into AC
grid. If there are no electrical loads into shared facilities
electricity should be supplied back to the utility network.
The price for this electricity is low, therefore, payback
time of regenerative drive system can be much longer as
in case with a local storage with a DC-DC converter — one

example is shown in Fig. 2.

o« Payback time of energy storage device and regenerative
2 frequency converter
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Fig. 2. Payback period of regeneretive AC drive and energy storage
system.

In the example shown in Fig. 2 consumption of the
elevator is equal to 7000 kWh, energy savings 40% and
electricity price in Latvia. The approximate price of the
regenerative variable frequency converter is equal to 2000
EUR but price of proposed energy storage system — 3000
EUR. Taken into consideration that price of electricity
purchased from the grid operator is at least 3 times higher
than price for electricity delivered back to grid operator
the payback time of energy storage system can be much
shorter although the initial investments is higher.

The central part of the proposed solution is unidirec-
tional power electronic converter which should detect
braking mode and provide optimal power flow to the stor-
age. It is important to reduce the current ripple and im-
prove the efficiency of the converter. One of possibility is
to use multilevel interleaved DC-DC converter topology.
In such way it is possible to improve efficiency as low
voltage transistors have better parameters and reduce cur-
rent ripple as the currents are shifted in phase and there-
fore current ripples are much lower.
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Interleaving control schemes of the DC-DC
converters more and more often are used in the converter
applications, especially, in the converters that require
high power capability and high performance. Benefits
of such control methods include reduction of size, losses
and cost of the input and output filter, reduction of
current stress of the DC bus capacitor, improved dynamic
performance and increase in the power capacity of the
converters. Interleaved DC-DC converters are used in
various applications: as voltage regulation modules [2],
[3] renewable applications [4], [5], [6], [7], [8], traction
applications [9]-[14] and in the other application areas.
In this case benefit from utilizing interleaved topology
is possibility to reduce the size and losses in output
inductors.

II.  DC-DC Converter DESCRIPTION

As a converter topology for particular application
input-series output-parallel (ISOP) configuration is
selected that consists of two modular DC-DC converters
connected in series at the input and in parallel at the
output (Fig. 3), enabling the use of high switching
frequency MOSFETs with low voltage ratings, which
leads to a higher power density and a high conversion
efficiency. As output current ripple frequency is twice of
the switching frequency, size and costs of the output filter
can be reduced. The voltage of both legs of the converter
due to unequal values of passive components and delays
in control signals may differ. If this issue is solved without
changing the control system, the control of the converter
can be realized as for conventional DC-DC converter just
signals should be shifted in phase by 180 degrees.

If in the ISOP the converter balancing of the voltages
of both legs is not provided, the difference in currents
through transistors causes misbalance of the capacitors
voltage and this will lead to failure. The difference of
currents of both legs can be caused by unequal inductances
of the inductors, transformers, unlike parameters of
semiconductors or different duty cycle, especially, in the
transient process. Misbalance in the voltage causes larger
current in the leg with higher voltage so slow process of
stabilization will take place, but mostly it is not enough
to keep voltage of the capacitor in the desired level.
Therefore, it is necessary to find a solution to prevent the
situation when voltage of the capacitor reaches dangerous
value and damages semiconductors or passive elements.
of the capacitor reaches dangerous value and damages
semiconductors or passive elements.

. i
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T1 i i
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Fig. 3. Schematics of ISOP forward DC-DC converter.

Fig. 4 shows structure of the proposed transformer
which consists of round ferrite core and three windings.
Number of turns of the secondary winding and balancing
winding are equal to 27. For the balancing winding wire
with cross sectional area equal to 0,2 mm?2 is used. For
the secondary winding litz wire with cross sectional area
equal to 7 mm? is used. The balancing resistor in series
with balancing winding must be selected according to
desired rapidity of voltage balancing process. Should be
considered that resistor with low resistance leads to higher
current therefore cross sectional area of the balancing
winding must be increased if it is required faster balancing
process. In the particular case balancing resistor has value
around 800 Ohm. The power losses in this circuit is low
therefore compact balancing resistor can be used with
power of less than watt, additional balancing windings
can be created by using wire with small cross-sectional
area.

-Ferrite core

e
Primary
n‘wmdmg
"Balam:mg
7~ winding
£ 'Secondary
winding

Fig. 4. The transformer for ISOP converter configuration with
integrated balancing winding.

Fig. 5 shows the oscillograms with voltage balancing
process. The voltage equalization circuit is not provided
to hold equal voltages in all conditions. The main task of
the balancing winding is to ensure that voltage does not
reach dangerous value. In particular case there is voltage
shifting margin of safety equal to 70 volts as maximum
allowed voltage of the input capacitor is equal to 350
V. And other task is equate voltages when misbalance
current is over.

Vil

Is  Trig: AX

Fig. 5. The process of voltage balancing.

In the oscillograms shown in the Fig. 5 during first
moment the converter works with full load but in mode
with small duty cycle therefore voltage balancing circuit
cannot fully compensate misbalance current but the voltage
stays in the safety margin. After reducing of the load
balancing circuit equalize both voltages. The oscilogram
is measured in the short circuit and no load conditions in
which the voltage equalizing process is the worst as duty
cycle in these modes is small. But even in the following
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conditions balancing circuit works satisfactorily. More
detailed description of the balancing circuit design and
working principle can be found in [15]-[17]

Qutput

Qutput
) inductors

diodes
Fig. 6. The hardware realization of the ISOP DC-DC converter.

e
- 60
- 40
23.9

Fig. 7. The thermal image of the converter working at full load.

Transformers

capacitors

Fig. 8. Output current ripple (blue line) and current ripple in the
inductor (red line).

The ISOP converter is designed for input voltage
600 V DC and output voltage from 0-30 volts, output
current 100 A. The control of the converter is realized
by using DSP microcontroller. Fig. 6 shows hardware
of the converter, for transformer design it is used N87
material two ring ferrite cores to increase effective
cross sectional area of the core. For inductor it is used
metal powder cores. Output diodes are connected 3 in
parallel to minimize power losses. Input capacitors have
high value as converter also was tested far from the 3
phase rectified AC power DC bus, this value can be
significantly reduced. The transformer based drivers were
designed to drive MOSFET transistors. To cool down the
semiconductors and magnetic elements the converter is
equipped with radiator and electric fan. As can be seen
in Fig. 7 the temperature of the converter elements does
not exceed critical values under nominal load. In Fig.8
are shown current ripples in the output inductor of one
phase and summary output current, Due to interleaved
topology these ripples can be eliminated fully by using
relatively small output capacitor therefore size and price
of the converter can be reduced.

I11. DEesiGN oF TEST BENcH To EMULATE ENERGETIC
PROCESSES OF ELEVATOR
The energy recovery system that includes

unidirectional DC-DC converter and series connection of
supercapacitors is connected to the DC link of the traction
drive simulator. The DC-DC converter operates in a step-
down mode and provides supercapacitor or Li-ion battery
charging, after that the stored energy is slowly discharged
by powering auxiliary DC loads.

Fig. 9 shows hardware of the developed test bench
— in this case ABB VFDs and braking resistors are used
and CEO electric motors are used. The test bench control
system is developed to test on test bench bi-directional
DC-DC converter for energy recovery application in
elevator system.

Elgvator motor
Ri= e i

Fig. 9. Hardware implementation of the test bench.

In case of elevator the out of balance torque can be
referred to the motor as follows:

Moy & -D

M= (1)

2-i-7y
where m_ , — out of balance mass (considering
counterweight);
g - is the acceleration due to gravity;
D- is the diameter of the sheave in m;
i is the reduction ratio of the gearbox;
n is the efficiency of the installation.

— s

thfti ing

>
tacceleration Tstowing | Eacceleration tiifuing Lstbuing

-M

Fig. 10. The analog reference control signals send to the VFDs in
case of elevator emulation.

As the acceleration equal to 0.8-1.0 m/s? is acceptable
and is set in settings of VFD of the elevator motor there is
no need to calculate inertia of the system. Fig. 10 shows
control signals to VFDs in case of elevator. The elevator
motor VFD is controlled by providing speed reference
signal to VFD analog input (black curve in Fig. 10). The
elevator motor accelerates to the constant speed and then
keeps constant speed till it slows down with a desired
slow down time. The load emulation motor VFD is
controlled by providing analogue torque reference signal
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(blue curve in Fig. 10). During the braking mode the
control system generates negative torque reference signal
to load emulation VFD. Other alternative can be reversing
rotational speed of the elevator VFD and provide positive
moment — it is more close to real elevator but from the
energy flow point of view there is no difference therefore
in particular application rotational speed is selected only
in one direction.
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Fig. 11. Voltage of DC bus during two cycles implemented on test
bench.
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Fig. 11. shows DC bus voltage of elevator motor
VED, it is possible clearly indicate the braking time of
period when the voltage goes up till the braking chopper
operating voltage. During the lifting mode the voltage
drops down. More detailed description of the development
of test bench can be found in [18].

IV. EXPERIMENTAL ANALYSIS OF ENERGY RECOVERY
SYSTEM

The particular converter is designed to control input
voltage at 600 V DC level. If the elevator system is in
the braking mode, the DC bus voltage increases as can
be seen in Fig. 11 and converter control loop is designed
in a such a way to regulate DC bus voltage equal to 600
V DC. As can be seen in Fig. 12 such voltage regulation
works well and it is possible to charge battery with a
braking power that in other case will be lost in the braking
resistor. The output voltage of the converter is from 0-30
volts, nominal output current 100 A. The control of the
converter is realized by using DSP microcontroller.

Fig. 12. DC bus voltage during charge mode of the battery.

The efficiency of the converter is approximately 90
percent but it is possible efficiency improvement by
using semiconductors with better parameters and by
implementing soft-switching circuits.

CONCLUSIONS

In the paper proposed method to improve energy
efficiency of the elevators by using unidirectional DC-
DC converter and energy storage. Developed DC-DC
converter have efficiency around 90 percent but the
benefit is that such converter is inexpensive and therefore

payback time of energy storage system will be shorter.

To test energy recovery system test bench was
developed that allows experimental testing of energy
storage system in laboratory. The experimental
results show proper operation of the energy storage
system, further goal is the efficiency improvement of
the converter without significant increasing price of
electronics components used to develop such converter.
Also integration of such system in solar DC power system
can be as one of the further goals.
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Abstract—For a number of new laser technology
processes, it is essential to plan an experimental plan for
primary experimental engineering activities in terms of
quality. The assessment of the critical power density to
reach the melting or evaporation temperature of the surface
with a suitable theoretical model is an important stage in
the development of a particular manufacturing technology.
With the help of numerical experiments, this report provides
a method for pre-examining the influence of wavelength
on the laser technological process. The calculations are
performed with a specialized program, running MATLAB.
A series of temperature fields were obtained at a change in
power density and wavelength at laser impact for concrete
types of structural steel. The temperature dependence
of the optical and thermo-physical characteristics of the
material is also reporded. The analysis is made for laser
technology complexes working with lasers emitting in the
ultraviolet, visible, near and distant infrared areas. For
these wavelengths the critical power density of melting and
evaporation is determined.

Keywords—Ilaser processing of materials, numerical
experiments, temperature fields, structural steel, wavelength,
power density.

1. INTRODUCTION

The specific properties of laser radiation, such as
high monochromaticity, low distortion, coherence, as
well as the possibility of achieving high energy density
(respectively power density) in the processing area are the
main arguments for the successful industrial application of
laser sources over the last 58 years. Laser sources generate
radiations with wavelength in a wide spectral range, from
ultraviolet, visible and infrared, working in continuous and
pulsed mode. Today, lasers are widely used in a number of
areas of industrial production such as automotive, aircraft,
shipbuilding, machine building and more. For marking,
engraving, cutting, welding, drilling of holes, thermal
annealing, measurements of linear and angular quantities.
Other areas of life in which lasers have entered in recent years
include communications, medicine, research, agriculture,
the food industry, advertising, military, and so on.

Laser technological processes are complex to realising

and depend on a number of factors. Some of them are power
density, speed, frequency, pulse duration, impact time,
pulse power, pulse energy, defocus, number of repetitions,
absorption capacity of the material, depth of penetration,
etc. For each technological process, material, and laser,
preliminary studies must be performed to clarify the role of
all factors and to optimize the process [1 - 4] - fig. 1.

The influence of some factors (fill factor, power,
velocity and frequency) is investigated for optimizing the
marking of barcodes on aluminum surfaces using the Nd:
YAG laser [5].

The role of frequency on the process of marking
stainless steel products with the Nd: YAG laser has been
investigated, and the working interval for quality marking,
has been determined [6].

In [7] analyzes the effect of power, velocity,
defocustion, pressure and flow of the auxiliary gas on
cutting process with CO, laser.

In [8] is considered the receiving of seamless
laser welds of low carbon and stainless steel sheets.
The influence of speed and power on the process is
investigated. Technological tables have been compiled
with optimal parameters for the studied steels.

" Ablation
10 1

Engraving

Drilling )

(

Welding

Power density, W/cm?

10 C i
& Marking
~——

Exposure time, s

Fig. 1. Diapasons of the power density and time of impact for basic
laser technological processes
Research on the determination of optimal technological
parameters is mandatory when introducing laser
technologies into practice, as the processes are complex

and involve a number of processes of the interaction
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of the radiation with the substance (the materials being
processed). They can generally be divided into two stages.
First stage theoretical studies are related to modeling and
simulations of process. The second stage is experimental
for determining and achieving the qualitative criteria,
pledged in the technology.

The purpose of the publication is to investigate the
influence of the laser radiation density and the rate of
processing to reach of critical power densities of melting
and evaporation for concrete materials (samples) from the
industry.

II. EXPOSITION

A number of laser technology processes such as
hardening, alloying, welding, cladding, marking,
engraving, etc. are carried out in the intervals between
the temperatures of: quenching 7, melting 7 and
evaporation T of the treated materials — fig. 2.

laser radiation laser radiation

laser radiation

| Efficiency, %

Materials

Numerical experiments refer to samples of structural
steels C45 and 18ChGT. They are widely used in the
industry [9]. C45 is used for making gears, crankshafts
and camshafts, sprockets, spindles, sealants, cylinders,
cams and other parts that are normalized, improved and
subjected to surface heat treatment requiring increased
strength. From steel 18ChGT are produced improved
or cemented important details, which require increased
strength, as well as high surface hardness, which require
increased strength, as well as high surface hardness,
operating under impact loads. n the Table II and Table
I are showed the temperature dependence of some
parameters of the studied steels. They are characterized
by high coefficients of thermal conductivity and thermal
diffusivity.

|1o|40 20

TABLE II.  TEMPERATURE DEPENDENCE OF CERTAIN PARAMETERS

OF CONSTRUCTION STEEL C45.

Legend: k — coefficient of thermal conductivity, p — density, ¢ —
specific heat capacity, a — coefficient of thermal diffusivity.

k, W7

T,K (m.K) p, kg/m® | ¢, J/(kg.K) a, m’/s
S 293 49 7826 457 137.10°
y 373 48 7799 473 1,35.10°
473 47 7769 494 1,22.10°
573 44 7735 515 1,10.10°
673 41 7698 536 9,94.10°¢
solid phase lquid solid phase L 773 39 7662 583 8.73.10°
1 wem <10* 10! <1 e <10’ 10° <1 e 873 36 7625 578 8,17.10°
hardening welding, driling, 973 31 7587 611 6,69.10°
marking, deep welding
alloing cutting 1073 27 7595 720 4,94.10°
1173 26 7565 708 4,85.10°
Fig. 2. Mechanism of interactiqn of the laser radiation with the TABLE IIL. TEMPERATURE DEPENDENCE OF CERTAIN PARAMETERS
substance for the different processes OF CONSTRUCTION STEEL 18CHGT.
Preliminary numerical experiments and model T,K (kl;l‘;v(/) p, kg/m® | ¢, Ji(kg.K) a, m¥/s
simulations and analyzes were performed for three types 293 37 7800 485 9.78.10°
of laser systems and two types of materials. 373 38 7773 495 9.88.10°
473 38 7743 508 9,66.10¢
Laser technological systems 573 37 7709 525 9,14.10°
The researches are for laser technological systems 673 35 7672 537 8,50.10°
with a CuBr laser (operating in the visible area), a fiber 773 34 7636 567 7,85.10
laser (operating in the near infrared area), a CO, laser 873 31 7599 588 6,94.10°
(operating in the far infrared area). In the Table I are 973 30 7561 626 6,34.10°
showed some parameters of these systems. The fiber 1073 29 7569 705 5,43.10°

laser has higher radiation quality and higher efficiency
compared to the other two lasers. All three laser systems
have high positioning accuracy and good repeatability.

TABLE I. BASIC PARAMETERS OF TECHNOLOGICAL SYSTEMS WITH CUBR
LASER, FIBER LASER AND CO, LASER

Laser CuBr Fiber Co,

parameter laser laser laser
Wavelength 4, pm 0,511 1, 062 10,6
Power P, W 20,0 40,0 100
Frequency v, kHz 20,0 20 50
Pulse duration z, ns 30 250 250
Pulse energy E,m] 1,00 2,00 2,00
Pulse power Pp, kW 33,3 8,00 8,00
Beam quality M? <1,7 <1, 10,0
Positioning accuracy, pm 2,5 2,5 2,5

Numerical experiments

To determine the critical values of the power
density of melting g, and evaporation ¢, , numerical
experiments with the program TEMPERATURFELD3D
[10] were carried out. It is a specialized program for
obtaining temperature fields in the area of laser impact.
The calculations refer to the examined technological
systems with CuBr laser, fiber optic laser, CO, laser
[11-13] and structural steels C45 and 18ChGT. The
temperature dependence of some parameters of steels
(according to Table II and Table III) is recorded.

e for CuBr laser

In Fig. 3 and Fig. 4 are presented graphics of the
dependencies of the critical power densities of melting
Deom and evaporation D from the speed for steels C45
and 18ChGT. From the obtained results, the following
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conclusions can be drawn:

e The critical power densities of melting and evaporation
increment non-linearly with increasing of speed for
structural steels C45 and 18ChGT with speed in the
interval v € [20; 100] mm/s;

e The rate of increase in critical power density of
melting is

for interval v € [20; 60] mm/s

7,55.10% (W/m?)/(mm/s) for steel C45;

8,82.10% (W/m?)/(mm/s) for steel 18ChGT;

for interval v € [60; 100] mm/s

5,18.10% (W/m?)/(mm/s) for steel C45;

6,12.10% (W/m?)/(mm/s) for steel 18ChGT;

e The rate of increase in critical power density of
evaporation is

for interval v € [20; 60] mm/s

12,0.10% (W/m?)/(mm/s) for steel C45;

14,2.10% (W/m?)/(mm/s) for steel 18ChGT;

for interval v € [60; 100] mm/s

8,25.10% (W/m?)/(mm/s) for steel C45;

9,75.10% (W/m?)/(mm/s) for steel 18ChGT;

e For structural alloy steel 18ChGT, the critical values
of power densities of melting and evaporation density
are about 17% greater than for structural carbon steel
C45. The reasons for this are the higher melting and
evaporation temperatures of steel 18ChGT.
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Fig. 3. Graphics of dependence of critical power density of melting
from speed for CuBr laser for: 1 —steel C45; 2 —steel 18ChGT
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Fig. 4. Graphics of dependence of critical power density of
evaporation from speed for CuBr laser for: 1 —steel C45; 2 —steel
18ChGT

o for fiber laser
In Fig. 3 and Fig. 4 are showed graphics of the
dependencies of the critical power densities of melting

Dom and evaporation D from the speed for steels C45

and 18ChGT From the obtained graphics, it follows:

e The critical power densities of melting and evaporation
increment non-linearly with increasing of speed for
both steels;

e The rate of increase in critical power density of
melting is

for interval v € [20; 60] mm/s

0,94.10° (W/m?)/(mm/s) for steel C45;

1,09.10° (W/m?)/(mm/s) for steel 18ChGT;

for intrval v € [60; 100] mm/s

0,64.10° (W/m?)/(mm/s) for steel C45;

0,75.10° (W/m?)/(mm/s) for steel 18ChGT;

e The rate of increase in critical power density of
evaporation is

for interval v € [20; 60] mm/s

1,52.10° (W/m?)/(mm/s) for steel C45;

1,74.10° (W/m?)/(mm/s) for steel 18ChGT;

for interval v € [60; 100] mm/s

1,02.10° (W/m?)/(mm/s) for steel C45;

1,25.10° (W/m?)/(mm/s) for steel 18ChGT;

e For structural alloy steel 18ChGT, the critical values
of power densities of melting and evaporation density
are about 17% greater than for structural carbon steel
C45. The explanation is the same as with the CuBr
laser;

e Higher values of critical power densities of melting
and evaporation for the fiber laser compared to the
CuBr laser are because the radiation in visible area is
better absorbed from the steels from that in the near-
infrared area.
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Fig. 5. Graphics of dependence of critical power density of melting
from speed for fiber laser for: 1 —steel C45; 2 —steel I8ChGT

22

21 /0
: 24

19
18 A

17 ¢ "
16 A JZ,
15
14 )'/
: .4
13 VA
12
1.1
! 7
¥
09
e

08
0 10 20 30 40 5 60 70 80

Go » 10" W/m?

90 100

vV, mm/s

Fig. 6. Graphics of dependence of critical power density of
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e for CO, laser

From the numerical experiments obtained, the
dependencies of the critical power densities of
melting g, and evaporation g~ from the speed
for steels C45 and 18ChGT (Fig. 7 and Fig. 8) were
presented. The following conclusions can be drawn:

o The critical power densities of melting and evaporation
increment non-linearly with increasing of speed for
both studied steels;

e The rate of increase in critical power density of
melting is

for interval v € [20; 60] mm/s

1,32.10° (W/m?)/(mm/s) for steel C45;

1,54.10° (W/m?)/(mm/s) for steel 18ChGT;

for interval v € [60; 100] mm/s

0,90.10° (W/m?)/(mm/s) for steel C45;

1,08.10° (W/m?)/(mm/s) for steel 18ChGT;

e The rate of increase in critical power density of
evaporation is

for interval v € [20; 60] mm/s

2,10.10° (W/m?)/(mm/s) for steel C45;

2,48.10° (W/m?)/(mm/s) for steel 18ChGT;

for interval v € [60; 100] mm/s

1,45.10° (W/m?)/(mm/s) for steel C45;

1,70.10° (W/m?)/(mm/s) for steel 18ChGT;

e For structural alloy steel 18ChGT, the critical values
of power densities of melting and evaporation density
are greater than for structural carbon steel C45.;

e Critical power densities upon impact to CO, laser
KpuTuyHHTE IUIBTHOCTH HA  MOLIHOCTTA MPHU
B3aeiicTeue ¢ CO, masep are considerably larger
than the other two lasers — with about 40% greater
than fiber laser and about 75% greater than those for
a CuBr laser.

Fig. 9. 2—steel 18ChGT

Summary

The pre-operating intervals of the power density for
the laser technological processes hardening, marking
and welding by melting for the three lasers and the two

structural steels are given in Table IV.

THE PRE-OPERATING INTERVALS OF THE POWER DENSITY FOR THE LASER
TECHNOLOGICAL PROCESSES HARDENING, MARKING AND WELDING BY MELTING

Steel C45 18ChGT
Laser | Speed
CuBr 20 4,12.10'° + 6,59.10"° 4,82.10'° = 7,72.10"°
laser 40 5,83.10'+9,32.10"° 6,82.10'" + 1,09.10"
60 7,14.10° + 1,14.10" 8,35.10' + 1,34.10"
80 8,24.10'° + 1,32.10" 9,64.10'° + 1,54.10"
100 9,21.10" + 1,47.10" 1,08.10" + 1,73.10"
Fiber 20 5,15.10" + 8,24.10"° 6,03.10'° + 9,62.10"°
laser 40 7,28.10" + 1,16.10" 8,52.10" + 1,36.10"
60 8,92.10'° + 1,43.10" 1,04.10" + 1,66.10"
80 1,03.10" + 1,65.10" 1,21.10" + 1,94.10"
100 1,15.10" + 1,84.10"" 1,35.10" +2,16.10"
CO, 20 7,21.10" + 1,15.10" 8,44.10'" + 1,35.10"
laser 40 1,02.10" + 1,63.10" 1,19.10" + 1,91.10"
60 1,25.10" +1,99.10" 1,46.10" +2,34.10"
80 1,44.10" +2,30.10" 1,69.10'" +2,70.10"
100 1,61.10" +2,57.10" 1,89.10'" +3,02.10"

The pre-operating intervals of the power density for
the laser technological processes ablation, marking by
evaporation, engraving, drilling and cutting of thin sheets
for the three lasers and the two structural steels are given

in Table V.

o TABLE IV.  TuE PRE-OPERATING INTERVALS OF THE POWER

' DENsITY FOrR THE LASER TECHNOLOGICAL PROCESSES ABLATION,

8 MARKING BY EVAPORATION, ENGRAVING, DRILLING AND CUTTING

17 OF THIN SHEETS

16
E s 2 Steel c45 18ChGT
= A |~
= 1 Laser | Speed
El P CuBr | 20 [ 6,59.10°+2,08.10" | 7,72.10" +2,08.10"
£ / laser 40 9,32.10'° + 2,08.10" 1,09.10" + 2,08.10"
S / 60 1,14.10" +2,08.10" | 1,34.10" +2,08.10"

o '8 80 1,32.10" +2,08.10"" | 1,54.10" +2,08.10"!

o7 / 100 1,47.10" +2,08.10" | 1,73.10" +2,08.10"

0 10 20 3 40 50 60 70 80 90 100 Fiber 20 8,24.10'° + 3,18.10" 9,62.10'° + 3,18.10"
v, mm/s laser 40 1,16.10" +3,18.10" | 1,36.10" = 3,18.10"
60 1,43.10" + 3,18.10" 1,66.10" + 3,18.10"
Fig. 7. Graphics of dependence of critical power density of melting 30 1,65.10" = 3.18.10"" 1.94.10" = 3.18.10""
fi fi 2-1 for: 1 — 1 C45;2 - 1 18ChGT
rom speed for CO2-laser for steel C45; steel 18ChG 100 1.84.10" = 3.18.10" 2.16.10" = 3,18.10"

31 A CO, 20 1,15.10" + 3,60.10" 1,35.10" + 3,60.10"

29 laser 40 1,63.10" +3,60.10" 1,91.10" + 3,60.10"
o P 60 1,99.10" +3,60.10"" | 2,34.10" +3,60.10"!
§ * ! 80 | 2,30.10"+3,60.10" | 2,60.10" +3,60.10'!

23
: o 100 2,57.10" +3,60.10" 3,02.10" +3,60.10"

2 P
o I11. CONCLUSION
S / . - .. .

15 / /] The obtained critical power densities of melting

13 1 and evaporation and pre-operating intervals of power

T . ) anc .

: density for the investigated technological processes help

0 10 20 30 40 50 60 70 80 90 100 . .
v mmis to plan real experiments in the study of concrete laser

Fig. 8. Graphics of dependence of critical power density of
evaporation from speed for CO,- laser for: 1 —steel C45;

technological processes. The results will be in help of:
e operators of laser industrial processes in the industry
who will use the pre-operating intervals of power
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density in their work;

e engineers-technologists to  optimize specific
technological processes and to be able to quickly
implement new products on which to implement
laser technologies.

Similar studies can be made to investigate the impact
of other basic technological factors (pulse energy, impulse
power, impulse response, pulse duration, defocusing, etc.)
onto processes of laser processing.
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Abstract—A new methodology for determining and
optimizing the contrast of the technological laser marking
process has been developed. It can evaluate the quality of
the markings regardless of the type of material and the type
of laser system.

To perform the test analysis, a specialized test field is
programmed, which including the change of two of the
main parameters influencing the marking process: the
linear energy density (LED) and the linear density of the
pulses (LDI). Marking of a test field consisting of squares of
a certain size is done by means of a raster marking method
with a constant step between the lines.

The results are processed with a digital camera and
specialized software. The maximum blackening is compared
with the background of all fields and is juxtaposed with the
effective energy needed to obtain a certain contrast. Several
consecutive iterations are made, with each of the following
experiments excluding the variants with least contrast.
Thus, the study consistently brings the result to a minimum
working area of the basic technological parameters,
providing the user’s desired contrast of the marking.

The developed author’s method of automatically
determining the contrast of the laser marking reduces
the time for preliminary experimental research and gives
a reliable and subjectively absent way of qualitatively
marking different types of industrial products.

Keywords—method, laser marking, software, digital
camera, contrast, linear energy density, linear density of the
pulses.

L. INTRODUCTION

Laser marking is a technological process in which
a number of mutual connected physical phenomena and
effects participate, and with interaction of laser radiation
with material. These processes are connected with each
other in many cases, i.e. they interact with each other. In
order to manage the qua-lity and the results of technology
process, it is necessary to know these processes, as well as

Edmunds Teirumnieks
Faculty of Engineering
Rezekne Academy of Technologies
Rezekne, Latvia
edmunds.teirumnicks@rta.lv

Nikolay Angelov
Department of Physics, Chemistry and
Ecology
Technical University of Gabrovo
Gabrovo, Bulgaria
angelov_np@abv.bg

to know the principles connecting them. This knowledge is
also necessary for successful monitoring of technological
process in on-line regime and for selection of appropriate
device for creating of technological systems. Laser
processing occurs in space and time and represents an
impact of radiation on the material. Therefore, there is a
need to explore the quantity of absorbed energy of laser
radiation in substrate and its impact on the material. Fig.
1 presents the principal scheme of energy balance of laser
impact on metals and alloys. This gives us a notion of
complexity of interaction of laser radiation with material
and connections between these phenomena and processes.

As a result of interaction, electromagnetic energy is
transformed in thermal energy. The efficiency of the entire
process is strongly impacted by the losses that are a result
of scatterine and reflection.

LASER
ENERGY

Interaction of

laser radiation m—
Dissipation
Atmosphere Reflection
Covering
Sample
Absorbed
laser Losses
energy LL
Convection

Thermal radiation
Conduction

For technological process
Structural changes
Melting
Vaporization

Useful
energy

Fig. 1. Principal scheme of energy balance of laser impact
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Only actually absorbed quantity has a direct impact on
the technology method and the result of the processing. It
is clear that with regards to the technological method of
melting, vaporizing or structural changes in the material,
only a part of that energy makes a real contribution,
because the losses appear as a result of convection, heat
radiation and thermal conductivity.

We may examine the absorbed energy as a degree
of efficiency n, of total laser energy that falls onto the
material, i.e. that is a part of falling energy which really
participates in processing (structural changes, melting,
vaporization in the unit volume).

In certain references it is defined as a percentage of the
total energy falling onto the material, necessary

for concrete processing. Under certain simplifications,
if we ignore the conditions of working zone (convection,
heat radiation and thermal conductivity) we assume that it
is energy absorbed by the material.

1L EXPOSITION
A. Theoretical aspects

Contrast is a key factor for determining laser marking
quality [1-5]. There are several parameters that affect
laser marking contrast. According to [6, 7] they can be
grouped in the following way:

e Parameters related to laser source — surface

density of laser radiation power g, pulse energy
Ep, frequency of pulse repeating v, duration of
pulses T;

e Parameters related to material properties — optical
and thermo-physical characteristics;

e Parameters related to the manufacturing
technology process — marking speed v, step Ax,
number of repeatition &, defocusing Af-

Other parameters include the coefficient of
overlapping k_, a complex parameter which depends
both on laser parameters and those of the manufacturing
technology process k= f(V, v, d), where d is the diameter
of the work spot.

A number of magnitudes influence the laser marking
process of steels. Some of the magnitudes influencing
the process are of a complex nature. As such, linear
energy density, linear power density, linear pulse density,
volumetric energy density, fill factor, and overlap
coefficient, can be indicated.

Linear density of energy E, is a complex magnitude
associated with laser parameters and technological
parameters. Determined by the formula

E-".
v
where P is the power of the falling laser radiation,
v — marking speed.

The magnitude of a linear energy density is
numerically equal to the absorbed energy per unit length
in the laser marking area.

Linear energy density should have a value that
allows the material in the processing area to melt or
evaporate. It is also decisive in order to obtain a good
quality marking, respectively, with good contrast..

Linear pulse density / is a complex magnitude

()

associated with laser and technological parameters. It
obtains from the expression

=X, @)
"4

where v is the frequency of following the pulses.

The magnitude of the linear density of the pulses is
numerically equal to the number of impulses fallen to a
unit length.

Effective energy E, is a complex magnitude
associated with laser parameters and technological
parameters.

It is defining with the expression

E=E]. 3)

The magnitude E, gives the absorbed energy of the
laser radiation per unit area of the laser impact area.

After replacing (1) and (2) in (3), it is obtained

Pv
E,=—- 4)

What obtains in the zone of laser impact - heating,
melting or evaporation depends on the energy that is
absorbed in it.

B. Methodology of experimental studies

The implementation of the individual stages of the
experimental research methodology can be described in
the following example:

The laser marking process for steel CT80 is
investigating. It is with widely using in the industry. It
is used to make tools that work in conditions that do not
cause cutting edge edges: milling cutters, countersinks,
axes, chisels, chisels, longitudinal and disk saws,
grooving rollers, kerners, screwdrivers, combined pliers,
side cutters [8]. A laser technology system with a fiber
laser is used to conduct the experiments [9, 10]. The more
important parameters of the system are given in Table I.
The fiber laser emits in the near infrared area and operates
in pulse mode. It has high beam quality and its pulse
frequency changes over a wide diapason. The system has
high positioning accuracy and good repeatability.

TABLE I. Basic PARAMETERS OF TECHNOLOGICAL SYSTEMS WiTH CUBR
Laser AND FIBER LASER

Parameter Value
Wavelength A, pm 1, 062
Power P, W 30,0
Frequency v, kHz 10+ 50
Pulse duration 1, ns 250
Pulse energy £ , mJ 0,60 + 3,00
Pulse power P , kW 2,40 +12,0
Beam quality M? <1,
Positioning accuracy, um 2,5
Efficiency, % 40
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Stages

o A test field consisting of squares with a side of
5 mm, is compiled (Fig. 2);

A test field consisting of 100 squares with a side of 5
mm is realized, arranged in 10 rows and 10 columns.

o The intervals of change of the linear energy
density and the linear density of the pulses are
determined;

Based on our previous research on the laser laser
marking process and formulas (1) and (2), preliminary

intervals for the linear pulse density /, and the linear
energy density E, are defined:
I, €[3,33.10% 7,83.10°] m" and

E, €[183,333]J/m.

o The squares are marking raster;

Through the laser technology system, the squares
with different values of the linear density of impulses
and the linear density of the energy are marked. A raster
marking method is applied, with step Ax being maintained

constant Ax = 50 pm.

I

>
>

333 38 433 48 533 583 633 68 10°m’ 7,83

-EEEEBEEBEB8EEBEEHE
~HEEEEEEEEBEEE
~EEEEEEBEEEBEEE
~2EEEBEEBEBEEEEHE
J~EEEEBEEBEBEBEEBEEHE
~EEEEBEEB8EB8EEEHE
~HEEBEEEEBEEBEHEE
~EEEEEEEEBEEE
~HEEEEBEEBEEHE
= EEEEEEEEE

Fig. 2. Test field for conducting of the experiments

o The contrast of the marking are determined;

For measuring contrast £* a methodology was used
prescribed by the Bulgarian State Standard 16383:1986.

Contrast £* is determined in percentage through
a reference scale of grey color either in relative units
or in percents. A black and white photo is made in the
marking zone for the purpose of contrast measuring. By
comparing the investigated image with the reference
scale a value N_in the range between 0 (black) and 255
(white) is selected. A reference number N, is set for the
background (that is the image on the surface around the
marked zone). Contrast k * is defined by way of linear
interpolation from the expression

k=N =N 10095 )
f
studied

e Reducing the intervals

magnitudes;

of the

The obtained markings are investigated by
determining the contrast of each square with a camera.

Fields with less contrast are excluded, and new
experiments are performed by narrowing the investigated
intervals for the linear energy density and the linear
pulse density.

o The iterations are repeated until optimal

contrast of the laser marking is achieved.

Working intervals of linear energy density and

linear pulse density are determined.

I1L CONCLUSION

The process of laser marking is the subject of research
by a number of authors.

In recent years, laser marking of 1D and 2D barcodes
on the products has increased considerably. The marking
of this type is applied directly to the product. It allows
to automate the process of reporting and controlling
production, to protect the product from forgery. With
laser technology for marking of barcodes achieve a high
density of inflicted information. For this type of marking,
it is particularly important to achieve an optimal contrast
ratio relative to the basic background of the sample and
the surface of the material.

The methodology proposed and considered by us will
be useful for the operators of laser systems to reach the
desired optimal technological parameters more quickly.
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Abstract—Studying the impact of speed on a number
of laser processes such as marking, engraving, cutting,
welding and others is crucial for the optimization of these
technological processes. The processing speed, along
with the frequency of laser pulses and their duration,
also determines the time of action in the processing area
and hence the absorbed quantity of electromagnetic
energy. Based on numerical experiments with specialized
software TEMPERATURFELD3D, the report analyzes the
temperature variation in the processing area as a function
of speed. The researches were analyzed for processing with
two types of lasers emitting in the visible and infrared areas
of the electromagnetic spectrum and two types of steels (tool
and structural). From the course of the obtained temperature
fields the dependence of temperature on the speed at two
power densities was obtained. The obtained results help to
make a preliminary assessment the speed work intervals
for the processes as laser marking, laser engraving, laser
cutting, laser welding and others. In this way, it is assisted in
building an optimal concept for the passing of a particular
technological process in function of the laser source, the
material and the type of the technological operation.

Keywords—laser technological processes, numerical
experiments, laser, steel, temperature, speed, power density

I. INTRODUCTION

Laser technologies has been wundergoing rapid
development in recent decades. New types of lasers
with high-quality of radiation, high reliability and high
efficiency were constructed. This has allowed to be
extended the diapason of lasers in many industries spheres.
In particular, laser process processes such as marking,
engraving, cutting, welding, drilling of holes, tempering,
annealing, overlaying, etching, scribing and others are
continuously expanding their positions [1 - 7]. In addition,
the need for systematic analysis and solutions to the
engineering problems that arise during their introduction
into production increases. In each case, research should
be done to optimize the process and to determine the
operating intervals of the basic technological parameters

[8 —10]. Numerical calculations with appropriate software
or real experiments are used. Thus, technological tables
for each particular process, type of laser and material can
be obtained.

The purpose of the publication is to study the influence
of velocity at constant power densities for CuBr laser
and fiber laser on samples of structural steel for basic
technological processes (marking, cutting, welding,
engraving).

Studies will be conducted in the following areas:

- Receiving temperature fields in the laser impact
area for different speeds and power densities for
samples of steels C35 and 50G;

- Analysis of graphical dependencies of temperature
from speed for two power densities for the
investigated lasers and materials.

- Evaluating the results from the perspective of the
materials surveyed;

- Assessment of the role of processing with both
types of lasers - CuBr laser and fiber laser;

- Determination of working intervals of processing
speed for two fixed power densities to achieve the
desired temperature regimes.

IL. EXPOSITION

Laser technology processes are complex and their
implementation depends on many factors. Factors
influencing laser technological processes can be grouped
into three groups (Figure 1) associated with:

e properties of the material - optical properties
(reflection  coefficient, absorption capacity,
absorption coefficient, depth of penetration)
and thermo-physical properties of the material
(coefficient of thermal conductivity, specific heat
capacity, coefficient of thermal diffusivity, heat
diffusion length);

e laser source - laser beam wavelength, laser
beam quality, laser beam power, power density,
frequency, pulses duration, impulse energy,
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impulse power;
e technological process - speed, step, defocusing,
number of repetitions.
These basic factors are within certain physical
dependencies. They are important for understanding the
physical essence of processes [8, 9].

aser
parameters

Fig. 1. Basic groups of factors that affect of laser technological
processes

The speed v is one of the most important
parameters of the technological processes. The
time of impact on the sample and the energy
that is absorbed in the material in the impact
area, depends from its.

For example, the energy E absorbed in the
impact area - a square with a side d (d is diameter of the
working spot) is directly related to the processing speed

APd , (1)

v

E-

where A is the absorption capacity of the material,
P — power of laser radiation.

The speed of technological processes can be consider
in several aspects: on the one hand, the speed should be
such that the technological process itself takes place at
the maximum possible high performance and efficiency;
on the other hand, it must be optimal for the technological
process within the quality criteria. Between these two
trends, a balance must be found in order to obtain optimal
technological parameters to achieve good product quality.

Power density and speed are basic magnitudes that
influence technological processes. They are related to the
temperature of the material surface in the impact area.

10,
10 ’\\ N

10° N HEaenig

108 N \|
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Fig. 2. Relationship between power density and time for some tech-
nological processes

The phenomenological (thermophysical) approach
to laser exposure to materials requires determining the
optimum temperature for each process. As can be seen
from Fig. 2, it depends mainly on two factors: the power
density

(1

where S is the area at which it is absorbed by the
surface of the material, and time of impact .
The ratio between temperature 7' and the power

q,=P/S

density g, can be determined by the thermal conductivity

equation
AT _ AT Uxy.2) )
ot oo
2 2 2
where A — 0 9 0" isthe operator of
A ox> oy’ s

Laplace,Q(x, y, z) - volume density of the absorbed

light flux, a - coefficient of thermal conductivity, p -
density, c- specific heat capacity.

To solve equation (2) it is necessary to set |
initial condition, 6 boundary conditions and determine
Q(X! Y, Z) :

Aq
o,ca R a

Xy zt

3)
T=

The heat conduction equation has no analytical
solution and numerical methods are used to obtain the
temperature fields in the laser impact area. In addition,
numerical experiments with the appropriate software
should take into account the temperature dependencies
of the coefficient of heat conductivity , the specific heat
capacity and the coefficient of thermal difusivity.

A. Software

A program TEMPERATURFELD3D is used to
conduct numerical experiments [11]. It specializes in
calculating temperature fields for laser impact on various
materials. It is suitable for technological processes laser
marking, laser engraving, laser cutting, laser welding,
laser drilling and others. The dynamic model of the
program is chosen for the laser marking process. The
main program window then opens (Fig. 3). There is
a possibility to store data and results from previous
numerical experiments.
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) Temperturfeldberechnung fer Laserbestrahiung |2 |51/

170 Muglichkeiten:

Eine freher gespeicherte
Datei laden

Laden...

Alle Einstellungen in einer
Datei speichern

Speichem...

Einstellungen:

| |
Materialpararmter.

Laserparameter.

Berechnen:

Vorschau...
Modsll umschalten
Programm beenden

Fig. 3. Basic window of the software Temperaturfeld3D

When performing a specific numerical experiment
input data is entered:
e Program parameters;
e  Geometric parameters;
e  Laser parameters and process parameters;
e  Material parameters.

The next step is to perform the calculation. The
obtained results can be displayed after opening the
,»Output Data” window. It includes (Fig. 4):

e Approximating the results;
Animation of the whole process;
Temperature profile of the material at a time;
Profile of maximum temperature;
Dependence of temperature from time;
Temperature change in depth of the material.

+ Auswertung der Bere..

Approximieren... |

Animation... |

Auswarung Schlieden

Fig. 4. Window ,,Output Data‘* of the software Temperaturfeld3D

B. Laser technological systems

The researches concerns for two technological
systems with CuBr laser and fiber laser [12 — 14]. The
first laser generates radiation in the visible area and the
second laser in the near infrared area. Both lasers work
in pulse mode. The CuBr laser has a very high impulse
power, and the fiber laser has a very high beam quality

(near the ideal) and a high efficiency. Laser systems have
high positioning accuracy and good repeatability. They
maintain robust process parameters throughout the entire
production process.

TABLE I. Basic PARAMETERS OF TECHNOLOGICAL SYSTEMS WiTH CUBR
LaseErR AND FIBER LASER

Laser CuBr laser Fiber laser

Parameter
Wavelength A, um 0,511 1,062
Power P, W 20,0 40,0
Frequency v, kHz 20,0 20
Pulse duration t, ns 30 250
Pulse energy Ep, mJ 1,00 2,00
Pulse power Pp, kW 33,3 8,00
Beam quality M? <1,7 <1,
Positioning accuracy, pm 2,5 2,5
Efficiency, % 10 40

C. Materials

Numerical experiments are for structural steels C35
and 50G [15]. From structural steel C35 are produced
axles, cylinders, crankshafts, washers, spindles, sprockets,
rods, wheels, sleepers, shafts, seals, discs and other low
strength items that experience small mechanical stresses.
The structural alloy steel 50G is used to make friction discs,
shafts, sprockets, splines, washers, displacement rollers,
bearing bushings, elbows, spindles, flywheel wheels,
crankshafts of diesel engines and gas engines, and other
details that require increased strength and durability [15].
Both steels have high coefficients of thermal conductivity
and thermal diffusivity.

TABLE II. TEMPERATURE DEPENDENCE OF CERTAIN PARAME-

TERS OF CONSTRUCTION STEEL C35.

Legend: & — coefficient of thermal conductivity, p — density, ¢ — spe-
cific heat capacity, a — coefficient of thermal diffusivity.

T,K k, W/ p, kg/m? ¢, J/(kg.K) a, m’/s
(m.K)
293 50 7826 453 1,41.10°
373 49 7804 469 1,34.10°
473 49 7771 490 1,29.10°
573 47 7737 511 1,19.10°
673 44 7700 532 1,07.10°
773 41 7662 553 9,68.10°
873 38 7623 578 8,62.10°
973 35 7583 611 7,55.10¢
1073 29 7600 708 5,39.10°¢
1173 28 7549 699 5,30.10°¢
TABLE III. TEMPERATURE DEPENDENCE OF CERTAIN PARAME-
TERS OF CONSTRUCTION ALLOY STEEL 50G.
T,K k, W/ p, kg/m? ¢, J/(kg.K) a, m?/s
(m.K)

293 43 7810 477 1,15.10°
373 42 7776 487 1,09.10°
473 41 7745 500 1,06.10°
573 38 7714 517 9,52.10°
673 36 7681 533 8,79.10°¢
773 34 7648 559 7,95.10°
873 31 7615 584 6,97.10°
973 29 7582 609 6,28.10°
1073 28 7577 676 5,47.10¢
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D. Numerical experiments

Multiple numerical experiments were conducted to
determine the temperature fields in the impact area for
the two lasers and the two steels. The speed varied within
the interval v € [20; 110] mm/s with step 10 mm/s as the
power density maintained constant. In the first series of
experiments is g, = 9,35.10'° W/m?, and in the second
- q5, = 1,08.10" W/m’. The temperature dependence
of some parameters of steels (according to Table II and
Table III) is recorded. In Fig. 4 shows temperature fields
in the impact area for structural carbon steel C35 Both
temperatures in the central processing area are higher
than the melting temperature.
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C35 3a ckopoct V= 60 mm/s 1 MITBTHOCTH Ha MOIHOCTTA: @) ¢,

=9,35.10" W/m2 b) g, = 1,08.10" W/m?
for CuBr laser
In Fig. 6 and Fig. 7 are presented graphics of the
dependencies of the temperature from the speed for steels
C35 and 50G. From the obtained results, the following
conclusions can be drawn:

e The temperature decreases non-linearly with
increasing of speed throughout the entire study
interval for both steels;

e  The temperature reduction rate for steel C35 is

with CuBr laser for steel C35

vV, mm/s q, W/m? AT/ Av, K/
(mm/s)
20 +30 9,35.10% 23,5
20 +30 1,08.10" 27,0
60+ 110 9,35.10% 15,7
60+ 110 1,08.10" 18,0
with CuBr laser for steel S0G
20 +30 9,35.10% 20,6
20 +30 1,08.10" 23,7
60+ 110 9,35.10% 13,7
60+ 110 1,08.10" 15,8

e For structural carbon steel C35, the temperature
is about 14% greater than for structural alloy
steel 50G. The reasons for this are the higher
absorption of steel 50G.

4000 ‘ ‘
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3400 \\
4
3100 \\ \_
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X 2500 \:\‘, cling
= 2200 N \'\
1900 =N
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0 10 20 30 40 50 60 70 8 90 100 110
vV, mm/s

Fig. 6. Graphics of dependence of temperature from speed for struc-
tural carbon steel C35 for power density: 1 — ¢, =9,35.10" W/
m’; 2 - g, = 1,08.10" W/m?® .
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Fig. 7. Graphics of dependence of temperature from speed for struc-
tural alloy steel 50G for power density: 1 — g, =9,35.10' W/
m* 2 — g, = 1,08.10" W/m? .

for fiber laser
In Fig. 8 and Fig. 9 are presented graphics of the
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dependencies of the temperature from the speed for steels
C35 and 50G. From the obtained graphics, it follows:
e The temperature decreases non-linearly with
increasing of speed throughout the entire study
interval for both steels;

e  The temperature reduction rate for steel C35 is

with fiber laser for steel C35
vV, mm/s g, W/m? | AT/ Av, K/(mm/s)
20 + 60 1,16.10" 26,3
20 + 60 1,36.10" 30,0
60+ 110 1,16.10" 18,4
60+ 110 1,36.10" 26,2

with fiber laser for steel 50G
20 + 60 1,16.10" 22,6
20 + 60 1,36.10" 26,3
60+ 110 1,16.10" 15,5
60+ 110 1,36.10" 18,0

e For structural carbon steel C35, the temperature
is about 14% greater than for structural alloy steel
50G.

e For the same speeds and power densities, the
sample temperature in the impact area for CuBr
laser is higher than that for fiber laser.. Higher
values of temperatures for the CuBr laser compared
to the fiber laser are because the radiation in visible
area is better absorbed from the steels from that in
the near-infrared area;
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Fig. 8. Graphics of dependence of temperature from speed for struc-
tural carbon steel C35 for power density: 1 — g, = 1,16.10" W/
m’; 2 - g, = 1,36.10" W/m?* .
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Fig. 9. Graphics of dependence of temperature from speed for struc-
tural alloy steel 50G for power density: 1 —¢q¢ = 1,16.10" W/
m’; 2 - g, = 1,36.10" W/m?® .

E. Preliminary working intervals of speed

For the realization of the processes marking by
melting and welding, the temperature of the sample in the
impact zone must be between the melting point and the
evaporation temperature. For process processes marking
by evaporation, engraving and cutting, the temperature in
the impact zone must be higher than the temperature of
evaporation.

From the obtained results, preliminary working
intervals of the speed for marking by melting and welding
were determined (see Fig. 5 —9):

with CuBr laser with fiber laser
for steel C35 for steel C35
v, mm/s | ¢, W/m? v, q, W/m?
mm/s
30+90 9,35.10" |35+-84|1,16.10'°
47105 | 1,08.10" 47 1,36.10"
+105
with CuBr laser with fiber laser for
for steel 50G steel 50G
20 =75 9,35.10" |20+77| 1,16.10'"
52+103 | 1,08.10" [37+92|1,36.10"

For marking by evaporation, engraving and
cutting, the preliminary working intervals of the
speed are (see Fig. 5 —9):

with CuBr laser with fiber laser
for steel C35 for steel C35
v, mm/s | ¢, W/m? v, q, W/m?
mm/s
20+-30 | 9,35.10'° [20+35]|1,16.10"
20+ 47 | 1,08.10" |[20+52|1,36.10"
with CuBr laser with fiber laser for
for steel 50G steel 50G
20 + 1,08.10" 20+37]| 1,36.10"
30
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Smaller intervals of the speed of steel G50 compared
to steel C35 are due to the higher melting and evaporation
temperatures of the first steel.

III. CONCLUSION

The obtained results will be useful for operators of
laser systems to reach the desired optimal technological
parameters more quickly. These numerical experiments
contribute to significantly reducing the time created in
actual production settings. These numerical experiments
help to better coordinate the theoretical models of the
interaction of laser radiation with specific technological
processes related to the melting and evaporation of the
materials in the processing area. Experiments are planned
to continue to investigate and the impact of other factors
influencing the quality of specific technological processes.
The aim is to create a basis of technology tables to support
pilot real-world experiments in the implementation
of new technologies related to the laser processing of
different types of materials and ultimately the creation of
new products.
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Abstract— Describe the parameters influencing the
depth of the laser marking of textile products. Experimental
results are presented to determine the quality of cuts on felt
surfaces of different colors at specific parameters - power
and speed. Approximately 100 extras were made on two
materials with a change in laser power and speed. As a
result, the optimal results for cutting and marking a felt are
shown.

Keywords— cutting, filt, laser, marking, research.

I. INTRODUCTION

The felt is a soft fabric which is made not by weaving
but by pressing under steam or hot water and felting of
animal fibers. A 100% synthetic fiber felt felt felted as
well as felt from a combination of animal, vegetable or
artificial fibers.

Felting is probably the oldest form of fabrication
known to mankind before weaving and knitting.

Today traditional felting is still practiced by the
nomadic tribes in Asia, producing mats, tents and clothing.
Because of its qualities such as strength, heat and sound
insulation, the felt is used in the textile industry, but also
in machine-building, woodworking and others.

Most commonly this material is used for the production
of articles, useful for households, for example, sealing in
various branches of industry - machine-building, paper-
pulp industry, also as an insulating material, for polishing,
etc. Often, the felt also serves as an upholstery on different
surfaces. However, because it is thick cutting intricate
patterns and structures into felt is difficult to do by hand.
Precise cutting is usually done by means of an industrial
mashine cutter. Using a laser to cut felt is great choose.

The laser has moved in 58 years from “a solution
looking for a problem” to a key technology that
contributes to major sectors of the world economy. Laser

Bojhanova Denitsa Angelova
National Military University ,, Vasil
Levski“, Veliko Tarnovo, Bulgaria
Veliko Tarnovo, Bulgaria
denica_a b@abv.bg

devices are the core technology in instruments performing

vital ~ functions in many industries including
transportation,  healthcare, and telecommunications
[4].

Laser marking and laser cutting technology is now
widely associated with textiles and in particular with felt
[3,5,13,15]. In this paper we present some experimental
results from this area.

After researches were made, we found out that the
main factor for the difference in laser cutting on white
and red felt is the difference in the color of the material.
Another factor is its thickness — of the white felt it is 0.63
mm. and for the red felt — 0.67 mm.

There are different kind of lasers which are:

-depending on the spectral field: CO, laser, Nd:YAG,
ruby laser, excimer laser

-depending on the active middle: solid-state, gas,
liquid and semiconductor

-depending on the power: low-powered (under 100
W), middle-powered (100-500 W), powered (1 kW- 100
kW), over-powered (over 100 kW).

-depending on the possibility to change the frequency:
with fixed frequency; with possibility to change the
frequency [17].

II. EXPERIMENTAL SETTING

The possibility of marking and engraving on a standard
felt in two colors - red and white with CO, laser was
studied. For this purpose, an experimental methodology
has been developed, which concludes in the following:

a matrix of 9 squares with 1: 1 cm (10x10mm) is
created. The speed and power range in the range of 100?50
mm/s and 2, 10 and 26 W. The matrix scheme is
shown in the figures:

Gas laser CHANXAN CW 1325 CO2 active, 1-150
watts power, 1-400 mm / s, laser beam wavelength 10.6
mm, maximum marking area: 2500 x 1300 mm, maximum
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laser size focal spot is 100 mm and water cooling system

was used — Fig 1 [10].

Laser technology

m Marking
m Cutting

m Engraving
mWeldng
m Micro-

processing

m Others

m Drilling

Fig.1. Percentage of Laser used technologies

The area of laser marking and cutting is showed on
the figure. A considerable amount of heat is emitted in
the marking and cutting processes, so the working area is
cooled with air.

The surface power density SPD of the laser beam is
determined by:

ﬂDzE
S

where P is the power of laser beam and S is the area
of the laser beam section in focus. Laser control was
performed using the RdWorks software [8, 14].

There are many methods of part or product marking,
including labels, ink systems, mechanical engraving and
embossing, chemical and dry etching. Each has its use,
but laser marking is growing more and more popular.
The utilization of laser engraving of metals is shown in
the Fig.1 where we can compare it with other marking
systems in the part production.

III. LASER MARKING

The common advantages of all laser marking
techniques are [1]:

. permanent, high quality marks;

. high efficiency and low operation cost;

. good accessibility, even to irregular surface;

. non-contact marking and no special working
environmental needed;

. easy to automate and integrate (using computer-
controlled movement of the beam or sample);

. precise beam positioning and a beam highly
localised energy transfer to the workpiece [6];

. high reproducibility and high speed ;

. contamination - free.

( Laser Generating Device |

Reiflecting
Mirror Set

Renecting | GBI |
Mirror Set | { 74

D

Reflecting | OPF.,

Mirror Set

— P
L4

Focus Lens }—

T
A standard )
\_ & Popular )

| am.co.z:i“’éﬂic Laser System
Width http://am.co.za/laser

Fig.2 Laser system

Fig.2. shows the scheme of the laser that we use for
the experiment and on it we are able to see the different
part of CO, laser, including Laser Generating Device,
3xReflecting Mirror Set and Focus Lens [11,12].

Bic 5o e @]

Fig.3. Schematic diagram of CO, laser

Fig. 3 shows more precisely the schematic diagram
of CO, laser. It includes also the working area, fully
reflecting mirror, intransperant mirror, then anodes and
cathodes, the lens and the focus point [2, 9,16].

Fig.4. The laser used for the experiments
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Fig. 4 This figure is an image of the laser used during
our experiment. It is located in the laser center of the
Technological Academy in Rezekne and under it under
the supervision of Professor Lubomir Lazov the markings
on the research field were carried out.

The abbreviation LASER comes from Light
Amplification by Stimulated Emission of Radiation.
The quality of a mark is assessed by its legibility
characteristics such as mark contrast, mark width, mark
depth, and microstructures. The characteristics are
usually evaluated using complementary techniques such
as optical microscopy, ultrosonics microscopy, electron
microscopy, surface roughness measurement. In beam
deflected marking, the line width is mainly determined
by the focused beam spot size, which varies between
20 - 100 um. Other parameters: scanning speed, power
density and material properties also affect the line width.
[1].

In relation to the influence of the laser beam on the
fabric, the linear energy density LED of the laser beam is
defined on a unit length depending on the velocity:

P

LED = —
v

where P is the power of laser beam and v is the speed
of laser beam movement on the felt [2,7].

TABLE 1. LED PARAMETERS

Ne| V, [P=2W P=10W | P=26W
mm/s | LED, LED, LED,
Jmm Jimm Jimm
1| 100 0,02000 | 0,10000 | 0,26000
2 | 150 0,01333 | 0,06667 | 0,17333
3 | 200 0,01000 | 0,05000 | 0,13000
4 | 250 0,00800 | 0,04000 | 0,10400
5 | 300 0,00667 | 0,03333 | 0,08667
6 | 350 0,00571 | 0,02857 | 0,07429

In Table 1 is shown the linear energy density depen-
dences of power P for 2 W, 10 W and 26 W and the
variation of the speed 100, 150, 200, 250, 300 and 350

mm/s [2].

Fig 5. Graphic of changing of LED

In Fig.5 the graphic shows the changing of LED
parameters as a result of the interaction between the speed

and power.

Each processing area (each square) is implemented
with the raster scan method. The line-to-line step is
0.Imm. The processing areas and the processing quality
were analyzed by means of a AM4515ZTL digital
microscope manufactured by DINO-LITE:

https://www.dino-lite.ecu/index.php/en/products /
microscopes/long-working-distance  with 1.3 MPx
resolution, 10-140X zoom and polarizer.

The diagrams of the square matrices after experiments
are shown on Fig 6. The Markings 7, 8, 9 in Figure show
respectively the energy of 2 W, 10 W, 26 W in percent,
which is used for the interaction with a felt.

IV. LASER CUTTING

. The possibility of laser cutting on a CO, laser is
investigated. For this purpose, an experimental method-
ology has been developed which consists of the follow-
ing:

. The processing areas and the processing qual-
ity with the help the microscope have been analyzed.
Altogether, 90 processing areas were investigated. From
the experiments made, the following conclusions can be
drawn:

. a quality cut of the material is obtained with the
following parameters: for white and red felt - a constant
power of 26 W (9%) and a speed ranging 100, 150 and
200 mm/s and the LEDs are 0.26 J/mm, 0.17 J/mm 0.13
J/mm - Fig. 4. Quality cutting of the felt.;

. about the same power 26 W and a speed rang-
ing 250, 300 and 350 mm/s and LEDs are 0.104 J/mm,
0.08667 J/mm 0.0749 J/mm the cutting is not full;

Fig.6. The diagrams of the square matrices

. good marking by lightening of the material
(nearly 50% ) is obtained with the following process
parameters: P=2W and V =250, 300 and 300 mm/s, and
the LEDs are 0.008, 0.00667 and 0.00571 as shown in the
table 1 - Fig. 8. Red and white felt. Contrast measurements
are performed using the Color Contrast Analyzer version:
2.5.0.0. [14];

e about the same power 2 W and a speed ranging
100, 150 and 200 mm/s and the LEDs are 0.20 J/mm,
0.01333 J/mm and 0.010 J/mm the marking is not so
good, it is nearby cutting red and white felt;
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Fig.7. White felt under microscope

"

Fig. 8. Cutting of the felt.

Fig. 9. Cutting of the felt.

. About power 10 W and speed 100, 150, 200
mm/s of laser beam the red felt and white felt have less
partial cutting (less destroying felt) and the LEDs are 0.1,
0.06667, 0.0.50;

. About power 10 W and speed 250, 300 and 350
mm/s of laser beam the red felt and white felt have less
partial cutting (less destroying felt) and the LEDs are
0.04, 0.03333, 0.02857;

. About the next areas from all 90 processing areas
can say the same analogy.

V. CONCLUSION

For all felt materials marking, engraving and cutting
can be successfully applied. The choice of laser process
is determined by the desired final result.

In this research, the laser applications for and
felt processing are analyzed. The advantages of laser
technology in felt fields were pointed. The linear energy
density during marking and cutting by the laser beam was
introduce.

With the help of a robotic automated line, the making
of marking and cutting of felt results in the production of
an obtained, attractive commercial product [2].

The results in the end of the research are:

1. During the laser cutting on the white felt one of
the best parameters of cutting are made in the power of
9 W and speed of 100 mm/s where the cutting is precise.
With the increasing of the speed to 150 and 200 mm/s
the cutting line becomes better, without any mustaches.
Unfortunately, this will bring waste of energy.

2. As for the red felt best results in laser cutting are
between 100-150 mm/s and power of 9 W, but for the
speed of 200 mm/s and the same power, we are able to
see some mustaches left.

3. When we use less power of laser beam there is
imperfect cutting. Then we observe laser marking, but
not cutting, which depends on the power used for the
experiment.

4. The researching felt material is not suitable for
laser marking because of its structure is not appropriate
for quality work. It is good for laser cutting with low
power and the quality is perfect.

5. The results from this experiment can be used as
a base for future projects with similar materials and the
data base can be practically used during working with
CO, laser.
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Abstract—The article presents experimental studies of
the roughness by surface plastic deformation (SPD) on flat
surfaces of steel 45. A dispersion analysis was used to study
the influence of various factors on the surface quality. From
the experimental studies and the dispersion analysis made,
a graphical interpretation of the main effects was obtained.
Graphical visualizations of the roughness pattern after
SPD on the processed surfaces were obtained. Overlapping
sinusoidal movements of the deforming spherical element
were realized.

Keywords—surface plastic deformation, roughness, flat
surfaces.

I. INTRODUCTION

The loss of machinability of the machine parts
usually occurs after the surface layer has been destroyed.
It has been found that the functional purpose of various
machine-building products depends to a large extent on
the qualitative indicators of the surfaces.

One of the simplest and most common methods
for controlling a wide range of Surface Layer Quality
Parameters is the finishing treatment by surface plastic
deformation (SPD).

One of the ways to improve the quality of production
is the use of surface plastic deformation processing
methods [1]. The advantage of the SPD is a capability to
combine effects of finishing and strengthening treatment.
In the literature, there is a wide variety of methods for
finishing by surface plastic deformation, having a number
of specific features [3] — [4]. The most complete and
systematic methods for surface elastic deformation are
discussed in [2]. In [5] prepared a review of the methods
of plastic deformation of matrices and punches.

At the same time, there is no scientifically based
methodology allowing the selection of optimal working
conditions to ensure the specified quality of the parts.

The purpose of the present work is to perform
experimental studies to determine the influence of the
geometrical, technological and energetic parameters of
the surface plastic deformation on the roughness of the
machining surfaces.

1I. GENERAL REGULATIONS

In order to study the influence of the technological

parameters of the SPD process on the roughness of the
processed surfaces, a number of experimental studies
were carried out.

The flat surfaces of steel 45 with chemical composition
according to Table 1 are face milling [6]. Sinusoidal
overlapping movements with a ball deforming tool have
been realized by changing the process parameters of the
SPD process.

TABLE 1 CHEMICAL COMPOSITIONAB OF STEEL 45

C Si Mn P S Cr Ni
% % % % % % %
0,45 ]026 |[063 |0,035 |0,040 |020 |0,20

The tests were carried out on a drilling machine PB
501. The processed specimens were fastened on the
machine table and the ball-forming tool of the vertical
spindle The roughness of the specimens after each
experiment was measured with a Mitutoyo Surftest - 4
profiles shaper at two lengths, averaging the arithmetic
roughness (Fig. 1). A multifactorial dispersion analysis
was performed in order to quantify the influence of the
factors and regression analysis of the experimental results
obtained from the experimental plan.

Fig. 1. Roughness measurement.

The levels of variability of the control factors are
shown in table. 2 and were selected on the basis of
experimental pre-planning results.
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TABLE 2 FACTORS, LEVELS

Factors Levels of factors
coded
-1 0 +1

natural coded natural
Force of pressing of the
ball to the part 100 300 500

X
F,. N
Radius of the
deforming ball tool » X 5 10 15
, mm 2
Feed £, mm / min X, 100 900 1500
Number of the cuts | ) 3
N Xy
Initial roughness

X 1 3 5
R}, um 5

The results of the preliminary experiments show that
the models are non-linear. For this reason an optimal
composition plan has been chosen.

Since the factors are 5, the number of experimental

points increases to N =2"+2x5=42. To reduce
attempts, the centre of the plan is chosen to be a fractional
replica with ¢ =3, that is, the number of attempts in the

kernel of the plan is N,,,, =2’ =4. The optimal one-

aoi
point composite plan V\fas synthesized by QStatlab [8].
The impact of various factors on surface quality was
investigated by dispersion analysis. From the experimental
studies and the multifactor dispersion analysis, a graphical

interpretation of the major factors was obtained (Fig. 2).

ANOVA:  Ra u(Fb,r,f,nRa)
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Fig. 2. Overview of the main effects (significance of the factors).

From Fig. 2 it follows that in order to maintain a max-
imum level of the quality indicator (in this case it is mini-
mal roughness) it is necessary to maintain the 5 factors at
the respective levels shown in table. 3. Obviously, reduc-
ing the diameter of the ball achieves a reduction in rough-
ness. The impact of the initial roughness is strongest, and
the impact of the feed is minimal.

TABLE 3. LEVELS OF FACTORS

Factor
X; X, X3 Xy Xs

Level lower | upper | lower | lower | upper

Given the fact that the plan is second order (optimal
compositional), the regression model is chosen to be a
second order polynomial to allow for a correct statistical
analysis [7]:

k k=1 k
Yy (X, s X6 ) = b, +Zbixi +z Z bx.x; +
i=l i=1 j=i+l
) .M
+Zbiixi2
i=l1

where Y, is the target function of the obtained roughness
R, with the arguments of the coded factors.

Coefficients estimates by, b,, ..., b are obtained from

by
the matrix multiplications:

0 =((FT TFY) [FT 4R, @

where {b} is the vector of the quoted coefficients in the

model, [F ] is an extended matrix of the plan,{RM}
is the vector of the experimental values of the target

function ¥, .
The resulting regression model is

Y, =0.850—0.347x, +0.302x, —0.167x, —

Ra
—0.122x,x, +0.648x; +0.234x,x, —
—0.475x; —0.241x,x,

The detailed scan of the obtained model indicates the
existence of areas with negative values for the roughness,
although the polynomial is of the second degree, and the
selected coefficients are significant. For this reason, this
roughness model can only be used in area of experimental
points to predict roughness, but is not suitable for use in
optimization procedures.

The visualization of the main effects (Fig. 3) shows
that the influence of the individual factors can be
linearized. Based on the plan centre and one central point,
the following linear regression model was obtained:

Y, =0.952+0.122x, —0.222x, +0.26x, +
+0.048x, —0.14x, +0.079x,x, + 0.07x,x, —
—0.09x,x; +0.076x,x, +0.048x,x, —0.144x,x, —
—=0.105x,x, +0.152x, x5 —0.075x, x;

An object of analysis is the model (3).

(€)

The relation between encoded (single)x, and natural

factors #e is

X =(f|/°—«%)/ﬂm 4)

where

)
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$, , Yo and Fp, are respectively the average, upper and
lower levels of the 1-s natural factor.

After replacing (4) and (5) in (3), the expression of
roughness with natural factors is obtained. The results
of the analysis are shown in Fig. 3 in the form of three-

dimensional graphs.

Raw ot
-
—1

=1

/\

Fig. 3. Three-dimensional graphs of roughness function Y, R -

I11. CONCLISIONS

The resulting graphical visualizations of the roughness
pattern model after the SPD of the treated flat surfaces
(Fig. 3) confirm the conclusions about the influence,
significance and the levels of the factors on the surface
qualitative indicators.

The detailed scan of the obtained model indicates the

existence of areas with negative values for the roughness,
although the polynomial is of the second degree, and the
selected coefficients are significant. For this reason, this
roughness model can only be used in area of experimental
points to predict roughness, but is not suitable for use in
optimization procedures.
The implementation of small feeds, a high deformation
force and a lower initial roughness lead to an improvement
in the qualities of the treated surfaces and greatly reduce
the roughness.
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(8]
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Abstract— Active magnetic bearings are increasingly
used in various fields of industry. The absence of mechanical
contact makes it possible to use them in ultra-high-
speed electric drives. The main trend of active magnetic
bearings development is the improvement of the control
system. The main problem of the control system is the
displacement sensor (most of them has low accuracy and
large interference). The sensor must have the following
properties: simple in realization, high linearity of the
characteristic, high sensitivity and noise immunity, high
reliability. At the present time there is no sensor that satisfies
all these conditions. Most manufacturers use various kinds
of filters to get an accurate position signal. This increases
the response time of the control system. Thus, problem of
designing and modeling the position sensor, considered in
the article is topical.

Keywords— active magnetic bearings, inductive sensor of
situation, measurement of provision of a rotor.

L. INTRODUCTION

The Active Magnetic Bearings (AMB) receive the
increasing application in various fields of the industry.
Lack of mechanical contact allows to use them in
ultrahigh-speed electric drives (now it is in great demand)
[4]. An integral part of AMB is the measuring converter
of linear movements (the situation sensor). The sensor
measures the shift of a rotor of rather central situation.
The sensor of situation is one of the major elements in the
AMB control system, stability of system depends on its
accuracy and speed. Sensor parameters in many respects
are defined by its design. Now in AMB inductive, vortical
current based, capacitor and magnetic sensors [11] are
used. Besides, sensor-less systems [12] can be applied.
For improvement of the AMB technical parameters
(stability, quality of transitional characteristics, speed)
there is urgent a problem of development of sensors of
a new design with the improved technical characteristics
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[7.8,9].
II.  MATHERIALS AND METHODS

Active magnetic bearings due to lack of mechanical
contact between a rotor and the stator except high-speed
appendices allow to work in vacuum, in the conditions
of radiation, in hostile environment, in superclean
technologies and at low and high temperatures at which
operation of ordinary bearings is impossible [1], [2]. The
principle of action of AMB is shown in fig. 1.

Control system iAMB
P T Ppsition
3 S sensors
Reference Pom{e_:r P
signal amplifier 0=

+
Controller
Power | |

.
[}
amplifier; |

| UV Electro-

mabnet

Fig. 1. Principle of action of AMB.

The AMB without control system is unstable system.
The correct work is reached only at the expense of
feedback by situation and control systems. The provision
ofarotorin a gap is defined by situation sensors. By means
of a signal of a task it is possible to set micromovements
of a rotor in a gap. The controller processes a signal from
the sensor on one of laws of management (proportion-
differential, proportional-integral-differential-regulators,
adaptive management, an algorithm on the basis of neural
networks, etc. [3,5,6]). Amplifiers of power set currents
in windings of electromagnets. Thus, the electromagnetic
forces holding a rotor in a standard position are controlled.

Key element of a control system is the sensor of linear
shift of a rotor in radial situation. Properties of all system
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in many respects are defined by its parameters. It has
to have high precision of measurements (about several
microns), high speed (about several kHz), a high noise
stability. There is a big variety of sensors of situation, the
main can be considered inductive, induction, capacitor
and sensors of measurement of magnetic field.

However there is not enough noise stability of any
sensor to use it directly for further processing on the
controller. For obtaining value of shift of a rotor filters
are used (or on active elements, or digital). The problem
is that the better filtration requires the big frequency of
a signal, otherwise there is an inadmissible delay when
processing a signal.

Let’s consider the existing inductive sensor of
provision of a rotor.

The function chart of the converter (fig. 2) includes
the generator of rectangular voltage of the bearing
frequency set by the microcontroller, the transformer
with two identical windings for obtaining two voltage
in an antiphase, the inductive sensor of shift, with two
oppositely concerning the center of a rotor the located
windings (for receiving a differential signal), the analog-
digital converter and the microcontroller which carries out
processing of a signal.

Inductive
sensor

Transformer
U

Analog .
. H Microcontroller ‘
digitizer

Z

Fig. 2. The function chart of the inductive converter with the trans-
former bridge.

Secondary windings of the transformer and winding
of the sensor form the transformer bridge. In the central
provision of a rotor the bridge is balanced also output
voltage U_=0. In the displaced provision of a rotor we
have

Z1-22
Z1+Z72+27 (1)

where E - the electromotive force of a secondary
winding of the transformer; - complex resistance of a
secondary winding, first and second windings of the
sensor respectively.
The bearing frequency is usually high therefore active
resistance of windings are negligible in comparison with
their inductive resistance. Besides the transformer bridge
is designed so that inductance of secondary windings of
the transformer was much less inductance of windings
of the sensor. Then in the displaced provision of a rotor
we have

Uab=E

_E(L1-L2)
Uab = Li+L2 (2)
where L L, - inductance of windings of the sensor.

The sensor model in the environment of Ansys is
presented in the figure 3

: . :
| I . ‘

= = 4 |

Ofdocomm— e "‘“9_‘ Y
Fig. 3. Shift sensor Model in the environment of Ansys.

The bearing frequency usually is set about 10 kHz. It
is caused on the one hand by desire to increase speed, on
the other hand restriction of speed of analog digitizer of
the microcontroller.

When giving on an entrance of basic voltage of
squared Uo (fig. 4), at the exit we receive voltage which
sign concerning a sign basic will depend on in what party

the rotor concerning sensor windings is displaced.
U

/‘

—— Uo

/ Uexit
\4 t

/‘

|

Fig. 4. Basic and output voltage of the sensor of shift.

At low frequencies output voltage has almost
rectangular shape. At frequencies about tens kHz vortex
currents, despite execution of a from leafs made magnetic
conductor of the sensor have significant effect. Therefore
we observe exponential increase of current. At such form
of a signal it is required to perform measurement in a
point of the highest value of voltage, but it is necessary to
finish transformation of an analog signal before switching
of the front of a basic signal. Taking into account that in
full AMB there are 5 sensors of situation, speed of analog
digitizer has to be 2 orders more than the frequency of a
basic signal.

In the figure 5 results of modeling in the environment
of Ansys Maxwell at rotor shift in the direction of an axis
y on 0.1 mm are presented.
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Fig. 5. Results of basic and output modeling in the environment of
Ansys Maxwell. a) voltage on axis X coils) voltage on axis Y
coils.

Initial value of voltage 15B is caused by entry
conditions when calculating model and does not reflect
reality

Now speed of analog digitizer of the microcontroller
makes about 1 MHz. Thus the frequency of a basic signal
is limited to value about 10 kHz.

1. RESULTS AND DISCUSSION

Application of more high-speed analog digitizer is
possible, however for them the range of entrance voltage
usually decreases that negatively affects on a sensor noise
stability.

In modern microcontrollers there is amodule of capture
and comparison. It allows to perform measurements
of intervals of time between digital signals with a big
accuracy and speed. Thus, if to receive a situation signal
from the sensor which will be proportional to width of an
impulse of a digital signal it is possible to increase speed.

In the figure 6 the function chart of the inductive
measuring converter with a digital output is shown.

Fig. 6. The functional chart of the upgraded inductive sensor of linear
movements.

The inductive measuring converter with a digital
output contains the coil of inductance 1 which is put on
not closed magnetic conductor with a changeable gap 2,
a source of the rectangular voltage 3, the resistor 4, the
comparator 5, a source of basic voltage 6. Consistently
to the coil 1 are switched on the generator of rectangular
voltage 3 and the resistor 4, one of conclusions of which is
connected to grounding, and another to the coil 1 and one
of comparator 5 entrances, the source of basic voltage 6 is
connected to other entrance of the comparator 5.

If in a reciprocal part of a magnetic conductor 2 there

are vortex currents, then power failure on the resistor will
have the form close to triangular. At change of a gap of
the core inductance of the coil and size of vortex currents
change, and, therefore, also voltage amplitude on the
resistor will change. On entrances of the comparator the
constant basic voltage and triangular voltage from the
resistor (fig. 7) moves. At the same time at its exit there
are impulses which duration the T depends on magnetic

conductor gap size.

Fig. 7. Formation of impulses on the upgraded sensor.
In the figure 8 results of modeling in the environment of
Ansys Maxwell with a frequency of 50 kHz are shown.

6 6 [l — St e o w1 E— LT

Fig. 8. Results of basic and output modeling in the environment of
Ansys Maxwell.

Voltage shift at the initial stage of modeling is caused
by entry conditions of calculation. Smaller amplitude
value of voltage is caused by the bigger frequency and
influence of vortex currents. For increase in sensitivity it
is enough to increase sensor supply voltage.

For reduction of losses it is desirable that regarding a
magnetic conductor on which the coil is reeled up, there
would be no vortex currents, i.e. it needs to be produced
from thin sheets of steel or from ferrite.

Iv. CONCLUSIONS

Thus, are presented in article result of computer
modeling of the inductive sensor of shift, and the upgraded
inductive converter of linear movements used now.

Due to more fast measurement an opportunity to
increase the frequency of the signal of basic voltage
given on a sensor winding is available the T time interval
microcontroller, than an analog signal. It positively
affects on speed of all system and gives the chance of
better processing of the received signal digital filters.
Besides, there is an opportunity to avoid processing of
analog signals that allows to choose more high-speed
digital signal processor which is not containing the analog
digitizer block. Still, if to place this converter directly
with AMB, the hindrances induced at a transmission line
of an analog signal from the sensor to the control unit are
excluded.

On this inductive converter of linear movements the
patent for the invention is taken out [12].
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Abstract—The semi-empirical model of arc impulse
discharge development in impulse xenon lamps for optical
pumping of solid-state lasers’ active media was considered.
Equations of the power balance of supplied electrical power
and processes of ionization, plasma heating, heat dissipation
and optical radiation generation laid the model’s basis. The
analytical description of the processes being considered
results in an ordinary differential equation which allows a
non-resource-intensive numerical solution. The built model
enables to evaluate basic electrical and optical parameters
of non-local arc discharge plasma at its development stage.
Comparison with the results of measurements of electrical
and optical plasma parameters which are the most convenient
for experimental diagnostics in the modelled non-stationary
mode testifies to adequacy of the developed model. Relative
simplicity and convenience of the model predetermines its
possible usage when solving applied engineering tasks of
optimization of operating parameters of impulse pumping
lamps and for obtaining initial (zero) approximations for
comprehensive modelling of a non-local non-stationary gas
discharge plasma in science-intensive calculations taking
into account a great combination of elementary collision
and radiation processes in a non-equilibrium system.

Keywords — expanded xenon non-equilibrium plasma
channel, impulse direct xenon lamp.

1. INTRODUCTION

Current development of technical means of numerical
modelling of complex physical systems predetermined
emergence of a new low-temperature plasma physics
development stage. Emergence of the non-local plasma
model [1] at the beginning of a new century and fast
popularity growth during description of gas discharge
media predetermined quick development of a new
low-plasma physics area connected with macroscopic
averaged numerical modelling of a large combination of
elementary collision and radiation processes as part of
hydrodynamically similar approximations [2]. A large
number of works dedicated to such an approach during
the study of quite a wide set of diverse gas discharge
media (for example, [3--7]) enables to formulate a
number of major problems which occurred in this area.

First of all, they include difficulties of restriction of
multiply elementary plasma processes [8] taken into
consideration when developing quasi-closed models
based on the set of reliable data on their probabilistic
characteristics [9] or systematically made quantum-
mechanical calculations, resource-intensity of which
can be mitigated significantly by means of transitions
to different semi-empirical approximations [10, 11]; yet
limited experience of comparison of plasma modelling
results with the experiment [12]. In this regard, it
appears to be expedient to fulfil a series of works for
modelling of non-local plasma media of already used
or developed technical devices with a view to check
the quality of developed theoretical approaches in the
non-local plasma physics [13], on the one hand, and
to solve applied tasks of optimization of real devices —
on the other hand [14 - 16]. The practice of numerical
modelling of non-local plasma in a quite popular today
medium Comsol [17] shows that the quality and speed of
models’ convergence largely depend on selection of initial
(zero) approximations for non-local plasma parameters,
and it turns out to be particularly significant during the
analysis of non-stationary processes quickly developed
in time [18]. In this respect, the present work was made
for development and testing of a simple semi-empirical
model for the calculation of obtaining a possibly more
qualitative approximation for internal (hardly susceptible
to experimental determination) parameters of plasma of
the developed discharge in xenon which emerges during
generation of impulse arc discharges in xenon pumping
lamps used in solid-state lasers.

Pulse stroboscopic direct xenon lamps ISP-200,
ISP-250, 1ISP-600, ISP-2000, ISP-2500, INP-5/75,
INP-5/40, INP-5,5/80, INP-7/80, INP-5,5/60) and their
foreign analogues IPL-11x75x180, IPL-8.3x40x162,
IPL-11x80x180, IPL-14x80x300, IPL-10.5x60x182
and others are widely used: in impulse light sources
[19, 20], in solid-state and chemical lasers [21-23],
in state-of-the-art electrophysical units, for distance
measurement, in alarm, in high-speed photography, for
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welding and cutting, in medicine, cosmetology, light
engineering, photochemistry, spectrophotometry, water,
air decontamination technologies, medications, solutions,
instruments, food products, packing materials [24-34]. A
wide spectrum of fields of application of impulse lamps
predetermines the need for variation of their radiation
parameters. These parameters depend on the dynamics
of generation and expansion of an arc discharge plasma
channel and, hence, can be adjusted within given limits
by varying electrical power modes. For the efficient
selection of such modes which assures optimization of
optical characteristics, it is expedient to develop above-
mentioned semi-empirical models interconnecting
external, easily changing in practice, and important
for optimum operation internal electrical and optical
characteristics of impulse arc discharge non-local plasma.
The specified considerations predetermined the choice of
impulse xenon gas discharge lamps as an object of study,
the first stage of which the present work is dedicated, the
objectives of which include:

* development of a macroscopic model initial for
microplasma modelling, on the basis of power balance
equations for a gas discharge cell in each moment of a
channel expansion stage;

e comparison of calculation results with the
experiment for electric power supplied in a gas discharge
lamp and power of radiation generated by a lamp at the
quasi-stationary plasma channel generation stage;

¢ development of theoretical assessments for internal
non-stationary non-equilibrium process parameters:
dependences on time of radiation power of an expanded
xenon non-equilibrium plasma channel, mean xenon
plasma radiation absorption coefficient, power losses for
gas ionization, plasma heating in the developed channel,
heat transfer in gas surrounding a plasma channel.

* development of semi-empirical data on relations be-
tween listed non-stationary arc discharge parameters.

1L SEMI-EMPIRICAL MODEL OF THE PROCESS OF IMPULSE
ARC DISCHARGE DEVELOPMENT IN XENON

During the development of the model of arc discharge
development processes in impulse xenon lamps, the equa-
tion of the power balance at the non-equilibrium plasma
channel expansion stage was used. The electrical field
power N, supplied per a unit of time in a discharge gap is
consumed for ionization of inert gas atoms (/, ) heating
of generated plasma (N,,), heat transfer in surrounding
non-ionized gas (N,), and for generation of electromag-
netic radiation (®_ )

(M

On the other hand, the power described by the sum (1)
can be experimentally determined by a voltage drop in the
discharge gap u and the value of discharge current I. The
electric power dissipated on a positive discharge column
N, may be found by discharge current and specific plasma
conductivity o in this discharge field.

The speed of system power loss for radiation of
electromagnetic waves @ _, through the side surface S of
expanded plasma channel, which is included in (1) and

NZ :Nion

+Np +Ny +O_,.

is of greatest practical interest, may be determined by
plasma radiation spectral density £ _ at effective radiating
medium temperature:

®,,, =278 [ E,,dv )
0

Function E . standing under integral (2) may be
evaluated by the Planck formula for equilibrium radiation
spectral density and Kirchhoff optical law connecting
radiating capacity (E, ;) and absorbing capacity of the
“grey” body 4, :

E /A, =const.

3)

Herewith in evaluation calculations based on
the Planck formula of radiation of significantly non-
equilibrium (at the arc discharge development stage)
medium characterized by different electrons and heavy
particles temperatures it is reasonable to use the typical
electron kinetic power T as effective temperature.

As aresult, the expression for plasma channel radiation
power @ _ follows from (2) and (3):

3

o =Zn( N 3ST4 — Y i
rad — Cz kT ) T exp(hﬂ)j_l
kT

The experimentally observed lamp radiation power
Do differs from ®_ due to partial light absorption by
bulb walls. In a restricted spectral frequency range from v,
to v, corresponding to the bulb clarity band, the specified
effect can be taken into consideration [24] by introducing
effective (for a frequency band corresponding to the lamp
bulb glass pass band) quartz wall radiation transmission
coefficient, <y>. Its inclusion in (4) where an integration
variable is replaced with a dimensionless value x = hv/kT
results in the following expression for the impulse lamp
light flow measured during the experiment:

hel(KTAy) 3
4—fk7;5(y) [ 4,——~—a
¢ hel(KT,7) exp(x)—l

“)

o) Q)

lamp =

For evaluation of the mean value of plasma channel
absorption coefficient 4 included in (8) the approximate
approach based on the Bouguer law was used in [24]:

(A) ~1-exp (-Kr) (6)

where K [m!] — mean by spectral interval xenon
plasma radiation absorption value, » — plasma channel
radius. In its turn, the mean xenon plasma radiation
absorption value £ included in (6) was evaluated based on
classical considerations (Schirmerformula [20]):

p eU.
K =B —exp| ——
T p[ ij

e

™)

where B, = 7.9-10" K*/(Pa m), p —xenon pressure in
a plasma channel, U=11.7 B — xenon atom ionization
potential, e — elementary charge. For the calculation of
thermodynamic pressure of xenon plasma channel with
volume V" Van der Waals equation for xenon was used.
As a result of insertion of Ratios (6) and (7) in (5) there
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appears an approximation convenient for its quantitative
evaluations for the effective absorption coefficient:

PRTr eU.
A xl-exp| B LT _exp| S0 g
) exp{ - m.p)ffexp[ kY;j} ®

included in final expressions for electromagnetic
radiation flows by a plasma channel and impulse lamp:

Arh

KT 7
c_<A> (TJS;[exp(x)—l * ©

rad — 2
4zh kT,
®un, =75 () £ )5

)

h/GTA) 3
— Y x(10)
hel (KT, ) €Xp (x) -1

Final expressions formulas for calculations (8-10)
introduce the following designations:, R — universal gas
constant, 7, — plasma channel ion temperature, a,, b, —
critical constants for xenon, P, =5.84 — critical xenon
pressure and 7, =289.734 K — critical xenon temperature,
p — gas density, p — its molecular weight. Quartz wall
pass band wave lengths (A, =180 nm to A,=1100 nm) for
lamp types IPL-8.3x40x162, INP-5/40 and ISP250 and
the effective radiation transmission coefficient (<y>) are
given in [20, 36].

For accounting power losses N, spent for heating a
gas component from heavy particles (ions in atoms) in the
expanded plasma channel it was taken into account that
density (p) and specific heat intensity (c) of plasma at its
expansion stage vary weakly as compared to its volume
(¥) and ion temperature (7,):

d dT,
N;, =—cmI = c— VT c V—+T— 11
L P r)=p [ 7 ] (11)

For exclusion of ion temperature included in (11) the
Shockley formula typical for the classical gas discharge
thermal physics connecting the volume variation speed

and plasma channel temperature was used:
ar, _ 1 dv 1 v

~T,=—In—
dt oV dt’ a v,

(12)

where o, =1.087-10~ K" — plasma channel volumetric
expansion coefficient. Its applicability amidst developed
arc discharge was checked based on experimentally ob-
tained dependence of a plasma channel proportional to the
cross section area (and, hence, its volume) of discharge
current on temperature. Applicability of the relation (12)
between the plasma channel volume and temperature for
the considered discharge development stage was checked
experimentally.

Sizes, volume of a plasma channel and their expansion
speed using the Ohm’s law recorded in a differential form
are easily expressed via electrical discharge parameters
convenient for measurement: specific electrical conduc-
tivity of plasma channel o, its variation speed in a positive
column with the length of H and current intensity through
a plasma interval i. As a result of insertion in (11) of so
transformed ratios (12), the relation between heat power
N,, and electrical discharge gap parameters convenient
for comparison with the experiment is obtained:

2 .
chH_d_y . :To+1+ln(z/10)

e ' (13)

The ratio (13) via [, and T designates initial (i.e.
established during the time of combustion of a pilot arc
preceding voltage power pulse arrival) current and ion
temperature values of a plasma channel, respectively.
Specific conductivity of a positive column is determined
by electronic temperature ¢ = D(T,)* where D =3.2-10-
5 Siemens/(m-K?) [24]. The latter at the plasma channel
expansion stage can be deemed approximately invariable
[24].

Power losses N, required for providing generation
and expansion of a non-equilibrium plasma channel
are related to its volume variation speed V' through
multiplication of charged particles concentration in
plasma n_by power w, required for ionization of one atom
with generation of an electron with power corresponding
to electronic temperature of a xenon plasma (“ionization
specific power”):

N o dond)
dt

>

W ed_V W :(Ui"'szer (14)
dt 2

The formula for the calculation of the heat dissipation
power N_ from the expanded xenon non-equilibrium
plasma channel with time variable ion temperature T,
in the environment at temperature 7,=300K through the
boundary area with A/ width has the following form:

T-T
N, =yS§-i 0
DY

(15)

where ¥=3-102"W/(m-K) — xenon heat conductivity
coefficient. The side surface area S and radius r of the
expanded plasma channel are determined via discharge
current I using the differential Ohm’s law:

HI
r= =
\]ﬂa(ul -U, —Uk)

Values of near-electrode potential drops U
and U, included in (16) in total do not excee
several volts and are low as compared to voltage
drop u, on a positive column of approximately
40V in the pilot arc mode and reaching 400 V in
the power impulse mode.

Use of (16) for expression of geometrical parameters
of the expanded plasma channel included in (14) and
(15) via discharge current intensity and plasma channel
conductivity easily measured at the experiment y=cs/L
enables to obtain the ultimate working formula for
calculation of total heat losses and to transform using (4)
the initial equation (1) into the differential equation for
finding a dependence of current intensity on time:

2
Po! ={p{TO+1+1n(1/10)} [U +3kT j}H dy .
o

o dt
47rh kT, x T -T,
A — d e E—
I < >[ j J:exp() 1 *tx Al

S=2nrH

(16)

(17)

I11. DiscHARGE NUMERICAL MODELLING

Equations obtained in the considered power model
make up the closed system which enables to calculate
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the course of dependences of discharge current on
time i (#) and other systems characteristics at the non-
equilibrium plasma channel expansion stage as part of
made approximations.

The built differential equation (17) was solved in
the course of its numerical integration for discharge
current, via which conductivity y, ion temperature T,,
mean absorption coefficient < 4>, plasma channel side
surface area S were expressed. The integration step did
not exceed one hundredth of typical time of the aggregate
arc discharge generation process.

Calculations were performed for the case of the
value of constant voltage drop between lamp anode and
cathode u, = const, which, in its turn, implied invariability
of the potential difference between positive column
edges. This feature enables to simplify the equation (17)
by transferring in it from conductivity to voltage drop on
a positive column U

colomb:
:HTO M} (U, +§krw]}x
a

H> dy 4rxh KT 7P X T -T,
o (A)(T]SIW dety S

As a result of solution of the power balance equation
(18) the time behaviour of the instant current value /(¢) of
pumping in a discharge lamp was calculated, by means
of which time dependences of instant electric power
supplied in lamp and its instant radiation power were
calculated. Thus, the obtained modelling results were
compared with an experiment.

5U cotoms

(18)

IV. EXPERIMENT

The experimental test of the built model was made
on lamp types IPL-8.3x40x162 ISP250 for two voltage

values at storage capacity (U, ;=80 V and U =110 V)
[37].
Recording of a transitional instant voltage

characteristic proportional to instant pumping voltage
between electrodes. Recording of the discharge current
time behaviour in an impulse lamp is carried out using
non-inductive current sensor.

Figure 1 shows experimental and design transitional
characteristics of electric powers N (¢) supplied in the
expanded xenon non-equilibrium plasma channel in
INPKL (ISPKL).

6

20 22

0 2 4 6 8 10r12 14 16 18

Fig. 1. Transitional characteristics of electric powers supplied in a xe-
non lamp: 1 and 1*— experimental and calculated characteristics
for 80 V and 140 V supply voltage, 2 and 2* — experimental and
calculated characteristics for the same voltages.

Asitfollows from figure 2, calculated and experimental
transitional characteristics N (¢) during expansion of a
xenon non-equilibrium plasma channel rise and match
satisfactorily. It testifies in favour of the proposed physical
and mathematical model.

Figure 2 shows design time dependences of common
logarithms of rated powers for ionization of an expanded
plasma channel 1g(N?, — (/)/N© ) (8), for heating a
plasma channel Ig(V", ..) (13), for radiation
of a plasma channel Ig(N" nnel(t)/ N(e) .) (24) and heat
dissipation from channel Ig(N% (t)/ N<e> wo) (27) in
respect of electric power supplied in a plasma channel of
a pseudo-pilot arc.

Fig. 2. Timedependences of common logarithms of rated powers for
ionization of an expanded plasma channel Ig(N®, (t)/N‘e) ), for
heating a plasma channel Ig(N™  (1)/N® o) radiation of a plasma
channel Ig(N®_  (£)/ N©__ ) and heat d1ss1pat10n from it into the
environment Ig(N®_(¢)/ N‘J ddo) in respect of electric power supplied
in a plasma channel ‘of a pseudo pilot arc: 1i*, 2i* — calculated char-
acteristics for powers of plasma channel ionization at supply voltage
values on a lamp of 80 V and 110 V respectively, 1T*, 2T* — calcu-
lated characteristics for powers of expanded plasma channel heating at
supply voltage values on a lamp of 80 V and 110V, respectively; 1r*,
2r* — calculated characteristics for plasma channel radiation powers
at supply voltage values on a lamp of 80 V and 110 V, respectively;
1y*, 2y* — calculated characteristics for heat dissipation powers from
a channel into the environment at supply voltage values on a lamp of
80 V and 110V, respectively.

As one could expect, at the xenon non-equilibrium
plasma channel expansion stage time dependences of
common logarithms of rated powers for ionization of
an expanded plasma channel Ig(N® (f)/N© ), for
heating a plasma channel Ig(M", — (¢)/N© dao)s 10T
radiation of a plasma channel lg(N“)chaml( )/ N(e o) and
heat dissipation from a channel into the env1r0nment
1g(N®_(2)/ N(e)p 1,) are increased with time at the same
lamp voltage value. Herewith, voltage increase between
lamp electrodes results in an increase of rates of power rise
for ionization of an expanded plasma channel, for heating
a plasma channel, for radiation of a plasma channel and
heat dissipation from it into the environment.

Recording of a transitional characteristic of a radiation
power surface density INPKL (ISPKL) is made using
VD3 photodetector and R, current sensor. Based on the
experimental transitional characteristic of radiation power
surface density INPKL (ISPKL) experimental transitional
characteristic of radiation power INPKL (ISPKL) N, (?)
was determined. The latter is given in figure 3 together
with numerical modelling results.

05;

19 21 23 25

07 3 5 7 9 11 13 15 17
£,

Fig. 3. Transitional characteristics of radiation powers INPKL (ISP-

KL): 1 and 1*— experimental and calculated characteristics for

80 V and 140 V supply voltage, 2 and 2* — experimental and
calculated characteristics for the same voltages.
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Satisfactory matching of numerical modelling results
with the experiment enables to speak about applicability
of the proposed model for rough evaluations of the time
course of parameters of non-equilibrium plasma of an
impulse arc discharge in xenon pumping lamps at the
plasma channel expansion stage.

Development of the numerical expanded plasma
channel model based on power balance accounting
enables not only to obtain initial evaluations for full-
scale plasma modelling taking into account specifics
of elementary collision and radiation plasma processes
significant for the considered system but also gives a
possibility to evaluate a number of internal parameters
of non-local non-stationary expanded discharge channel
plasma important for optimization of pumping lamps
operation.

V. CONCLUSION

As a result of theoretical and experimental studies, a
model for processes of expanded non-equilibrium plasma
channel generation in impulse stroboscopic direct xenon
lamps and impulse direct xenon lamps for optical laser
pumping was built. The accuracy of calculations made
within the model being considered is approximately 90%.
Thus, the built and tested model may be used for applied
calculations and modelling operating modes of devices in
which non-stationary arc electrical discharges are used,
including - for optimization of operating modes of im-
pulse direct xenon lamps.
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Abstract—This paper presents the methodology behind
the positioning of modular fixtures (for the 3-2-1 principle in
particular) in a CAFD application (add-in) for SolidWorks.
The application is integrated into SolidWorks and it’s used
to automate the design process of modular fixturing devices.
Part of it is a methodology for automated determination of
the positions of the modular elements by using rule-based
logic and mathematical formulas.

Keywords—add-in, computer-aided fixture
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I. INTRODUCTION

A fixture is a work-holding or support device used in
the manufacturing industry. Fixtures are used to securely
locate (position in a specific location or orientation) and
support the work, ensuring that all parts produced using the
fixture will maintain conformity and interchangeability.
Using a fixture improves the economy of production by
allowing smooth operation and quick transition from
part to part, reducing the requirement for skilled labor by
simplifying how workpieces are mounted, and increasing
conformity across a production run [1, 2]. In addition to
processing, they are also used in experiments at elevated
regimes and increased duration of cutting, while retaining
accuracy in the measurement [3].

Fixture selection and design takes a significant part of
the total time necessary for technical and technological
production preparation and the costs associated with
fixture design and manufacture can account for 10%—20%
of the total cost of a manufacturing system [4]. These
costs relate not only to fixture manufacture, assembly,
and operation, but also to their design. Hence there are
significant benefits to be gained by reducing the design
costs associated with fixturing.

Approximately 40% of rejected parts are due to
dimensioning errors that are attributed to poor fixturing
design [5]. Fixture design work is also tedious and time-
consuming. It often heavily relies on fixture design
engineers’ experience/knowledge and usually requires
over 10 years manufacturing practice to design quality
fixtures [6]. The design and manufacture of a fixture can
take several days to complete when human experience
and a try-and-error process is utilized in fixture design.
By reducing the subjective influence of the human factor
and the try-and-error process the design process can be
improved significantly.

Modular fixturing systems are the most widely used

flexible fixturing systems in manufacturing. They are
based on standardization of their components and they
are designed as groups of pre manufactured standard
elements and units with relatively tight tolerances. Those
elements can be assembled in variety of different fixtures
for locating and clamping variety of different parts. Once
all the needed processes are completed the fixtures can
be disassembled and reassembled in other, completely
different configurations [7]. This is the modular systems’
biggest difference and biggest advantage over the
dedicated fixtures as the latter are usually scraped after
completing their task.

For years, applications of modular fixtures have led
to significant technological and economical benefits
including [8]:

1. Significant reduction of the lead time — applications
of modular fixtures can reduce more than 80% of the
production preparation time.

2. Reduction of the production cost — modular fixtures
are reusable, thus replacing dedicated with modular
fixtures leads to a significant reduction of the materials
and manufacturing costs of fixtures, especially in job
and batch productions.

3. The use of modular fixtures helps ensuring production
quality — the standard modular components are
manufactured with tight tolerances. Once they are
assembled into a configuration, the positions of
functional components can be locally adjusted thus
providing a potential to improve the production
quality.

4. The use of modular fixtures may extend the
manufacturing equipment’s capability and improve
the production rate.

Modular fixtures are composed from baseplate on
which are positioned different locating and clamping ele-
ments. All the system holds up a workpiece in a strict po-
sition during process operations. [9] Generally the design
process for modular fixture devices consists of the correct
selection of locating, supporting and clamping elements
and their precise position on the base plate. The number
and position of locating points must be such that a work-
piece’s six degrees of freedom (Fig.la) are adequately
constrained during machining [10] and there are a variety
of conceptual locating point layouts that can facilitate this,
such as the 3-2-1 locating principle, plane and pin-hole
locating, long-pin locating, V-block locating (Fig.1b).
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3-2-1 point locating Plane and pin-hale losating Long-pin locating

e 5

V-block locating

b)

Fig. 1. (a) The six degrees of freedom [11] and (b) methods of con-
straining them [12].

When separate locating elements are used (e.g. seating
pins) their positions have to be such, that they ensure the
stable position of the workpiece, i.e. the workpiece should
not be moved by its own weight. This is achieved by
placing the elements at maximum distance of one another
[13]. When a baseplate with pin-hole pattern is used, there
are obvious restrictions to that distance, so the positions of
the locating elements have to be at maximum distance in
contention with the pin-hole pattern and the workpiece’s
dimensions and form.

The automation of fixture design process is
successfully solved by applying the system for Computer
Aided Fixture Design (CAFD), which are using various
intelligent methods, such as expert system, case based
reasoning, and genetic algorithm (GA), etc.

The methodology presented in this paper uses rules
of type IF-THEN-ELSE, mathematical formulas and
SolidWorks’ options to determine optimal positions for
the locating elements.

II. RELATED RESEARCHES.

In [14] was presented the basis for an application
integrated in SolidWorks, whose task is to create fixture
design for locating prismatic and cylindrical parts by one
of three methods - 3-2-1 locating principle, plane and
pin-hole locating or V-block locating. The application is
created like an integrated in SolidWorks’ environment
add-in and was developed by using SolidWorks’ API,
VB.NET programing language and rules IF-THEN-ELSE.

Fig. 2. Interface of the ADD-IN.

as-0 *n-8

RIS

Fig. 3. Assembled fixture with workpiece.

The add-in is started in “PART” file by its own button
in the Toolbar. The necessary input data is entered by the
user by selecting the locating surfaces and confirming
the selection with the buttons in the Property Manager
Page (Fig.2.). While the selection is made, the program
determines the surfaces’ type and dimensions and the
locating elements’ positions. When the button “Start” is
selected by the user the program creates a new assembly
file, places the base plate and start inserting and mating
operations for the rest of the elements and the part. After
concluding all of its actions the program leaves the
assembly file open for the user so he can continue working
with it (Fig.3.).

I1I1. SELECTING SURFACES.

To the aforementioned interface (Fig.3.) was added a
button for the selection of the machined surface (Fig.4.).
Whit this button the user marks the surface(s) that will
be machined and therefore cannot be used for locating
or clamping. For every surface selected for locating the
program have to determine if it is suitable by checking
first the selected surface’s orientation in relation to the
machined surface. This is done by using custom rules
of the If-Then-Else variety and SolidWorks’ built-in
commands through its application programming interface
(API). Basically the add-in measures the angle and
distance between the two surfaces and, with the help of
the rules, decides if the selected surface is suitable. At
the moment this means that the angle between the two
surfaces have to be between 90° and 270°.

Fix A

First

Second

Lidaf

[Thild }

P EEEE—
Start

Fig. 4. Property Manager Page.

After successful selection of the to-be-machined sur-
face(s) the text field under the button shows the number of
selected surfaces. After successful selection of a locating
surface the text field under the button shows “OK”. The
clamping surfaces are selected by the program and there is
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no indications for selection in the Property Manager Page.

IV. DETERMINING THE LOCATING ELEMENTS’ POSITIONS.

As it was stated before, with the location of parts it is
crucial the locating elements to be correctly positioned.
Those positions directly depend on the surface’s shape
(rectangle, circle, polygon), dimensions and if it’s solid or
not are there holes, steps etc. (Fig.5.)).

Fig. 5. Surfaces with different features.

When the surface has simple shape (solid square or
circle) the positions are easily determent but with compli-
cated shapes and/or additional features the task becomes
more and more complicated. The program needs to “un-
derstand” what portion of the part it can use for location
and that’s achieved whit the help of the user and set of
rules, which allow the program to find other surfaces in
the same plane without the user selecting all of them.

The rules are using SolidWorks’ option, available
through the application programming interface (API).
After the user selects a surface and presses a button, the
program determines its orientation by extracting its nor-
mal vector data and gets the coordinates of the end points.
Then the program checks every surface of the part for oth-
ers with the same orientation and in the same plane. If
there are such surfaces their end points’ coordinates are
added to those of the selected surface. Example for the
used rules:

Automated selection of a surface. Extraction of the
normal vector's data.

IF the vector data match the vector data of the surface
selected by the user THEN,

IF the surface lies in the same plane as the surface

selected by the user THEN,

Collecting the coordinates of the surface's end
points.

ELSE
Automated selection of the next surface;

ELSE
Automated selection of the next surface.

Those and other rules of the same type are included
into cycles, which are repeated until every surface is
compared to the selected surface.

After the comparison is concluded, a new sketch is created
on the selected surface. The coordinates gathered from all end
points are transformed to the local coordinate system of the

sketch and the maximal and minimal values for each axis are

determined X 1 may X1 mingY (1 mayY (1 miny Those values are used

for the calculation of a center point :

X0 =Xmar -2FX min} Vi0= Ymar-; Ymin

(1)

The locating points are going to be calculated

in a relation to this center point in such manner,

that they will imitate the hole pattern on the base

plate. Next the distance between the minimal
and maximal value for each axis is calculated:

Ax=X1max — X1 min, Av = VYimax — YVimin (
2)

A
k1‘—[0,050

050

> ky 2[0:&— 3)

The coefficient shows the multiplicity of the distance
to the step of the holes on the base plate (5S0mm) rounded
down to an integer ( means the floor of , i.e. the largest
integer less than or equal to ). Those coefficients are used
for calculation of the coordinates for the location elements
so the round down guaranties that they will be between the
endpoints of the surface. The coordinates are calculated as
follows:

u, ,=u,, *k *0,025;

v, =V, *0,025; 4
v, =V, Tk *0,025;

V=V, T *0,050

The values for are taken from equations (2) and (3)
depending on which value of is greater — for and for .
The same logic is applied for the values of . In equations
(4) is multiplied by half the step of the holes on the base
plate, so the symmetry of the locating points according
to is consistent to the symmetry of the holes. On the base
plate there are no pin-holes on the axes of the plate that’s
why in the equation for there is additional round down —
without it in the cases when is odd the coordinate comes
between the holes.

With the calculated coordinates the program creates
points in the sketch and closes it. Next there are checks
on whether the points lie on the surface (or surfaces). The
task of those checks is to avoid placing a locating element
in a hole, grove or outside the surface. If at least one point
is not on the surface (or surfaces) (Fig.6.a) the program
implements one or series of corrections aiming to get all
points on the surface.

The corrections can be:

- mirror reversal of the points to one axis (Fig.6b);

- single or multiple displacement of all points along one
or both axes at distance equal to portion of the free
space (Fig.6c), i.e. from (2) and (3):

(6)

- recalculation of the coordinates with coefficient , with
the possibility of repetition until ;

- swapping the coefficient (Fig.6d).

The different corrections can be combined in various
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ways so after one type of correction to be executed
multiple corrections of different type. For example: after
recalculation of the coordinates with coefficient to be
executed multiple displacements until reaching , after
which another recalculation with to be implemented
end so on until . Of course any subsequent correction is
executed if at least one point doesn’t lie on the surfaces.

a). b).
c). d).

Fig. 6. Locating points — a) calculated coordinates; b), ¢), d) with
corrections.

When all possible corrections are implemented and
at least one point doesn’t lie on the surfaces the program
shows message to the user, stating that the selected surface
is not suitable for this type of locating.

The checks and corrections are the same for solid
surfaces and surfaces with different features. The program
finds the features without the help of the user, however
if the user want to use a tiered surface for location he
needs to select one surface for each plane. A tiered surface
is considered when two or more surfaces have same
orientation but lie on different parallel planes. The reason
why the user has to select one surface for each plane is
to avoid placing locating element on the bottom of any
feature (e.g. on the bottom of a blind hole).

When [ 6.5 * gvgo' vil)|re lying on the surfaces, the
program checks if the center of gravity (its projection on

the plane of the surface) lies in the triangle of the three
points. If it does, then the determination of coordinates is
completed successfully, otherwise additional corrections
are implemented. The corrections consist of displacement
of one or two points along one or both axes at distance
multiple of 50mm (Fig.7.). After each correction all the
points are checked whether they still lie on the surface. If
there is no way the center of gravity to lie in the triangle
the determination of coordinates can’t be completed
successfully.

After the successful selection of the first surface (i.e.
all checks are passed successfully) the user can make
selection for second surface. For determining the locating
points on the second and third surfaces the center point
is projected onto their planes thus ensuring the same
symmetry in all planes.

Eenter of,
gravity,
L] L] 4
Center of pt. 2
gravity

100
100

100 100

Fig. 7. Positioning the locating points according to the center of
gravity.

For the second and third surfaces the coordinates are
determined differently than for the first surface. For the
second surface the coordinates for one of the axes (the one
parallel to the projection of the first surface) are calculated
according to :

] Uomas = Uoin | 5 _

W21 = U ( ~0.050 0,050)!’2,
= o + | | B2mex = Womin | %

U2 = U ( 0,050 0,050);"2

©)

In (6) are the coordinates on the first axis; is the
coordinate of the projected point on this axis. The
coordinates on the second axis are selected according to
the selected adjustable stops (Fig.8.). The coordinates are
equal to the height of the adjustable screw (D, C or B)
minus the height of the seating pin’s head.

Hex Nut
A - Adjustment Screw

GEE ( %1 I 4 )
G T 'Dlu @
7] o
J o G - Socket Head

Cap Screw

Fig. 8. Adjustable stops. [15]

The height of the adjustable screw is selected so that
the center of gravity (its projection on the plane) is be-
tween the locating points and the first surface’s projection

(Fig.9).

Fig. 9. Position of points 21 and 22 in relation to the first surface and
center of mass.

The program creates point with the calculated coor-
dinates and starts checks and corrections, similar to those
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for the first surface. The corrections can be mirror reversal
or displacement of one or both points by 50mm on each
of the axes. If necessary the locating points can be moved
below the center of gravity.

For the third surface the coordinate is calculated sim-
ilar to :

=1 _. Uimax = Udmin | %
U = o ({ =0 } 0,050)/2.

(7)
The symbol in (7) is replaced with so that the point
of center of gravity is between the locating point and the
second surface’s projection (Fig.10.). For the second axis
the coordinate of the point is selected the same way as .
The checks and corrections are same as for the second
surface.

Second surface

Pt 31

o,

Center of gravity

First surface

Fig. 10. Position of pt.31 in relation to the first and second surface and
the center of mass.

After the successful selection of all three surfaces and
all calculations are completed the program transforms all
coordinates in global coordinate system and recalculates
them so they match the pin-hole pattern on the base plate
(Fig.11.). This is done automatically at the end of the us-
er’s selection.

by+02

by

b,t02

504001

Fig. 11. Base plate [16].

Once the selection process is completed successfully
the user can select button “Start” and let the program
create a new file of type “ASSEMBLY” (.sldasm). In this
file the program places the base plate as fixed part and
starts inserting and mating processes for all locating and
supporting elements and the part. The program inserts
the default configuration of every element and changes
it according to the values of coordinates. If it’s needed
the adjustable stopper’s body can be placed on raising
elements for additional height. The need, type and
dimensions of the raising elements are automatically

selected by the system.

All elements are mated together at the calculated
positions and the system concludes its work by leaving
the new assembly for the user to interact with it (Fig.12.)
— to inspect it, to manually correct it if needed, to save the
file with selected name and in selected folder etc.

Fig. 12. Assembled fixture with part.

V. DETERMINING THE CLAMPING ELEMENTS POSITIONS.

The determination of positions of the clamping
elements is similar to that of the adjustable stops. It is
done in relation to the locating surfaces and elements.
The program searches for surfaces that are opposite to the
locating surfaces but are not selected as to-be-machined.
The clamping points are selected by the same equations
with a difference for the side clamps — the positon is
calculated not for the middle of the clamp but for the
socket that will be outermost from the center of the part
(Fig.13.).

Fig. 13. Clamping (to-be-machined surface in checkered pattern).

VI CONCLUSIONS.

This paper presents a methodology for determining
the positions of the locating and clamping elements
in modular fixture design for the 3-2-1 principle. The
methodology is consisted of mathematical formulas, rules
of the If-Then-Else type and SolidWorks’ API functions.
The result is optimal positions for the elements according
to the workpiece’s dimensions and form, the pattern of
the base plate’s holes and the intended machining surfaces
(but not taking the type of machining in consideration).
This methodology is included into a system for automated
fixture design for prismatic and cylindrical parts. The
system is integrated in SolidWorks as an add-in and it uses
SolidWorks” API.

This methodology allows accurate automated
determination of the positions for the elements. It is
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developed for the 3-2-1 locating principle, and it allows
the selection of surfaces with different geometries and
containing multiple features (holes, pockets, steps etc.).
The input data is selection of surfaces chosen by the user,
and the output data is an assembly file consisted of base
plate, locating, supporting and clamping elements and the

part.
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Abstract- Tree wounds are the starting points that
may lead to heartwood discoloration and decay caused by
invading micro-organisms such as heartrot caused Phellinus
pini. Phellinus pini most frequently occurs on douglas—fir
(Pseudotsuga menziesii), pine (Pinus sylvestris) and spruce
trees (Picea abies). According to investigations made in this
area, infection by Phellinus pini entries through felling scars
or broken tops when Phellinus pini fruiting bodies (conks)
on other trees are realising airbone spores. When spores
land on a freshly wounded stem, the infection process starts.

Internal decay is often difficult to detect because only
Phellinus pini conks indicate its presence. In most cases
the number of conks doesn’t exceed one-two pieces on the
surface of inficied Pinus sylvestris stems. When wood poles
for power lines are harvested in length from 10 to 16m
in wood felling areas where the average height of Pinus
sylvestris trees is more than 27m, the local distribution
of heartrot doesn’t exceed for more than 1.5m above and
below each conk, the conk is located in the middle part
of the pole length, the speeed of pruning exceeds 4m/sek,
the hight level of risk exists that the damaged with heart
rot wood pole will be accepted as appropriate to quality
requirements toward heartrot because after pruning the
presence of conk would be vanished but the top and butt
surfaces of pole’s won’t indicate heartrot. The evidence of
heartrot will be checked only in the technological process
of debarking before impregnation when Phellinus pini conk
place indicates.

The purpose of this study is to predict the influence
of Phellinus pini on Pinus sylvestris stems and to provide
operational and safety recommendations concerning the
risky assessment and management of infected felling areas
in harvest planning processes.

Key words- Phellinus pini, Pinus sylvestris, wood poles for
power lines

1. INTRODUCTION

Pinus sylvestris is the world’s most widespread conifer
after Juniperus communis. Its native range includes Albania,
Andorra, Armenia, Austria, Azerbaijan, Belarus, Bosnia &
Herzegovina, Bulgaria, China, Croatia, Czech Republic,
Estonia, Finland, France, Georgia, Germany, Greece, Hungary,
Italy, Kazakhstan, Latvia, Lithuania, Macedonia, Mongolia,
Montenegro, Norway, Poland, Portugal, Romania, Russia,
Serbia, Slovakia, Slovenia, Spain, Sweden, Switzerland,
Turkey, Ukraine, and the United Kingdom.[3].

Phellinus pini is one of the most common stem and butt
decay fungi in conifers. According to investigations [1];
[10], its distribution spreads across the north temperature
zone. Phellinus pini most frequently occurs on Douglas —
fir (Pseudotsuga menziesii), pine (Pinus sylvestris), spruce
(Picea abies) and western larch (Larix occidentalis) [7].

Decay dynamics and damage will vary with host species
and age [12]. According to literature data, the evaluation of
Phellinus pini has not been studied extensively. Infection
through adaxial twigs and branches usually occurs in late
fall or early spring when the bark is loose. As the result it
causes red ring rot. Developing of heartrot in hardwood can
take over 100 years. The early stage of decay appears as a
reddish-purple stain in the heartwood. During incipient decay
the surrounding wood tends to be discoloured when the wood
strenght parameters doesn’t significantly changed [1], [10],
[16]. Decay is usually confined to the heartwood of mature
trees and the most extensive deccay occurs in the trunk [9];
[16]. Decay develops after Phellinus pini fungus causes the
springwood. The fungi firstly destroying lignin and later
cellulose [11]. From this stage fruiting bodies may develop at
branch stubs or wound faces along the stem. The appearance
of conks are usually brownish, hard, woody and hoof—shaped.
According to investigation results [16] only Phellinus pini
consistently produce the conks that indicate heartrot decay.
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Fig. 1. Pinus sylvestris stem with heartrot indicator - Phellinus pini conk, where:
a - conk on the growing tree; b-conk place after harvesting; c-conk place after debarking

Pinus sylvestris separate the wound and subsequent
decay by forming barrier zones of cells in the pholoem
and xylem to prevent fungal spread. Therefore, the wound
usually won’t exceed the diameter of the tree at the time
the damaging happened (Fig.2). Phellinus pini may
overcame these barriers resulting in canker enlargement
[6]. There is no approved information in literature if the
amount of decay correlates with the wound size and age
[18].

If the tree is unsuccessful to prevent fungal spread,
decay will spread further into the heartwood. In trees with
advanced decay conks are often seen along the lenght of
the stem (Fig.1.)

According to investigation results [9], [14] Phellinus
pini is one of the most descrustive heartrots in North
America, especially in old growth forests [1]. According to
investigation results [5] the average loss due to Phellinus
pini decay is about 10% of the volume of interior stands,
less than 5% in stands on Vancouver Islans and the Queen
Charlotte Islands and about 15 % of the gross volume
of Douglas fir stands western Oregon and Washington
state. Unfortunately, the studies addressing Phellinus pini
investigation is limited in Latvia [2], [3], [4], [13], [17],
[19].

Therefore, the risk related to Phellinus pini is
underestimated when harvesting is managed in old
growth forests. The quality problems related to heartrot
reveals in manufacturing process of wood poles for
power lines in the technological stage of debarking when
places of Phellinus pini conks reveal visible on wood
poles surfaces (Fig.1).

The goal of this study was to evaluate and predict
the effects of Phellinus pini infection on structural
stability of wood poles for power lines. The following
objectives were set to achieve the study goal:to verify
the presence of Phellinus pini by laboratory analysing of
wood samples from conks places;

* to correlate the presence of visible indicators-conks
of infection by Phellinus pini to wood poles structural
condition as extend of decay, observed average shell
thickness, number of annual rings in sound shell
zone, in barrier and hardwood zone, required shell
thickness, etc;

* to collect and analyse all measurement results;

recomendations
concerning risk assessment of felling areas infected
by Phellinus pini in forestry operations

* to prepare the technological

III. MATERIALS AND METHODS

A field study was carried out at the period May -
December of 2017, in Vidzeme region of Latvia and
in energy company JSC “Sadales tikli”. Wood poles
which were harvested in Vacciniosa and Myrtillosa
forest types where the age of pine stands according to
the forest inventory description was more than 105 years
old were selected in the investigation. The quality control
of each of selected 4863 pcs. wood poles was done in
each stage of technological process in JSC “Sadales
tikli”. Traceability of wood poles was ensured. In order
to gather information about impact of Phellinus pini on
wood pole’s strenght parameters, the following approach,
methods and data was collected:

- data characterized the wood felling area: coordinates

of wood felling area; forest type;

- growing stock; growth conditions; site quality classes;
species composition index and the age of species;

- data characterized the wood pole’s visual quality
parameters: lengh of wood pole; wood pole top and
butt diameter; wood pole diameter at a conk positions;
a conk possition measured from the wood pole butt
and a conk location place dimensions on infected tree
surface;

- data characterized wood pole’s quality parameters at
the position on the wood pole where Phellinus pini
conk or blid conk was visible: number of annual
rings in sound shell zone; number of annual rings in
barrier and hardwood zone damaged by Phellinus
pini; total number of annual rings; mean thickness of
annual rings in sound shell zone; mean thickness of
annual rings in barrier zone; mean distance of heart
rot measured from conk position toward to wood
pole butt; mean distance of heartrot measured from
conk position toward to the wood pole top; mean
distance of internal wood staining area (indicative of
incipient decay) measured from conk position toward
to the wood pole butt; mean distance of internal wood
staining area (indicative of incipient decay) measured
from conk position toward to the wood pole top;
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Required Shell Thickness; observed Average Shell
Thickness and calculation of mean AST/RST ratious.

IV. RESULTS AND DISCUSSION

When wood poles for power lines are harvested in
length from 10 to 16m in infected by Phellinus pini wood
felling areas where the average height of pine trees is
more than 27m, the conk is located in the middle part of
the pole length, the speed of pruning exceeds 4m/sek, the
hight level of risk exists that the damaged with heartrot
wood pole will be accepted as appropriate to quality
requirements toward heartrot. After pruning the presence
of conk would be vanished but the top and butt surfaces
of pole’s won’t indicates heartrot. The evidence of
heartrot will be checked only in the technological process
of debarking before impregnation when Phellinus pini
conk place indicates (Fig. 1)

For the long period, in the process of quality
evaluation of wood poles before impregnation, the conk
places were evaluated as the unspound knots. Only when
the heartrot as a cause of breaking of wood poles was

checked, the problem started to be explored.

For investigation of the reason of heartrot, the sample
of damaged wood was taken and analysed (Fig.2) in the
laboratory of molecural genetics LSFRI Silava.

Fig. 2. The example of examined wood taken for
molecural genetics analyse

The results of the laboratory analyses revealead the
reason of heartrot in infected wood poles - Phellinus pini.

According to the investigation objective, the dimen-
sions of Phellinus pini conk’s location places were mea-
sured on infected wood poles surfaces (Fig.3). The mea-
surement results are given in Table 1.

Fig. 3. The measurement of conk location place dimensions on infected wood pole surface

All wood poles on which surfaces were indicated
Phellinus pini conk’s were cross or/and longitudinally
sectioned at the position of the visible conk’s or blind
conk’s (Fig.4; Fig.5; Fig.6). In some cases wood poles
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were cross sectioned above and below the conk’s in order
to evaluate AST at these positiions. The investigation
results is given in Tablel.

Fig. 4. Cross sections of infected Pine wood poles upper Phellinus pini conks possition where:
1- entry point of fungus at old branch stub, 2- conk possition, 3- barrier zone line which indicates the outer limit that heart rot would have extend-
ed in this tree [15], [18]
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- i3
Fig. 5. The analyses example of cross section of infected pine wood pole taken at a conk position, where:
D, - wood pole diameter at conk position, mm; D, - diameter of hardwood damaged by Phellinus pini, mm; B- number / thickness of annual rings
in barrier zone, mm; A- number / thickness) of annual rings in sound shell zone, mm
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Fig. 6. The analyses example of longitudinal section of infected pine wood pole taken at conk position, where: L, - distance of conk possition
measured from butt, cm; L, - lenght of wood pole, cm; D - wood pole diameter at conk positions, mm; r - distance of heart rot measured from
conk position toward to wood pole butt, mm; r,- distance of heart rot measured from conk position toward to wood pole top, mm; s, - distance
of wood staining (indicative of incipient decay) measured from conk position toward to wood pole butt, mm; s - distance of wood staining
(indicative of incipient decay) measured from conk position toward to wood pole top, mm

TABLE 1. THE MEASUREMENT RESULTS CHARACTERIZED DAMAGES OF PINE WOOD CAUSED BY PHELLINUS PINI

Mean conk location place dimensions on infected tree surface, cm? (n=128) 24.8 (range 16.3
-28.7)
Mean /Median distance of conk possition measured from wood pole butt, cm (n=83) 4598/4250
Median lenght, cm (73 wood poles) 10000
Mean / Median wood pole diameter at conk positions, mm (n=83) 280/268
Mean /Median wood pole top diameter, mm (73 wood poles) 205/204
Mean /Median wood pole butt diameter, mm (73 wood poles) 310/315
Mean diameter /Median of hardwood damaged by P.pini, mm (n=128) 101/95
Mean thickness of annual rings in sound shell zone, mm (n=128) 0.7
Mean thickness of annual rings in barrier zone, mm (n=128) 1.4
Mean age of trees, years (n=128) 111 (range 105-147)
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The results of the study indicated the following:

Mean AST*, mm (n=128) 35.4 (+SD 5.22)
AST - observed Average Shell Thickness. Calculated as the average of actual wood (+SE 0.46)
pole sound shell width measured at 3 points around the pole at a given height positiion.
This positrion corresponds to the position of the defect indicator (i.e.,conk) above pole
height

Mean RST*, mm (n=128) 30.2 (+SD 9.44)
RST - Required Shell thickness. Calculated as a wood pole radius at a conk position (D, (+SE 0.83)

/2)x 0.30 (Fig.5.)

Overall Mean AST/RST * ratio /(n=128)

0.81 (£SD 0.22)

An AST/RST ratio of 1.00 or grater means that the actulal average stem shell thickness is (£SE 0.019)
equal to the required minimum of shell thickness and soundwoood shell ensures columnar
strenght and structural stability. When ratio AST/RST<1.00, wood pole have relatively
thin stem shell walls and therefore have insufficient sound stemwood shell to maintain
columnar strenght and structural stability.
Mean AST/RST ratio of wood poles with blind conks (n=4, 4 wood poles) 1.86
Mean AST/RST ratio of wood poles with multiple conks (n=14, 4 wood poles) 0.72
Mean distance of heart rot measured from conk position toward to wood pole butt, mm 875 (+SD 185.43)
(59 wood poles) (£SE 24.14)
Mean distance of heart rot measured from conk position toward to wood pole top, mm 850 (+SD 176.31)
(65 wood poles) (£SE 21.87)
Mean distance of internal wood staining area (indicative of incipient decay) measured 2370
from conk position toward to wood pole butt, mm (43 wood poles)
Mean distance of internal wood staining area (indicative of incipient decay) measured 2240

from conk position toward to wood pole top, mm (65 wood poles)

5. CONCLUSIONS

About 1.5 % of inspected 4863 pcs wood poles
harvested in felling areas in Vacciniosa and Myrtillosa
forest types where the mean age of pine trees were

111 years old were infected by Phellinus pini.

Wood poles for power lines are building structure
which characterize strenght parameters. Typical
minimum characteristic values for Pinus sylvestris
wood poles by standard EN 14229 are: bending
strenght  f =48.97N/mm* modulus of elasticity
E=8000 N/mm? [17], [21].

Wood poles strenght parametrs mainly dependent of
wood density. When wood pole’s structural stability
is being impacted by heartrot caused by Phellinus pini

Fig. 7. The felling areas in Vacciniosa and Myrtillosa forest types in
Vidzeme region of Latvia
where the age of pine trees is more than 100 years old

when Overall Mean AST/RST <1, the expluatation
risky will be actual because of low parametrs toward
bending limit and modulus of elasticity.
There are advisable to evaluate the pine trees external
quality before harvesting of wood poles for power
lines inVidzeme region of Latvia in felling areas in
Vacciniosa and Myrtillosa forest types where the age
of pine stands is more than 100 years old (Fig.7). In
cases when the Phellinus pini are being indicated,
wood pole’s should be harvested using motor saws.
To eliminate expluatation risky of wood poles

for power lines, new information related to infected by
Phellinus pini felling areas is required for harvesting
planning.

[1].

[21.

REFERENCES

Conference paper-Allen E., Morrison D., Wallis G., 1996. Com-
mon Tree Diseases of British Columbia 178p. [Online]. Available:
https://www.pfc.forestry.ca/diseases/CTD/index e.html.

Journal: Arhipova N., Gaitnieks T., Donis J., Stenlid J., Vasaitis R.,
2011. Butt rot incidence, causal fungi and related yield loss in Pi-
cea abies stands of Latvia. Canadian Journal of Forest Research,
41(12), pp.2337-2345

[3].Journal: Baumanis 1., 1993. A complex research project: factors

[4].

[5].

170

in Latvia affecting the health of pine (planting stock and young
plantations), and recommended protective measures. Proceedings
of the Latvian Academy of Sciences, Section B, 7(552), pp. 79-80.
Book: Baumanis 1., Jansons, A., Neimane U., 2014. Selection, ge-
netics and seeding in Latvia. In: Daugavpils, 324 p.

Journal: Bier, J.E., R.E. Foster and P.J. Salisbury. 1946. Studies in
forest pathology. IV. Decay of Sitka spruce on the Queen Charlotte



Miklasévics. Evaluation of Heartrot Caused Phellinus Pini and Related Yield Loss in Pinus Sylvestris Stands

Islands. Can. Dept. Agric. Publ. 783. Tech. Bull. #56. 35 pp.

[6]. Journal: Blanchette R.A., 1982. Decay and canker formation by
Phellinus pini in white and balsam fir. Can. J. For. Res. 12: pp. 538-
544.

[7]. Book: Boyce, J.S. 1961. Forest Pathology. 3rd. Ed., McGraw-Hill,
Toronto.

[8]. Journal: Earle C.J., 2011. Pinus sylvestris (Scots pine) description.
In: The Gymnosperm Databaswe. [WWWdokument]. [Online].
Available:  http://www.conifers.org/pi/Pinus_sylvestris.php [ar-
chived in July, 2014]

[9]. Journal: Etheridge D.E.,1972. True heartrots of British Columbia.
Canadian Forest Service, Pacific Forest Research Center, Victoria,
BC.Forest Pest Leaflet No. 55. 14 p.

[10]. Journal: Hunt R.S., Etheridge D.E., 1995. True heart-rots of
the Pacific Region. Forest Pest Leaflet No.55, Pacific Forestry Cen-
tre. 8 p.

[11]. Journal: Kimmey J.W., 1964. Heart rots of Western Hem-
lock. Forest Pest Leaflet 90, U.S. Dep’t of Agriculture. Accessed 5
Mar. 2007. [Online]. Available: https:/www.fs.fed.us/r10/spf/thp/
leaflets/Hearotweshem.htm

[12]. Journal: Larsen M.J., Lombard F.F., 1979. A new variety of
Phellinus pini associated with cankers and decay in white firs in

southwestern Oregon and northern California. Can. J. For. Res. 9:
pp-31-38.

[13]. Journal:Libiete Z., Jansons J., Zalitis T., 2009. Age structure
and productivity of conifer stands in Latvia. Mezzinatne / Forest
Science 19(52): pp.28-48.

[14]. Book: Scharpf R.F., 1993. Diseases of Pacific Coast Coni-
fers. USDA For. Service, Pacific Southwest Research Station, Al-
bany, CA. USDA For. Serv. Handbook 521, June 1993. 199 p.

[15]. Book: Shigo A.L., 1991. Modern Arboriculture. Shigo and
Trees, Associates, Durham, NH. 424 p.

[16].
tial-cut harvesting: A literature review for British Columbia. BC
Min. Forests Pest Management Report No. 14, Vancouver Forest

Conference paper - Zeglen S., 1997. Tree wounding and par-

Region, Nanaimo, BC. 40 p.
[17].
of manufacturing of wood poles for power lines.[Online]. Avail-
able: https://  lufb.llu.lv/dissertation-summary/engineering/Z__
Miklasevics _l-a.pdf
[18]. Evaluation of the effects of heart rot fungi on live tree struc-
tural stability. [Online]. Available: https://www.for.gov.bc.ca/.../
WTReport-Effects-of-HeartRotFungi-June. [ Accessed 2007].
Assessment of the development of the forest industry

The technological investigations and ecological evaluation

[19].

https://www.zm.gov.lv/public/ck/files/ZM/mezhi/.../1_pielikums.pdf.
[Accessed 2011]

[20].. Opinin on the draft guidelines on forest and related devel-
opment guidelines for 2015-2020. Available: VSS-489 Idf.lv/sites/
default/files/faili/Par_mums/LDF vestules/80_ldf msnp vss489.
doc

[21].

EN 14229. Structural timber-Wood poles for overhead lines

171



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 12th International Scientific and Practical Conference. Volume II, 172-176

Ferroelectric Nanocomposites With Governed
Interface on Base of Magnetic Porous Glasses

A.A. Naberezhnov
loffe Institute,
26 Polytekhnicheskaya str., St.
Petersburg, 194021, Russian Federation

A.A. Sysoeva
loffe Institute,
26 Polytekhnicheskaya str., St.
Petersburg, 194021, Russian Federation

0O.A. Alekseeva
Peter the Great St. Petersburg
Polytechnic University 29
Politechnicheskaya str., St. Petersburg,
195251, Russian Federation

P.Yu. Vanina
Peter the Great St. Petersburg
Polytechnic University
29 Politechnicheskaya str., St.

L.V. Golosovsky
Petersburg Nuclear Physics Institute
named by B.P. Konstantinov of NRC
«Kurchatov Institute»
188300, Russia, Leningradskaya Oblast,
Gatchina, 1, mkr. Orlova roshcha
B. Nacke
Leibniz University of Hannover, ETP,
Wilhelm-Busch-Street, 30167 Hannover,
Germany

Petersburg, 195251, Russian Federation

A. Nikanorov
Leibniz University of Hannover, ETP,
Wilhelm-Busch-Street, 30167 Hannover,
Germany

Abstract — Two-phase (nonporous) magnetic alkali
borosilicate glasses have been produced by induction
melting. Their macroscopic properties and crystal structure
have been studied and it is shown that in the silica skeleton
there are the agglomerates of Fe,O,. These agglomerates
are formed by monodomain nanoparticles of magnetite
and demonstrate the superparamagnetic properties. After
special thermal treatment (liquation process) and chemical
etching the nanoporous matrices with random dendrite pore
structure and magnetic properties have been produced.
The channels (porous space) were filled by ferroelectric
materials KH,PO, (KDP), KH,PO +(NH,)H,PO, (KDP-ADP
or KADP), and NaNO, and the effect of applied magnetic
fields on phase transitions in these nanocomposite have
been studied. It has also been established that a restricted
geometry changed essentially the phase diagram of KADP.

Keywords — magnetic glasses, nanocomposite materials,
restricted geometry, interface, artificial multiferroics

I.  INTRODUCTION

Mesoporous silica materials, especially alkali
borosilicate glasses with magnetic properties, attract
steadfast interest because of their unique physicochemical
properties such as a low thermal expansion coefficient,
perfect chemical and mechanical stability, a large
and controllable porosity, a high surface area, tunable
pore sizes and volumes, interesting optical and
magnetodielectric characteristics [1-14]. The skeleton
of these glasses is organized by rigid groups SiO2 and
has an amorphous crystal structure. The pores form 3D
dendrite random interconnected network, which is very
suitable for deposition and incorporation of different
guest molecules (substances) to produce multifunctional
materials with unique capabilities and properties. The
average pore diameter one can controllable change in
a wide diapason from units to hundreds nanometers,
the porous space achieves 40% from the total volume

of glass sample. At present time these nanoporous
matrices with magnetic properties use in medicine and
in biology [2, 8-13], in magneto-optic devices [3,5,7], as
different kinds of sensors [13] et cetera . It is important
to note that in all the mentioned above cases the matrices
themselves play a passive role providing conditions of
a restricted geometry, and the magnetic nanoparticles
synthesize into the pore space. However, one can realize
another approach: to create the “active” porous media,
which participates in modification of embedded material
properties. Here the term “active” means that the magnetic
properties become intrinsic feature of matrix itself. It is
necessary to underline that these matrices can be used
as a model object for creation of novel multifunctional
materials, for example multiferroics with spatially
separated coexisting magnetic and ferroelectric orderings
and with a large interface between these subsystems.
By acting on the interface (using temperature, external
magnetic or electric fields, pressure and so on), we are
able to govern the phase state of embedded substances,
for example, due to elastic stresses. It should be note that
this technology permits to produce artificial multiferroics
possessing ferroelectric and magnetic properties at room
temperature that is very attractive for application. The
principle purpose of this contribution has been to study
the properties of porous magnetic glasses and some
nanocomposite materials (NCM) on base these matrices
containing embedded ferroelectrics..

II.  SAMPLES AND METHODS

For the first time the production of alkali borosilicate
glasses with magnetic atoms into the matrix skeleton
was realized in the paper [15] by melting in a platinum
crucible with mechanical stirring. Their macroscopic
properties and crystal structure have been studied [6,16]
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and we have proved the existence of magnetic properties
of these glasses. Later we have developed a novel method
of magnetic glass production — induction melting [17,18].
Magnetic properties of produced magnetic glasses were
studied by SQUID. Crystal structure of produced porous
magnetic glasses was studied by X-ray diffractometer
(Supernova, Agilent Technologies) using Cu, line.
The average pore diameter, which was determined by
adsorption poroscopy, was about 54(5) nm (macroporous
glasses — MAP). KDP-ADP (KADP) solid solutions were
embedded into the pores from an aqueous solution with
triple recrystallization. The pore filling achieved 35 % for
the 5 % ADP sample and 38 % for the 15 % ADP sample.
The dielectric response was studied using a capacitance
bridge at 1 kHz in the International Laboratory of High
Magnetic Fields and Low Temperatures (ILHMFLT,
Wroclaw, Poland). The temperature dependences of the
samples capacitances were measured from 40 — 200 K on
cooling and heating at different applied magnetic fields.
Temperatures of phase transitions were determined from
a position of maximum in the capacity vs. temperature
dependences. Temperature stability was better 0.1 K at
measurements in ILHMFLT. The applied magnetic fields
were varied from 0 to 10 T. The filling of MAP glasses by
NaNO, was carried out from melt under vacuum. In a case
of NCM MAP+NaNO, we have studied the temperature
evolution of crystal structure of sodium nitrite on heating
and cooling at the temperature interval RT- 460 K, i. e.
below and above the ferroelectric phase transition ( 437
K in the bulk material), on the neutron diffractometer E9
(Helmholtz Zentrum Berlin, reactor BER II). The applied
magnetic field was change from 0 till 2 T only due to
some experimental restriction. Temperature stability was
better 2 K.

III. RESULTS AND DISCUSSION

Magnetic macroporous glasses

The X-ray diffraction pattern of the empty
MARP glass and the model spectrum for Fe,O, are
presented in Fig.1.
One can see that there are very good agreement
between both parts, the additional peaks on the top part
correspond to sample environment. The elastic peaks
are essentially broaden due to size effect and using
this information we have determined the characteristic
size of Fe,O, nanoparticles — 18 (3) nm. It means that
in the matrix skeleton there are monodomain magnetite
nanoparticles [19]. AFM and MSM data have shown that
these nanoparticles have been self-organized in large
agglomerates [20]. The additional evidence of presence
of magnetite in the matrix have been obtained at studies of
temperature evolution of magnetic properties of glasses at
two regimes: Field Cooling (FC) at H= 100 Oe and Zero
Field Heating after Field Cooling (ZFHaFC) — Fig 2. The
anomaly at ~ 120 K corresponds to so-called Verwey
transition existing in Fe,O, only at this temperature. The
difference between FC and ZFHaFC regimes testifies that
Fe,O, nanoparticles form a superparamagnetic system
with very high irreversibility temperature ( near 300 K).
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Fig. 1. Diffraction pattern for MAP glasses (top part) and model
pattern for magnetite (bottom part) at RT. The vertical lines indicate
the position of elastic peaks characterizing magnetite
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Fig. 2 Temperature dependence of magnetization of MAP glasses at
FC and ZFHaFC regimes. Arrows point out the positions of Verwey
transition in the bulk Fe,O,

Ferroelectric nanocomposites on base of MAP glasses

Initially we have characterized our samples with
embedded KADP nanoparticles by X-ray diffraction.
Since the embedded materials are the solid solutions of
KDP-ADP with a small admixture of ADP, the structures
of these nanocomposites have to be close to the structure
of KDP and according X-rays diffraction correspond
to the spatial group I-42d, as well as the bulk KDP at
RT, with the unit cell parameters a = b = 7.459 and ¢ =
6.994 A. From the broadening of elastic peaks we have
estimated the average particle diameters: they are equal to
49 (2) nm for the sample with 5 % of ADP, 46 (2) nm for
the sample with 15 % of ADP and 53(5) for NCM with a
pure KDP. So the nanoparticle sizes coincide practically
with average pore diameter in the MAP glasses. Further
we have measured the temperature dependences of
sample capacities on heating and cooling and have
determined the temperatures (T.) of ferroelectric phase
transition. The obtained T, values are presented in Table
1. As a reference sample we have used the conventional
(nonmagnetic) alkali borosilicate glasses with average
pore diameter 46(3) nm. The size of nanoparticles in this
case was practically the same.
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TABLE I
T, ForR NCM KADP+MAP GLASS ON HEATING AND COOLING AS A FUNCTION OF APPLIED MAGNETIC FIELDLS
ADP concentration, 0 5 15
%
Bulk samples [2 1, 22] T.K ~122 104.2 -
. T(,(m“m), K 120.2+0.1 116.7+0.1 112.7+0.1
Nonmagnetic glass —
A T ey K 126.2+0.1 119.8+0.1 114.8+0.1
a (heating)
AT =T -T, K
<| C C(cooling) C(heating), 6 3 . 1 2 1
&3
a = T, . K 120.4+0.1 117.3£0.1 113.8+0.1
ol = C(cooling)
H =3 B=0T T heatiney K 126.2+0.1 118.9+£0.1 116.2+0.1
z S (el
= = AT=T., . —-T. . K 5.8 1.6 2.4
5 = Magnetic glass C ” C(cooling) C(heating),
$ T. . K 126.7+0.1 117.4+0.1 114.0+0.1
£ B- Clentnn
10 Tl‘ TC(hcmin » K 130.9+0.1 120.4+0.1 117.5+0.1
ATC:TC(con]m ) TC(heaunn), K 4.2 3.0 3.5

It is known that a small admixture of ADP leads to
a drastic decreasing of the ferroelectric phase transition
temperature T, [21] (Fig.3), but as it is easy to see in a
restricted geometry without an external magnetic field the
T increases essentially at growth of ADP concentration
in comparison with the bulk KADP solutions. Application
of magnetic field increases (Table 1) T. both during
heating and cooling. It is necessary to note that the effect
of ADP admixture on T, in confinement becomes less
pronounced than in the bulk KADP.

. Paraelectric
1204 -
- B=0T
100 - = -NCM coaling
—— NCM heatin
80 i
¥
F 6o g Ferroelectric
0 + dipole glass
o
40 [}
204 .
= dipole glass
oy R
0.0 0.2

Fig. 3 Dependences of T. in NCM KADP+MAP glasses on heating
and coolingat B=0T

The observed shifts of T. and the appearance of
thermal hysteresis can be explained by the multidirectional
influences of thermal compression (or expansion) plus
positive magnetostriction of MAP glasses [23] on cooling
and heating depending on magnetic field and temperature
variation of thermal expansion coefficients for KADP
or KDP [24]. On cooling the action of a part of these
coefficients is compensated by positive magnetostriction.
On heating, they act in one direction and in this case T,
becomes slightly higher. As a result, we have observed
the temperature hysteresis AT between T . on cooling and
on heating. This fact points out that the appearance of
additional tensile strains due to application of magnetic
field effects really on T,.. The role of the form and tensile
strains has been considered in the theoretical paper

[25] for NCM on base of two types of porous glasses
for BaTiO, and PbTiO, nanoparticles and it has been
shown that the shift of T. depends on an asymmetry of
nanoparticle form and type of matrix.

The next sample was the magnetic MAP glasses
with sodium nitrite embedded into the porous space. In
this case we have studied the temperature evolution of
crystal structure of this NCM by neutron elastic scattering

92 4
88 -
84
804

76 4

Intensity, arb. un.

724

T T T ]
s3 54 55 56 57
20, degrees

% ® &
E o =S
L 1 L

Intensity, arb.un.
=
z
i

T
54 51 36 57
20, degrees

Fig. 4. Intensities of (022) Bragg peak in NCM MAP+NaNO2: (a) - at
RTandatB=0and B=2 T, (b) —at415 K and B=0and B=2T. The
dash-dotted line in Fig.4b corresponds to the intensity of (022) peak at

RTandB=0 T.

Sodium nitrite belongs to the order-disorder ferro-
electrics and undergoes the first order phase transition
at 7C = 437 K. At room temperature (RT) NaNO, has
a body centered orthorhombic lattice (a = 3.57 A, b =
5.578 A, ¢ =5.39 A) with two molecules per unit cell, and
its space group is Im2m. In the low-temperature ferro-
electric phase the spontaneous polarization points along
the b-axis and appears due to a partial alignment of NO,"
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groups along this axis, accompanied by the displacement
of sodium ions. At high temperature (above 7.) a mirror
plane perpendicular to the b-axis appears and the space
group changes to Immm. The physical realization of the
ferroelectric order parameter 1 in NaNO, is the difference
between the occupations f, and f, of two crystallography
equivalent positions of NO, groups, i.e. n=f|-f,. As it has
been shown in the paper [26], the intensity of diffraction
peaks is proportional to

[FP=F +n%(T) xF2| 6]

where F_and F, are the real and imaginary parts of the
structure factor F, and # is the order parameter for the fer-
roelectric phase. In the case of NaNO2 there are two prin-
cipal distinguishing groups of Bragg peaks. For example,
for the (022) peak F _ is equal to 0.46 and F, - 2.04 (for
neutron scattering [27]). It means that in the equation (1)
the value F?_ becomes negligible in comparison with F?_
and the total intensity of the (022) peak is practically pro-
portional 7.

The size of NaNO, nanoparticles in this NCM
has been about 50(4) nm. In Figure 4a and 4b the tem-
perature and field evolutions of (022) Bragg peak for
NaNO2+MAP composite are presented. One can see that
the application of magnetic field 2T suppresses the total
intensity (the loss is about 30 %) in comparison with the
measurement without field. At 430 K and at B=2 T we
have not observed this peak in diffraction pattern. With-
out magnetic field the phase transition takes place near
435 K [28]. This result means that the application mag-
netic field shifts the T, to the lower temperature.

IV. CoNcLUSION

The studies of crystal structure and magnetic
properties of magnetic porous glasses produced by
induction melting confirm the presence of magnetic
agglomerates consisting of magnetite nanoparticles in the
matrix skeleton. On base of magnetic MAP glasses the
NCM with ferroelectrics KADP and NaNO, nanoparticles
embedded into the pores have been prepared. It is shown
that the restriction geometry leads to an essential increase
of ferroelectric phase transition in nanostructured
KADP. The measurements of dielectric response of
nanocomposites KADP+MAP and temperature evolution
of crystal structure of NCM NaNO,+MAP in applied
magnetic fields prove the possibility to govern by
ferroelectric phase transition using magnetic field. It is
shown that the interface “matrix-embedded material”
plays the important role in modification of microscopic
properties of nanocomposites. It open the way to the
creation of multifunctional nanostructured materials with
governed interface on base of porous magnetic glasses.
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Abstract—With the development of laser technologies,
the field of application of lasers is developing as well. They
are capable of processing numerous materials and are
still finding their application in unexpected areas. In this
case, lasers are studied as a system with which black and
white color artificial leather can be processed. This modern
material allows you to combine comfort, practicality and
reasonable price in a finished product. The manufacturer of
artificial leather provides wide possibilities of design. In this
study laser beam was used for dark and light laser markings
on black and white color artificial leather and in this work,
it could be observed how CO, and fiber laser processing
influence this specific material.

Keywords—Artificial leather, CO2 laser, Fiber laser, laser
processing.

1. INTRODUCTION

A. Marking

Product labeling is an important process in modern
production. It provides control over the quantity and
quality of the products produced. For the manufacturer,
labeling is required for product lobbying and as additional
protection against counterfeiting attempts, for the
consumer to obtain information on the product and as a
guarantee of quality control. Laser labeling is becoming
more widespread as a result of the rapid development
of this industry and its integration into other industries
[1]. Fast and accurate scanning of products on different
materials is one of the main advantages of this technology
[2].

There are lots of ways how to apply information
on the products and some of them are: pad printing-
indirect printing of paints on the flat and convex surfaces
of products made of plastic, wood, cardboard, etc. with
a silicone tampon, direct full-color printing on fabric
with water ink - direct printing on textiles, which does not
require preparatory procedures, this method allows you
to apply full-color images to T-shirts, polos and hoodies,
print on complex surfaces (seams, slats, etc.), getting a
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stable and colorful raster image with high resolution,
machine embroidery images on textiles and fabric
chevrons - the most persistent type of imaging on textiles,
the choice of colors is limited by the color palette of the
threads themselves, but the logo on T-shirts, hoodies,
hats, jackets and shirts will not be erased and will remain
bright [3] as well as shock-mechanical, electro erosion,
electrochemical, powder coating and laser marking etc.

B. Laser processing

Contactless method has high scanning accuracy, fast
scanning speed and a clear pattern, the ability to scan
all kinds of texts, symbols, patterns on flat and convex
surfaces, hard, soft and fragile products. The laser
scanning machine integrates all the advantages of laser
cutting, marking and engraving, which makes it possible
to scan small and complex patterns on numerous materials
[1].

Laser scanning has been used for decades, but it has
become very common in recent years. Before we start
let’s remember what were: laser marking, engraving and
cutting. The basic schematics view of those processing
methods could be observed in Fig.1.

CUTTING

MATERIAL

Fig. 1. Schematic view of laser cutting, engraving and marking

processes.

The technology of cutting materials using lasers are
commonly used in industrial production lines. A focused
laser beam, usually controlled by a computer, provides a
high energy density and allows to cut almost any material,
regardless of their thermophysical properties using
different laser sources.

When engraving, the laser beam changes the structure
of the material. Under the influence of a laser, cavities
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open and irregularities form on surfaces, and the impact
zone itself is visible to the naked eye. The laser beam
creates heat at the point of impact and causes the fibers to
evaporate. This is a quick process, and the image is clear,
and all the irregularities are well felt during the touch. The
more passes, or the higher power and slower speed are set,
what causes increasing in energy density, the deeper laser
engraving is made during the treatment.

In the process of marking under the influence of a
laser, the surface of the material slightly changes its
properties or appearance. The material itself in the process
of marking does not hugely change its original properties,
because of the local laser treatment. On the one hand,
for metals slight heat provokes oxidation and changing
reflectance of the light of the areas of impact, and the
surface itself is not damaged, but on the other hand, laser
marking of no-conductive materials causes the changes in
surface of the material so the spot of the impact causes for
material to change color.

IIL. MATERIALS AND METHODS

A. Material

Currently, the genuine leather industry is facing severe
pressure from multiple sources, including scarcity of
raw hides, environmental pollution, and growing ethical
concern over animal rights. Thus, to meet the escalating
demand for leather products worldwide, the design and
manufacture of leather substitutes, or artificial leather, are
springing up, especially in Southeast Asia [4].

Artificial leather has been used for decades as an
essential element of clothing design. The reason for
designing faux fabrics are: the lower cost of the material;
the ease of cutting and sewing; the fact that they are
more available than leather or suede; no irregularities
on the fabric surface, common in natural materials; and
animal treatment and environment concerns. They are
also designing to go beyond the limitations of leather and
suede by creating “unnatural” colors and textures. [5].

There are many names for artificial leather: faux
leather, fake leather, leatherette, synthetic leather,
imitation leather, manmade leather etc. The adjective
“artificial”, initially subconsciously associated with the
phrases “not real”, “fake”, has long acquired a somewhat
different meaning. So, the concept of “artificial leather”
over the past decades has absolutely nothing to do with
the notion “product of inadequate quality.”

The two main differences between the natural material
and faux material are: faux leather is nonporous, so
the fabric does not allow the air to pass though; fabric
backing is required to support the embossed plastic face.
Usual fiber content - face: usually polyurethane (PU)
or polyvinylchloride (PVC) film; polyester film, which
is recyclable may be available; backing depending on
the purpose of use: non-woven fabric, 100% polyester
interlock knit or polyester/cotton blend square plain
weave Weaknesses: not breathable; dry-cleaning
chemical may damage or destroy plastic film; cannot be
re-sewn, needle holes cannot be repaired; plastic surface
may cause “noise” or adhere together easily; extremely

heat-sensitive [4].

PVC is the most commonly used polymer in the
manufacture of faux leather because of its high durability
and low cost. PVC is water-durable, crack resistant at
room temperature, and resilient to wear and tear due to its
chemical properties. PU feels more like genuine leather
and is lighter than PVC, but PU leather is about twice as
expensive as PVC leather, making it cost-prohibitive for
many producers of low-margin consumer goods [6].

As a new polymeric material, synthetic leather is an
important material for making shoes, bags, accessories,
jackets, trousers and shirts suitcases and decorations.
With the advancement and application of new processes
and technologies, synthetic leather develops an advantage
unparalleled by natural leather in aspects of variety, design
and color, style, price and performance [7].

Various structural effects, colors and thicknesses are
produced using PVC and PU. PU skin is considered to
be more environmentally friendly compared to vinyl base
because it does not produce dioxins. Artificial leather
has a wide range of applications in the textile industry
for technical textiles, different color material could be
observed in Fig.2. There are areas where artificial skin is
better suited because it is more resistant to the constant
exposure to sunlight and water, which damages the natural
skin [8].

Fig. 2. Different shades of artificial leather.

The structure of the base material and coating layer
could be observed in Fig.3. In this study two different color
(black and white) artificial leather was used to implement
high marking contrast possibilities on the material.

Garenirtenes

TR e
iy

vioven miterl it mateial

Fig. 3. Polyester interlock knit base fiber structure (with weft and
warp fiber direction) and PVC, PU black color coating.

Fabric type - artificial leather: 1) Black color artificial
leather composition coating PU 100%, backing 90%
polyester,6% Cotton, 4% Viscose, weight - + 555+5 g/m?,
thickness 0,9-1 mm, width + 140£2 cm, fire resistance
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BS 5852, Abrasion resistance >45000 ISO 12947-2,
resistance on light xenon test 7 (scale 1-8), resistance to
sebum good.

2) White color artificial leather -composition coating
95% PVC 5% PU, backing 100% polyester, weight - +
430+5 g/m?, thickness 0,7 mm, width 140+£2 cm, fire
resistance BS 5852, Martindale Abrasion resistance >
100.000 cycles ISO 12947-2, Color Fastness to Light 4
(scale 1-5) ISO 105-B02, resistance to sebum good.

B. Laser systems

Laser radiation is a type of physical energy that is not
found in natural light sources. This is achieved by special
devices - optical quantum generators of various types and
structures. All lasers consist of three basic components:
active medium, pumping system (power source), optical
resonator (in the case when the laser is working as an
amplifier, the optical resonator is not used). Each of
these components fulfills the specific functions of laser
operation.

The aim of this paper is to achieve potentiality
acceptable contrast markings on the material by the
laser processing without causing a significant change of
the material structure. To operate with a marking laser
system mostly the following parameters should be set:
power regulation coefficient, scanning speed, line step
as well as for the impulse laser systems pulse- repetition
frequency can be changed as well. As we know that each
set of parameters applied to the material could change the
outcome. So, there exist a lot of combination which can
be managed.

1) CHANXAN CX-20G laser system specifications
are:
Laser type — Nd:Yag fiber laser;
Operating mode - impulse;
Wavelength - 1064 [nm];
Working range - 300x300 [mm];
Focal spot diameter ~ 20 [um].

Laser system technical parameters can be observed in

Table 1. and schematic view of experimental set-up could
be observed in Fig.4.

TABLE | CHANXAN CX-20G LASER TECHNICAL PARAMETERS

Symbol Name Values range Step Units
% Scan speed 1 — 10000 1 mm/s
Af Focus shift | -100 — 100 0.1 mm
kP Power regu- | 0-100 0.1 %
lation coeffi-
cient
P Avarege|0—20 w
power
f Frequency 20 — 50 1 kHz

X galvo

. Laser source
X mirror

Y galvo Y mirror

Focusing optics

I, Material

Fig. 4. Schematic view of experimental set-up of CHANXAN CX-20G
fiber laser system.

In Fig.5 it could be seen that coloration between laser
kP parameter for average output power P for fiber laser is
almost linear.

P=f (kP)
100 —
e
75 o
E 30 # r
o 7
25
o
o 25 50 75 100
1P %]

Fig. 5. Mapping of values of power regulation coefficient kP [%] to
fiber laser power P [W] with a constant pulse repetition frequen-
cy £=30 [kHz].

2)  SUNTOP ST-CC9060 laser system specifica-
tions are:
e Laser type — CO2 gas laser;

e Operating mode — continuous wave;
e Wavelength - 10060 [nm];
e Working range — 900x600 [mm];
e Focal spot diameter ~ 80 [um].
Laser system technical parameters can be observed
in Table 2 and schematic view of experimental set-
up could be observed in Fig.6.
TABLE 2 SUNTOP ST-CC9060 LASER TECHNICAL PARAMETERS.
Symbol Name Values range Step Units
v Scan speed 1 — 400 1 mm/s
Af Focus shift -50 — 50 0.1 mm
kP Power regu- | 0-100 0.1 %
lation coeffi-
cient
P Avarege | 0—100 W
power
Laser source
Mirror
Y Y
: Mirror - Mirror t
N Focusing N
T optics
—— Material
Fig. 6. Schematic view of experimental set-up of SUNTOP ST-

CC9060 CO, laser system.
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In Fig.7. it could be observed that coloration between
laser kP parameter for average output power P is some-
thing similar to exponential and one more thing was noted
that those kind of CO, systems generate laser beam only
after specific kP value. In this case it was 8 [%].

100 —
——
oz —
[=] '
, o
E 50 #
=¥ &
]
0
0 25 50 73 100
P[]

Fig. 7. Mapping of values of power regulation coefficient kP [%] to
CO2 laser power P [W].

C. Output power measurements

The active medium is what determines the wavelength
of the lasers itself, that often determines how the material
will behave due to laser processing. It has been noted that
power regulation coefficient kP%. could be set in the laser
system software, but for better process understanding
and for further optimization of parameters it is better to
carry out power measurements of a laser output power
(could be used any suitable power measurements system
or output power measurements could be defined by the
manufacturer) in our case it was power measurement
sensor OPHIR F150A-BB-26 that is shown in Fig.8. and
its specifications are summed up in Table 3.

122080760

Fig. 8. Power measurement sensor OPHIR F150A-BB-26

TABLE 3
PowER MEASUREMENT SENSOR OPHIR F150A-BB-26 SPECIFICATIONS
Name Values
Absorber Type Broadband
Spectral Range [pm] 0.19-20
Aperture diameter [mm] 26
Power Range [W] 0,05 - 150
Power Noise Level [mW] 3
Max Average Power Density [kW/cm2] 12
Max Energy Desnity [J/cm2] 10
Power Accuracy [+/-%)] 3
Cooling fan

During this study from preliminary experiments
it was determinate that artificial leather coating is very
heat sensitive material, so there are no needs to use high
energy density systems to treat this specific material.

D. Process parameters

The upper power limit (and therefore the energy
density) of each laser source is preset, and it is necessary
to determine the optimal range parameters variation to
achieve required results.

However, the power density [W/mm?] is determined
by the formula (1), where S is the surface of the laser beam
working spot [mm?] and P [W] output power.

_F
Qs =75
- (1)
Considering, that S = (nd?*) /4 we get,
_ 4F
Qrs — — 32
£l ; (2)

where d [mm] is the diameter of the working spot.
This formula will help us understand that by changing
(defocusing) laser beam, the power density changes
as well. So, for precise measurements this study laser
processing experiments was made in focus position,
where laser beam has smallest working spot.

In this study laser energy density was described
and it is related to delivered total energy [J/mm?] to
the target material and in this paper, it helped better
characterizing the laser processing and beam impact on
the material. J2

s = T
d*1 3)
Where v is the scanning speed [mm/s], d is the diameter

of the working spot [mm] and P output power [W].

The goal of this paper is to determine the limits of
energy density [J/mm?] for artificial leather treatment
using CO, and fiber laser, where laser processing has:

e Almost imperceptible impact on the material

coating layer;

e There is a complete destruction of the material

base layer.

Then in that obtained range it will be possible to
find the best processing parameters for laser marking of
artificial leather using the different values of parameters
matrix method.

I11. RESULTS AND DISCUSSIONS

A. Outcomes from fiber laser processing on white and
black color artificial leather

InFig. 9.,10. and 11. it could be observed that samples
were scanned by the fiber laser in a form of a 4 x 5 matrix
with each cell having different combination of laser pa-
rameters values.

For both white and black color artificial leather was
applied this range of parameters:

e Average power P—1-20 [W];
Scanning speed v — 300 — 3000 [mm/s];
Line distance dx — 0.01 [mm];

Pulse repetition frequency /= 30 [kHz];
Focus shift Af — 0 [mm)].
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Fig. 9. Outcomes after fiber laser treatment on white color artificial
leather material.

v [mm/s]

1000 1500 2000 2500 3000

Fig. 10. Outcomes after fiber laser treatment on black color artificial
leather material.

Fig. 11. Material degradation caused by changing energy density applied
to the material (Dino-Lite Edge AM7115MZT microscope).

In Table 4 it could be observed the approximate
energy density limits using fiber laser system for different
material treatment like marking, engraving and cutting on
black and white color artificial leather.

TABLE 4 REQUIRED APPROXIMATE ENERGY DENSITY FOR MATERIAL TREATMENT
USING FIBER LASER SYSTEM

Material degradation White color Black color artificial
artificial leather leather
[J/mm?] [J/mm?]

Slightly visible zone of 0.50 0.017

impact, coating marked

Material has been en- 2.83 0.2

graved

Material cut through 3.33 1.33

B. Outcomes from CO, laser processing on white and
black color artificial leather

Fig. 12., 13. and 14. shows that samples were scanned
by the CO, laser in a form of a 4 x 5 matrix with each cell
having different combination of laser parameters values.

For both white and black color artificial leather was
applied same sets of parameters (Fig.2.):

e Average power P—1-4[W];

e Scanning speed v — 100 — 300 [mm/s];
e Line distance dx — 0.1 [mm];
e Focus shift Af— 0 [mm].

v [mm/s]|
100 150 200 250

'H Hm W
CHAEEE
A EEEE
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Fig. 12. Outcomes after CO2 laser treatment on white color artificial
leather material.

v [mm/s]|
150 200

300

100

250 300

Fig. 13. Outcomes after CO2 laser treatment on black color artificial
leather material.

3y

Fig. 14. Material degradation caused by changing energy density ap-
plied to the material (Dino-Lite Edge AM7115MZT microscope).

Table 5 demonstrates approximate energy density
limits using CO, laser system for different material
treatment like marking, engraving and cutting on black

and white color artificial leather.

TABLE 5 REQUIRED APPROXIMATE ENERGY DENSITY FOR MATERIAL TREATMENT
USING CO2 LASER SYSTEM

Material degradation White color Black color artificial
artificial leather leather
[J/mm?] [J/mm?]

Slightly visible zone of 0.13 0.0083

impact, coating marked

Material has been en- 1.25 0.15

graved

Material cut through 1.67 0.70

A. Ultimate tensile strength results and discussions

Ultimate tensile strength is the greatest stress especially
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in tension that a material is capable of withstanding
without rupture. In this study ultimate tensile strength of
artificial leather were tested and results plotted in graphs
and tables. The one of the tasks of the article was to
observe influence on the specimens by laser processing
on the material in weft and warp directions.

During preparation, black color artificial leather was
cutted in weft and warp directions of the fibers with
dimensions 50 [mm] x 300 [mm], 6 samples in weft and 6
samples in warp. Then fiber laser marking was applied in
the middle of prepared samples with dimensions 50 [mm]
x 50 [mm] (Fig. 15. and 16.), 3 samples in weft and 3
samples in warp with applied laser scanning as well as
6 samples for both fiber directions remained unscanned.
The ultimate tensile strength test was applied to 4 sample
sets (Table 6).

TABLE 6 PREPARED SAMPLE SETS

Description Sample set
3 specimens of artificial leather weft direction I
3 specimens of artificial leather weft direction 11
with marking applied
3 specimens of artificial leather warp direction 111
3 specimens of artificial leather warp direction v
with marking applied
-
v
125
175
300

Fig. 15. Schematic drawing of prepaired samples in [mm].

Fig. 16. Obtained laser treatment on artificial leather sample by fiber
laser.

In this work was carried the effect of specificly
selected input parametrs for laser processing, in this
case — marking (contrasted color), on the tensile strength
of artificial leather. The aim was to determine how the
acceptable contrasted engraving applied to artificail leather
impacts on the maximum tensile strength compared to the
untreated (control) samples. The test was performed using
Zwick / Roell machine (Fig. 17.) and results could be
observed in Table 5.

Fig. 17. Ultimate tensile strength testing using Zwick/ Roell machine

TaBLE. 7 ULTIMATE TENSILE STRENGTH RESULTS FOR ALL SAMPLE SETS.

Sample Average Maximum Minimum Range
set UTS (N) (N) (N) (N)
1 256.89 265.29 256.89 14.88
11 262.01 266.21 258.93 7.28
1T 457.21 496.31 431.76 64.55
v 466.38 484.69 441.85 42.84

We noted that obtained laser treating parameters has
no influence on the artificial leather both in weft and warp
directions till the base material has not damaged by the
laser beam.

From chart in Fig. 18. and test results in Table 7 we
can clearly see how applied laser marking influence the
artificial leather. On the one hand it could be observed that
chosen material has a bigger ultimate tensile strength in
weft direction, than in a warp direction and on the other
hand we can clearly observe that applied laser marking
is not affect the UTS results, because laser treatment was
obtained only on the material coating.

300

430
400
350
300
250
200
150
100
30
i
I o I Iy

Ramplasat

Ttimate temmils stmngth, B

Fig. 18. Average ultimate tensile strength (N) plotted in chart
Iv. SuMMARY

Due to different absorbtion, reflection and transmission
properties by different IR wavelengts of used material it
could be observed (Fig 19. and 20.) that in both cases
(using fiber and CO, laser) white color artificial leather is
more reflective material to specific IR wavelengths used
in this study and energy density requested for treatment
like marking, engraving and cutting for black color
artificial leather is much less than white color artificial
leather. From plotted energy density charts it could be
observed that in this work used laser system could be used
in marking, engraving and cutting processes.

s 3.33
o 2.

273 83

=25

2

E S 133
515

=

Bt 03 .

5 0.5 0.017 0.2

=g —

hEknns Engraving
Whitz color artificial leather [Timm?]
B Black color artificial leather [J/'mm?]

Cutting

Fig. 19. Values of energy density required for maring, engraving and
cutting of black and white color artificial leather using fiber laser
plotted in chart.
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Fig. 20. Values of energy density required for marking, engraving and

cutting of black and white color artificial leather using CO, laser
plotted in chart.

In this study it was noted that until the artificial leather
base is not subjected to any change by laser scanning
ultimate tensile strength properties remains the same. It
means that artificial leather tensile strength fully depends
on the mechanical properties of the base layer no matter
the condition of PVC/PU coating. Applied study results
could be observed in Fig. 19.

P

OG0 AKA
G

Fig. 21. Laser treatement of black and white color artificial leather.

In conclusion, this study is not last in the coming
series of future articles where features of laser processing
will be studied for such specific material and others.
At this moment RTA laser technology laboratory with
“Laser technologies” Masters students and students from
“Design” faculty are working on very various topics,
trying to find more and more applications and optimizing
already known processes for coherent, monochromatic
laser light and material interaction.
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Abstract—Laser processing of materials takes an
increasing place in production processes. Improving the
performance, improving the quality of processing is not a
complete list of the positive aspects of the introduction of
laser processing, but there are a number of points that need
to be paid attention to during the operation of laser systems
- these are issues related to safety. The following risk factors
are specific to laser systems: firstly, the laser beam itself,
effects on the organs of vision, direct thermal effects on the
skin and tissues, secondly, harmful products resulting from
the interaction of the laser beam and the material being
processed. Aerosols, smoke and dust have different effects
on the human body, especially on the respiratory system
and the publication considers the risks associated with the
release of harmful products during laser processing and the
existing methods for reducing the concentration of harmful
substances in the working area with specific examples.

Keywords — Clean air, Safety, Nano particles, Laser
processing.

I. INTRODUCTION

Industrial laser systems are becoming more
widely used as they have high productivity, production
processes become more efficient and largely automated.
Increasingly, laser systems appear in educational
institutions, in the youth technical creativity centers. On
one hand, this is great, but on the other hand, as many
years of experience have shown, entrepreneurs and laser
system operators often have a low level of awareness of
the risks and unwanted by-products which depend on the
type of laser source; from the laser process; of the material
type.

Depending on the application, these are harmful
vapours, gases, aerosols, and solid particles. The negative
impact will be not only on the person, but also on the laser
equipment as well as the products may be damaged. Laser
fume builds up firmly adhering layers of contamination.
The danger of laser dust is often underestimated. Only
effective air filtration can ensure safe working conditions
and protect the health of the personnel of the enterprise
in which the laser systems operate. The amount of
harmful products during processing depends on the kind
of technological process - drilling, cutting, welding,
engraving or marking, as well as on the properties and
composition of the material being processed, such as

Inese Martinsone
Institute of Occupational Safety
andEnvironmental HealthRiga Stradins
university
Riga, Latvia
inese.martinsone@rsu.lv

plastic, wood or metal. Fine dust and aerosols generated
by laser processes are often smaller than 1 gm [1].

Impact on human health can manifest itself in different
ways depending on the concentration of undesirable
substances in the work area and on the individual
characteristics of the human body. Manifestations of
exposure to harmful substances can be expressed in
inflammation and changes in the tissues of the respiratory
organs, from allergies, and functional disorders of the
lungs to lung cancer.

The classification of fine dust is based on the particle
size (more precisely: on the aerodynamic diameter). Fine
dust with a particle size of 10um is respirable. These
particles reach the bronchial area, as shown in Fig.1. In the
case of fine dust, the smaller the dust particles, the more
dangerous it is, as it can penetrate further into the lungs.
Very fine dust can penetrate into the alveoli and clog them.
Particles smaller than Ipum are extremely dangerous as
they can penetrate very far into the lungs. [2]

u nasal mucosa and | . B
fauces > 10pm -

B larynx 4.7 - 5.8pm

¢ [lrachea and bronchi
33-4.7ym

m 2o 0O m &
_-’!..‘ 'i

p Secondary and terminal | Was .
bronchi 1.1 - 3.3pm N s |

Ay

Ealveole tym ~

Fig. 1. Penetration of dust particles into the human body, depending
on their size. [2]

The nanoparticles during inhalation overcome the
lung blood barrier and enter the nervous system [3].
Depending on their chemical composition, they have
further harmful effects. The health burden increases
linearly proportional to the fine dust concentration.
According to the information provided by the Laser
Zentrum Hannover in the Laser safety database health
burden increases linearly proportional to the fine dust
concentration [4]. Information on the amount of emission
in the process of laser processing is summarized in table
1. The EU Air Quality Plans aim for a maximum fine
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dust concentration of 40-50pg / m?® in the respiratory air.
It should be contrasted with the fact that the fine dust
concentration in laser processes is partly 100pg / m* and
more! [5]

The ISO committee who is responsible for the
documents in the field of cleaning equipment from air
and other gases. prepared new standards in accordance
with research in this important area. This first edition of
ISO16890-1, together with ISO16890-2, ISO16890-3 and
ISO16890-4, cancels and replaces 1SO/TS21220:2009,
which has been technically revised.

ISO16890 consists of the following parts, under the
general title Air filters for general ventilation:

e Part 1: Technical specifications, requirements
and classification system based upon particulate
matter efficiency (ePM)

e  Part2: Measurement of fractional efficiency and
air flow resistance

e Part 3: Determination of the gravimetric effi-
ciency and the air flow resistance versus the
mass of test dust captured

e Part 4: Conditioning method to determine the
minimum fractional test efficiency

The ISO 16890 series describes the equipment,
materials, technical specifications, requirements,
qualifications and procedures to produce the laboratory
performance data and efficiency classification based
upon the measured fractional efficiency converted into a
particulate matter efficiency (ePM) reporting system. In
Germany, the Technical Rules for Hazardous Substances
(TRGS) reflect the

occupational-medical,

state of the safety-technical,

hygienic and occupational-
scientific requirements for hazardous substances with

regard to marketing and handling. [9], [10]

TABLE 1. THE FINE DUST CONCENTRATION IN LASER PROCESSES [5]

Process Quantity Aerody-
namic  diam-
eter

Removal >30mg/s <0.12pum

of plastic

Welding >9mg/s

Aerosols- | of metal
emission Cutting >100mg /s
of metal

Removal >25mg/s <0,23pum

of paint

Cutting > 500pg /m? <1.7um

. of plastic
Fine dust -

Cutting >300pg /m?

concentra- | of metal
tion -

Welding >2000pg /m?

of metal

vl

==

|

Fig. 2. Variants of the constructive implementation of laser systems6
closed a) and open b) systems

There are open and closed laser systems. Their main
difference is that in the case of a closed system, it is
possible to direct almost all the air from the laser working
area to the filtration system; Fig. 2a, in this case, the flow
of incoming air to the filtration system V2 and entering
the working area V1 is almost equal, in an open or semi-
closed system Fig. 2b, this is very difficult to draw. The
air flow V2 that will be directed to the filter system will
not be able to catch all the harmful emissions from the
treatment zone.

It is necessary to note a few important points
and technical solutions extraction systems. There is
a relationship between the required air flow and the
distance between the suction intake nozzle of the
aspiration system and the material processing zone of
the laser beam. Fig. 3 clearly shows that by reducing the
distance to the treatment area by half, the air flow through
the aspiration system can be reduced four times, with the
same air cleaning efficiency in the operator’s working
area. The required air velocity depends on the size and
weight of the particles, as well as on the distance from the
treatment point to the suction raster. This means that the
same result can be achieved at lower cost.

&+
T L000meh

J-'ll
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a

Fig. 3. Influence of distance to the required airflow [6]

The right design for collecting the contaminants is one
of the most decisive factors for cost-effective, suitable
dimensioning of the overall extraction and filter system
this is clearly seen in Fig. 4 [7].
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Fig. 4. Influence of hoods flanges forms to the effective extraction
area. [7]

Depending on workplace and extraction situation,
you can choose among various shapes and sizes of
collection elements. The following figures illustrate the
most important standard versions, this is seen in figure 6.
In addition, the manufacturer designs customer specific
versions, up to complete housing of the pollutant source
[11]. Through skillful use of physical

Fig. 5. Examples of the location of the suction raster [8]

laws, the low depth effect of the open detectors can
be improved. These include: Most existing heat sources
will cause upward thermal currents that can be used for
local placement, example in Fig. 5, on the example to the
right, the operation of the aspiration system will be more
efficient.

Flat hood Curved
flat hood

Fig. 6. Collection elements [11]

Depending on the laser process, the kind of laser
fumes can vary. Therefore, there are various filtering
systems. Let us consider these systems on the example
of ULT AG products. This is a saturation filter unit and
a cartridge filter unit [12]. In both systems, the degree of
cleaning allows you to return the purified air back into the
work area. The cleaning level is in accordance with the
current regulations in the European Union.

Saturation filter units:

e for low laser fume concentration;
e for sticky laser fume;

e for additional odour pollutio.
Cartridge filter units:

e for high laser fume concentration;
e for dry laser fume;
e for high demands on service life. [12]

When using a system consisting of filtering blocks,
it must be kept in mind that the filters have a fixed life
expectancy and will periodically need changing to ensure
effective air filtration. Constructively, the system is
visible in Fig. 7. Air filtration occurs gradually, from the
beginning of the filters which cleans the air from large
particles to the purge from the nano particles.

Cartridge filter units are mainly used to remove dry,
intensive laser smoke continuously in fairly large volumes
Fig. 8. They have long service life and low operating
costs. The pollutants are collected on the surface of the
filter cartridge. The filter cartridge is removable. They
need to be systematically cleaned after a certain time
period, the cartridge is cleaned with compressed air and
dust is fully collected in dust collectors. Refined air is

returned to the working area.

1

/4

Fig. 7. Functional principle of saturation filter units , 1- activated
carbon filter; 2- submicron particulate filter; 3- resublimation
filter / spark protection; 4- fan; 5- process exhaust air; 6- purified
air[12]
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Fig. 8. Functional principle of cartridge filter units; 1- fan; 2- com-
pressed air tank; 3- filter cartridges; 4- dust collector; 5- process
exhaust air; 6- purified air [12]

11. MATERIALS AND METHODS

Air samples of fumes in the laser cutting were
gathered from the breathing zone of the workers during
the active work periods. Cellulose acetate membrane
filters (Millipore, 0.45 mm) with a 37-mm open-face
cassette were used as collectors. The flow rate was 2 L/
min (GilAir sampling equipment was used), and the
sample time varied from 55 to 90 minutes. The inhalable
dust concentration was then calculated from the weight
difference (method of gravimetry) of the filters before and
after sampling, and the corresponding of air volume was
done, too.

As well particle number measurements were done by
“P-Trak Ultrafine Particle Counter” Model 8525 (particles
size: 20 - 1000 nm) during metal laser cutting process.

The laser-cutting machine is equipped with closed
fume extraction system.

I11. RESULTS AND RECOMENDATIONS

The concentration of metal fumes in the work place air
near by the laser cutting machine fluctuated in range from
0.40 to 0.56 mg/m3. The highest concentration of fumes
was detected in the worker breathing zone, respectively
1.03 £ 0.15 mg/m3.

Working with metals makes an large part of the
industry and nowadays one cannot imagine such
manufacturing processes as metal processing, metallurgy
and various manufacture auxiliary processes, for instance,
maintenance of production equipment and work equipment
without it. Employee who performs metal cutting and
welding is subjected to series of harmful factors. Fumes
consisting of various metal salts and oxides is released in
work environment air; the presence of substances having
especially adverse human health effects — cadmium,
nickel, manganese, chromium (VI) — is possible. A safe
limit value for welding aerosol fumes is 4 mg/m3, it is
integrated in the Regulation of the Cabinet of Ministers
No. 325/2007 “Work Safety Requirements when Working
with Chemical Substances” (adopted on 15.05.2007,
published in Latvijas Véstnesis, 18.05.2007).

Total dust concentrations of metal fumes in work
environment do not exceed safe limit value, however
concentration in worker breathing zones where people are
moving within the workshop is higher than in the work
environment near the laser-cutting machine.

The particle concentration measurements were made
during the technological process. In the laboratory
measurements for clean room before the measurements in
the workshop were done. The workshop gate was closed
in period of “Conditions 1” and “Conditions 3*” during
the working process. The gate was open for finished
production transportation needs out of the workshop in
the period of “Conditions 2”, see measurement results in
the table 2. The temperature difference between outdoor
(+ 6 C°) and indoor (+ 24 C°) environment leads to air
movement inside the workshop and particles from the
surfaces, walls and ceiling areas moved down, and cause
rapid increase of particle concentration in the breathing

zone, see Fig. 9.

TABLE 2. NUMBER OF PARTICLES IN THE OPERATOR ZONE

Concentration of particles in the air, pt/cc
Median
763

9845

22500

9250

Conditions
Max

791
11600
45700
17500

Min
733
8510
12100
6510

Average
762
9916
24548
9934

Clean room

Conditions 1

Conditions 2

Conditions 1”

50000
45000
40000
35000
30000
25000 !
20000 L
15000 |
10000
5000 !

{

Particle concentration, pt/cc

Time
Fig. 9. Particle concentration during working process

According to literature, metal fumes consist

predominately of particle agglomerates smaller than 1
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pum. This means that most of the fumes are respirable [13].
Lehnert et al. (2012) indicate that the welding process
is the major determinant of the exposure to particles in
different size fractions, however in welding processes it
can be observed that there is a large number of small -
sized particles including ultra fine particles [14]. Typical
workplace air is usually a mixture of these groups and the
convection currents, work equipment and air ventilation
systems keep the dust in a mobile state preventing the
sedimentation of smallest particles [15].

Inhalation is considered to be the primary route of
exposure for dusts with smaller particles, which have
greater potential for harmful effects on human health as
they reach alveolar level. Special attention should be paid
to finding that the smaller fractions of dust from the metal
industry contained toxic metals at nano-size (such as Zn,
Mn, and Cr) [16,], [17], [15].

It is particularly essential to identify and determine the
concentration of the smallest size dust particles with little
mass, if there are any, as they could be found in the air in
suspended state for prolonged periods and their effects on
human health are particularly harmful.

(1
(2]
B3]

(4]
[3]

(6]

(7
(8]

[9]
[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]
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Abstract—The aim was to compare the chemical
composition and some properties of three industrial
lignosulfonates produced as a by-product at three pulp
and paper mills (Russia). Using the classical methods of
lignin chemistry, it was found that there were differences
in the elemental composition and the content of functional
groups of the industrial lignosulfonates, but in general, they
were not very significant. The Kondopoga lignosulfonates
contained the highest content of methoxy, aliphatic hydroxyl
groups and carbonyl groups. The Vyborg lignosulfonates
had the highest degree of sulfonation and the lowest content
of carbonyl groups. The content of the functional groups
in the chemical composition of the Syassky lignosulfonates
was intermediate between the functional composition of
the Vyborg and Kondopoga lignosulfonates. The Vyborg
lignosulfonates had the lowest values of the viscosity average
molecular mass, dynamic viscosity and surface tension at
the air-water interface in comparison with these parameters
of the Kondopoga and Syassky lignosulfonates.

Keywords—industrial lignosulfonates, chemical

composition, viscosity, surface tension

I.  INTRODUCTION

According to the strategy and principles of the Circular
Economy, great attention has to be drawn to the rational
and effective utilization of biomass by-products because
this provides a huge secondary resource for producing
new materials and reduces their costs.

Lignosulfonates are available on the global market as
a by-product of pulp and paper mills producing cellulose.
They can be regarded as a special class of industrial
lignins that are used for production of materials and
chemical applications [1].

Due to their availability, physicochemical properties
and low price, lignosulfonates are used for obtaining
binders, emulsifiers, dust suppressants, dispersants and
soil improvers. Their ability to coagulate and precipitate
proteins is used in water purification of wastewater from
meat and fish canneries or milk processing plants. As an
anti-settling agent, lignosulfonates are used in concrete
mixtures, ceramics, gypsum board production and for
leather tanning. Lignosulfonates provide flowability

and plasticity to cement. Lignosulfonates can be used in
polymeric blends as an additive or a filler for obtaining
new composite materials [2, 3].

On the other hand, the achievements of remarkable
results in application of lignosulfonates require a deeper
knowledge of their chemical composition and properties,
which may help overcome their drawbacks and exploit
their advantages.

The aim of the work was to compare the chemical
composition and some properties of three industrial
lignosulfonates produced as a by-product at three pulp
and paper mills (Russia).

II. MATERIALS AND METHODS

For the study, we used three industrial lignosulfonates,
obtained as a result of producing cellulose by the sulfite
method at three Russian mills, namely, JSC Kondopoga
(Kondopoga Pulp and Paper Mill), JSC Syassky Pulp
and Paper Mill and OJSC “Vyborg Cellulose”. Industrial
lignosulfonates were used in a powder form and were
stored in a desiccator with P,O.. The content of reducing
substances in the lignosulfonates did not exceed 10%.
Their main characteristics corresponded to TU 2455-028-
00279580-2004 (Russia). Methods for determining the
content of functional groups and ash in lignosulfonates
are given in a concise form and are described in detail
in [4-6].

Determination of methoxy groups by the Zeisel-
Vebock-Schwappack method. The content of methoxy
groups (-OCH,) is an essential criterion for the
characterization of the lignin content in a sample. The
methoxy groups’ content was determined by the Zeisel-
Vebock-Schwappack method using the test sample
treatment with 57% concentrated HJ at a temperature of
140 °C during 30 min.

Determination of the sulfo and phenolic hydroxyl
groups. The conductometric titration method was applied
for the quantitative determination of the sulfo groups
(-SO,H) and phenolic hydroxyl groups (OH ) in
lignosulfonate samples. For this purpose, an automatic
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“Radiometer analytical” titration device CDM 210 Meter
Lab was used.

Determination of the total acidic hydroxyl groups.
The hemosorption method is based on the ion exchange
reactions between the substance’s acidic groups
(OH,,+OH ) and Ba(OH), or (CH,COO),Ca. The
tested sample was suspended in 0.1M LiOH (or NaOH)
solution and heated at 85 °C; then the relevant amount
of BaCl, solution was added. The chemical equilibrium
was shifted, creating insoluble salts. The strong acidic
groups were determined by the treatment of the sample
with CH,COOCa.

Determination of the total aliphatic and phenolic
hydroxyl groups. A Freudenberg method is based on the
quantitative reaction between lignin’s hydroxyl groups
and acetic anhydride in the presence of pyridine as a
catalyst.

Determination of carbonyl groups. Lignin’s carbonyl
groups are presented as ketone groups R, C=O or
aldehyde groups RHC=0, which, in the reaction with
hydroxylamine hydrochloride solution, attract it in an
equivalent amount by releasing HCl. The amount of
the released HCI was determined by potentiometric or
conductometric titration with 0.1M alkaline solution.

Determination of the mineral (ash) content. The tested
sample was burnt in a muffle oven at a temperature of 525-
600 °C using a previously weighed and heated porcelain
crucible. The sample was kept at this temperature during
3-4 hours.

Elemental analysis. The LS elemental composition
(C, H, S, N) was determined by an element analyzer
Vario Macro CHNS Elementar Analysensysteme GmbH
(Germany).

FTIR  spectroscopy.  Fourier-transform  infrared
spectroscopy (FTIR) was carried out using a spectro-
photometer (Perkin-Elmer Spectrum One, USA) with
KBr tablets.

Determination of molecular mass. To determine
the average molecular mass of lignosulfonates, the
viscometric method was used, using 0.1M NaCl water
solution as a solvent. Molecular masses were found using
the Mark-Houwink-Kun equation [7]. Three replicates
were made for each LS sample.

Surface tension. The surface tension (o) of LS water
solutions at the water-air interface was measured by a
Wilhelmy plate, using a tensiometer K100M (KRUSS,
Germany) at 25 °C with a circulation thermostat. The
preparation of the samples and the measuring procedure
were similar to those described in [8]. Three replicates
were made for each sample.

Viscometry. Specific viscosity () was determined
using a capillary viscometer Ubelhode with the flow
time of pure water close to 300 + 0.01 sec at 25.0 £
0.1 °C similar to that described in [8], as well as a digital
viscometer (Brookfield Engineering Laboratory, USA).
Three replicates were made for each sample.

III. RESULTS AND DISCUSSION

Lignosulfonates are water-soluble salts of lignosulfonic
acids with impurities of reducing and mineral substances,
formed during the sulfite process of wood delignification.
It is known that three main reactions occur in the sulfite
cooking process — lignin sulfonation, its hydrolysis and
condensation, which are accompanied by the oxidation

of lignin, its dehydration, sulfidation, etc. In addition,
industrial lignosulfonates contain hemicelluloses, which
are chemically bonded to lignin due to ester bonds, as
well as metal ions that are presented by ash. All these
chemical conversions affect the molecular mass,
chemical composition and properties of the resulting
lignosulfonates.

Tables 1 and 2 show the results of the elemental and
chemical analysis of three industrial lingo-sulfonates
obtained at the JSC Kondopoga (Kondopoga LS), the
JSC Syassky Pulp and Paper Mill (Syassky LS), and the
0JSC “Vyborg Cellulose” (Vyborg LS).

TABLE 1.
CONTENT OF ELEMENTS, METHOXY GROUPS AND ASH IN LIGNOSULFONATES

Ash, C, H, o, S, N,

somo o ates ~ o
Ligno-sulfonates % [-OCH,], % o o o o o

Kondopoga 17.21 8.78 4153 3.68 47.84 695 025
Syassky 16.54 7.93 41.65 386 4734 7.15 032
Vyborg 19.75 6.98 4188 389 4565 792 0.66

According to the conducted chemical analysis, there are
differences in the elemental composition and the content
of the functional groups of the studied lignosulfonates,
but in general, they are not very significant. It can be
seen that Kondopoga LS contain more methoxy groups —
8.78%, aliphatic and phenolic hydroxyl groups — 8.96%,
as well as carbonyl groups — 3.48% that is almost 2.3
and 1.5 times higher than their content in Vyborg LS
and Syassky LS, respectively. At the same time, Vyborg
LS have the highest degree of sulfonation, expressed in
a high content of sulfo groups — 5.75%, which is 25%
higher than the content of these groups in Syassky LS and
Kondopoga LS.

TABLE 2.

CONTENT OF ACIDIC HYDROXYL, ALIPHATIC AND SULFO GROUPS IN
LIGNOSULFONATES

[OH],
sopy, [OHL [OHL om) R
LS o % % % . o
. . . . . phenolic %
aliphatic phenolic aliphatic i
. carboxyl
+ phenolic
Kondopoga 4.56 8.96 2.88 6.08 5.92 3.48
Syassky 4.59 6.35 2.82 3.53 6.41 2.36
Vyborg 5.75 7.24 2.28 4.96 6.97 1.49
The chemical composition of Vyborg LS is

characterized by the highest content of acidic hydroxyl
groups, represented by phenolic hydroxyl and carboxyl
groups, and the lowest content of carbonyl groups of
1.49% compared to the other
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Samples of lignosulfonates. It should be noted that
Syassky LS contain the lowest amount of aliphatic
hydroxyl groups — 3.53%, while the content of other
functional groups in Syassky LS is intermediate between
the functional composition of Vyborg LS and Kondopoga
LS.

For more information about the functional composition
of the technical lignosulfonates, the FTIR method was
used. The obtained FTIR spectra of Kondopoga LS,
Syassky LS and Vyborg LS are presented in Fig. 1.
A qualitative comparison of the spectra shows that the
lignosulfonates of various productions have insignificant
differences in the functional composition. The presence
of two absorption peaks at 1776 cm™ and 1715 cm
due to the stretching vibrations of carbonyl groups in
the aromatic and aliphatic structures of lignin [9] in
the FTIR spectrum of Kondopoga LS confirms the
increased content of carbonyl groups in their functional
composition in comparison with Syassky LS and Vyborg
LS, whose FTIR spectra in this region contain weakly
pronounced these absorption bands. The absorption
bands in the region of 1160-1030cm™ are attributed to the
planar deformation vibrations of C-H bonds in syringyl
and guaiacyl derivatives of lignin [9]. A different ratio
of the intensity of the absorption bands at 1148 cm™ and
1040 cm! in the FTIR spectrum of Vyborg LS relative to
the intensity ratio of the bands at 1140 cm™ and 1040 cm-
1,1136 cm™ and 1038 cm™ in the FTIR spectra of Syassky
LS and Kondopoga LS, respectively, may be caused by
the different content of these derivatives in the industrial
lignosulfonates and may be confirmed by the different
amount of methoxy groups in the samples. The presence
of two absorption bands at 652 cm™ and 619 cm!, which
are attributed to the sulfo groups in lignosulfonates [2],
in the FTIR spectrum of Vyborg LS, is in agreement with
the increased degree of sulfonation of this lignin sample.

Reduced viscosity, dl/g
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Fig. 2. Reduced viscosity of lignosulfonates depending on
their concentration

The effectiveness of the practical application of
lignosulfonates is determined by their properties. Fig. 2
shows the curves of the reduced viscosity of the dilute
aqueous solutions of lignosulfonates depending on their
concentration. Itisseenthat, withdecreasing concentration,
the reduced viscosity of lignosulfonates increases
dramatically due to the presence of the polyelectrolyte
effect that is caused by the ionogenic nature of these

industrial lignins containing strong sulfo and weak acidic
groups such as phenolic hydroxyl and carboxyl ones in
their phenylpropane chains. Determination of the average
molecular masses of lignosulfonates by viscometry, using
the Mark-Houwink-Kun equation for their calculation,
showed that Kondopoga LS with the lowest degree of
sulfonation and the highest content of methoxy groups,
compared to the same indicators for Syassky LS and
Vyborg LS, had the highest viscosity average molecular
weight equal to 41,300 Da. Vyborg LS, characterized by
the highest content of sulfo groups and the lowest content
of methoxy groups, had the lowest molecular mass of
34,700 Da. The value of the viscosity average molecular
mass of Syassky LS was close to that of the molecular
mass of Vyborg LS, to be 36,500 Da.
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Fig. 3. Dynamic viscosity of lignosulfonates; pH 5.0

Figure 3 shows the dynamic viscosity values of
moderately concentrated solutions of the technical
lignosulfonates, determined with a rotational viscometer.
It can be seen that, with increasing concentration from
5 to 15%, the dynamic viscosity of lignosulfonates
increases 1.5-2.0 times and achieves 2.2-2.8 mPa*s.
Kondopoga LS are characterized by the highest values
of dynamic viscosity. It can be assumed that the higher
viscosity average molecular mass of Kondopoga LS,
compared with the molecular masses of Syassky LS and
Vyborg LS, is the main reason for their higher values
of dynamic viscosity. It is known that lignosulfonates
are often used to obtain biodegradable and non-toxic
emulsifiers and dispersants based on their good surface
active properties. The surface activity of technical
lignosulfonates from the different pulp and paper mills
can be evaluated by measuring their surface tension (o)
against their concentration.
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Fig. 4. Surface tension of diluted solutions of lignosulfonates at

the air-water interface; pH 5.0; 22 °C
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Figure 4 shows the surface tension isotherms at the
air-water interface for 0.01-0.1% lignosulfonates water
solutions at pH 5.0. As can be seen, surface tension is
dependent on the lignin concentration and, with its
increasing, the surface tension at the interface decreases.
The measured values of the surface tension at the air-
water interface vary from 62-54 mN/m to 45-41mN/m for
0.01-0.1% lignosulfonates water solutions, respectively,
and are aligned as Kondopoga LS > Syassky LS >
Vyborg LS. It is known that the ability to be adsorbed
at the air-water interface, along with the solution
environment, is determined by the features of the lignin
molecular structure, including the molecular mass values
and chemical composition, affecting their hydrophilic-
hydrophobic balance. Evidently, the highest content
of carbonyl groups and a higher dynamic viscosity of
Kondopoga LS cause a lower surface activity of these
lignosulfonates in comparison with Syassky LS and
Vyborg LS. On the other hand, Vyborg LS, containing
the lowest content of carbonyl groups and having a lower
dynamic viscosity, has the enhanced surface activity at
the air-water interface.

IV. ConcLusioN

The comparative chemical analysis of three industrial
lignosulfonates from the Kondopoga, Syassky and
Vyborg pulp and paper mills was performed. It was
found that the Kondopoga lignosulfonates contained the
highest content of methoxy, aliphatic hydroxyl groups
and carbonyl groups. The Vyborg lignosulfonates had the
highest degree of sulfonation and the lowest content of
carbonyl groups. The content of the functional groups in
the chemical composition of the Syassky lignosulfonates
was intermediate between the functional composition of
the Vyborg and Kondopoga lignosulfonates. The Vyborg
lignosulfonates had the lowest values of the viscosity
average molecular mass, dynamic viscosity and surface
tension at the air-water interface in comparison with these
indexes of the Kondopoga and Syassky lignosulfonates.
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Grinding Wheel Monitoring System
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Abstract—It has been hypothesized that the change in
the micro and macro geometry of the grinding wheel can
be determined by a non-contact way by supplying jet of air
through the nozzle of a pneumatic-electric-contact converter
to the surface of the tool during operation. To confirm this
hypothesis an experiment was did on a surface grinding
machine. Various samples were machined, that led to self-
sharpening of the tool. Grinding wheel monitoring system
was developed for the experiments. System includes a device
that provides the setting of the necessary working gap
between the nozzle and the controlled wheel. A justification
is proposed for determining the frequency of grinding
wheel grinding during operation by accurately accounting
for changes in the state of its surface without stopping the
machining process.

Keywords—grinding wheel, monitoring system,
sharpening.

self

I. INTRODUCTION

The grinding process of various steels is characterized
by self-sharpening and salting of the grinding wheel. In
addition, the grains can wear out and break out of the
bunch.

Self-sharpening is the process of chipping blunt
abrasive grains with the emergence of new cutting edges.
This process is positive, however, it leads to an intensive
decrease in the dimensional accuracy of processing due to
a decrease in the tool diameter and a change in the original
shape of the wheel.

Salting is the process of filling the space between
cutting abrasive grains with slurry. This process is
negative, because the tool loses its cutting ability and
cutting is replaced by elastic and plastic deformation. This
increases the temperature in the cutting zone, burns and
other defects appears on the treated surface.

It is important to know the state of the surface of
the grinding wheel during processing, in order to obtain
accurate geometrical sizes of the part, to prevent the
appearance of defects on the surface and identification of
the need to dressing of the wheel.

There are some methods to measure the linear wear
of the grinding wheels and to monitor the state of its
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surface: contact and non-contact, with stopping the
grinding process and without stopping. Let’s look at main
examples.

There is an indirect method to measure the wear of
diamond grinding wheels by measuring the cutting force.

The degree of wear of the diamond wheel can be
estimated by the level of forces and restore its cutting
properties in a timely manner. Many researchers made an
experimental determination of value and nature of changes
in cutting forces during grinding process by using various
measuring tools. Firstly, the cutting force was determined
by measuring the power developed by the electric motor
during grinding with a wattmeter. The value of the
tangential component of the cutting force was determined
by calculation. This method is simple, but it does not
allow to measure the components of the cutting forces
and is not accurate, because it determines the total power,
including friction losses in the machine mechanisms.
Dynamometric devices can be used to directly measure
the component forces. However, this method is valid only
when parts are installed in centres [1].

There is a method of contactless determination of the
wear of the grinding wheel according to the parameters of
the vibration of the machine. The essence of this method
is the measurement of the distance between the grinding
wheel and the capacitive sensor. Capacity changes with
relative fluctuations. Changing the capacitance using a
special amplifier is converted into an electrical signal,
which is recorded by a recording device. This method
almost does not find practical application, because it has
low measurement accuracy and it is characterized by the
complexity of processing the measurement results and
significant errors [5]. Based on the research [2] was found
that the wear of the grinding wheel can be determined
by the statistical parameters of the signal of vibration
acceleration. The appearance of new vibration components
in the range of 2000 ... 2200 Hz was revealed from the
spectra of vibration accelerations. Obtaining harmonics of
vibration accelerations in two directions allow to get rid of
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the noise components in the signal and solve the problem
of diagnosing tool wear at any stage of work.

There are several studies on the measurement of wear
and the topography of the grinding wheel by examining
changes in hydrodynamic pressure during operation.
The studies are based on the analysis of the change
in pressure of the fluid that was applied between the
grinding wheel and the workpiece being processed. To
measure the hydrodynamic pressure used several pressure
sensors, which are installed directly near the wheel and
the workpiece. When the wheel is worn, the gap between
it and the sensor increases, which leads to a decrease in
pressure. [3]

Also known methods for contactless analysis of the
state of the surface of the grinding wheel using the indicator
and optical devices, step-by-step photographing and laser

projection with 3D-modeling. Most optical methods are
based on laser triangulation. The main elements of the
installation: a laser diode and a position-sensitive detector
with an amplifier and two lenses [4], [6].

II. MATERIALS AND METHODS

One of the most promising is the non-contact
pneumatic method for measuring grinding wheels. For
this purpose, it is proposed to use bellows-type pneumatic-
electric-contact converter, the principle of action of which
is based on the change in air pressure in the bellows
chamber, when the gap between the nozzle and the
measured surface changes. In Fig. 1 shows a diagram of
bellows pneumatic-electric-contact converter.

o3

12

16 14

Fig. 1.

Compressed air is supplied from the compressor
through the filter 16 and the reducing valve 14 in the
cavity of the left 2 and right 8 bellows (closed brass
vessels with corrugated walls). At the same time, the air
enters the nozzle 11 and the backpressure valve 15, which
is an adjustable air throttle.

The air flow through the valve 15 (at a certain setting)
will be constant; the pressure in the left bellows will also
remain unchanged. The air flow through the nozzle 11 and
the pressure in the right bellows will depend on the actual

\

13 11

Scheme of pneumatic-electric-contact convector.

size of the gap 12 between the surface of the controlled
grinding wheel 10 and the end face of the nozzle 11.
When the grinding wheel is worn, the gap 12 between
the nozzle 11 and the wheel 10 will increase, the pressure
in the right knee of the sensor will decrease, the right
bellows will compress, and the left one will stretch. Frame
3, suspended from the sensor body on flat springs 4 and
7, will displacement to the left and close the adjustable
contact 1. There can be up to six such contacts in
commercially available sensors, which close at a different
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value of displacement of the frame 3 in one direction
or another. Thus, the whole measurement range can be
divided into seven intervals. This allows simplifying the
automation of dressing of the grinding wheel.

The use of a differential circuit (with an adjustable
backpressure valve) increases the sensitivity of the sensor
and reduces requirements for stabilizing the air pressure
controlled by a manometer 13. The converter is equipped
with a indicating device: the frame 3 turns the toothed
sector 6, which is connected to the arrow.
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Fig. 2.

The appearance of the pneumatic-electric-contact
converter is shown in Fig. 2, and as a whole grinding
wheel monitoring system — in Fig. 3. The system includes
the following components: a compressor (not shown in
the figure); air preparation unit 1, in which the air is dried
and separated from moisture; choke 2; pressure stabilizer
3; pneumatic-electric-contact converter 4; backpressure
valve 5; adjusting device 6 with a nozzle (to regulate the
size of the gap); grinding wheel 7, connecting pipes.

b)

Appearance of pneumatic-electric-contact converter: a — front view; b — rear view.

Fig. 3.
The design of the adjusting device is shown in
fig. 4. The adjusting device consists of a bracket
1 mounted on a support 2. A housing 3 is located
rotatably around an axis 4 on bracket 1. There is

i >
\Eer e

&

Grinding wheel monitoring system.

an adjustment screw 5 in the housing 3, which
containing a guide screw 6 with a fitting 7. A
nozzle 8 is fixed in the guide screw 6.
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Fig. 4.

Adjusting device

The adjusting device operates as follows: support
2 is fixed in the housing protection grinding wheel. The
housing 3 with its rotation around the axis 4 positions the
axis of the nozzle 8 radially relative to the grinding wheel.
The movement of the nozzle 8 to the center of the grinding
wheel is carried out by turning the adjusting screw 5, which
causes the guide screw 6 to move. The thread pitch on the
surface of the adjusting screw 5 is larger than that of the
guide screw 6, which makes it possible to feed the nozzle 8
smoothly. Air is supplied through fitting 7.

The calibration was performed before the experiment.
Wheel dressing was made by a diamond pencil. Depth
of dressing was established by a limb of vertical feed of
the grinding head of the machine, with an accuracy of 1
micron. The measurement of the radial size of the circle
was carried out continuously in the process of dressing. The
value of change in the radial size of the circle is equal to
the vertical feed. The graduation of the pneumatic-electric-
contact convector is 0.2 — 2 microns. The required pressure
(3,6 MPa) was set using a stabilizer (pos. 3 Fig. 3), which
provided a change in the position of the convector arrow
by 1 mark on the scale when dressing a wheel by 1 micron.

II.  RESULTS AND DISCUSSION

The calibration was performed before the experiment.
Wheel dressing was made by a diamond pencil. Depth
of dressing was established by a limb of vertical feed of
the grinding head of the machine, with an accuracy of 1
micron. The measurement of the radial size of the circle
was carried out continuously in the process of dressing. The
value of change in the radial size of the circle is equal to
the vertical feed. The graduation of the pneumatic-electric-
contact convector is 0.2 — 2 microns. The required pressure
(3,6 MPa) was set using a stabilizer (pos. 3 Fig. 3), which
provided a change in the position of the convector arrow
by 1 mark on the scale when dressing a wheel by 1 micron.
Setting error is 0,003% on the passport of convector.

Samples made of stainless steel P900 were processed
on a surface grinder 3G71 by the grinding wheel 1
250x20x76 WA F30 L6V 50 2 made of aluminum oxide
white with using the proposed monitoring system. The
cutting conditions are as follows: depth 5 um per double
stroke, longitudinal feed 12 m/min.

The results of this experiment and the graphs shown
in Fig. 5. The experiment was conducted with a triple
repetition. The homogeneity of the dispersion was
evaluated by the Cochren criterion.

ws""i
AM
) J“"‘V"
25
y=-0,3024x +6,0331x + 3,9031
R®= 10,9926

,_.
n}
*

t, min

0 2 4 6 8 10

Fig. 5. Plot of dependence wear of grinding wheel on the time

The abscissa axis is the time (t) in minutes; the ordinate
axis is the wear (A) of the wheel in micrometers. The
resulting graph describes the mode of running-in tool
and normal wear, and therefore, the proposed system can
be used to assess the state of the grinding wheel during
processing.

The condition of the surface of the wheel after
processing is shown in Fig. 6. A characteristic change in
the state of the circle during the processing of the steel
is an intensive self-sharpening with grain chipping,
accompanied by local salting.

The condition of the surface of the wheel after processing

Fig. 6.

V. CONCLUSIONS

The developed system can be used in mass production
to determine the frequency of dressing of the grinding
wheel when processing small blanks, and to assess
the condition of the wheel and to increase dimensional
accuracy when processing large-sized blanks. In a single
production, the developed system can be used to assess
the state of a circle, determine the processes occurring
during grinding and the need for dressing.
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Abstract—The article deals with the determination
of chamber and piston geometry for a rotary expansion
machine. Analytical expressions for the working surface
area of piston and for chamber volume are derived.
Three defining parameters of the expansion machine were
obtained: gas dynamic machine constant Cp; constant
MO connecting torque and Cp; the main dimensionless
parameter of the machine QO0, which relates the volume of
the chamber and the torque.

Keywords—power generation system, rotary engine,
lever-cam motion converter.

I. INTRODUCTION

The subject of this article is the rotary type expansion
machine protected by patent RU2619391 [1].

Fig. 1 shows a piston 1 (AB), which is in a fixed posi-
tion given by the polar angle a=-45° between the interpo-
lar radius OA=p ,=p(a) and the axis Ox . In this position,
the volume of the chamber is maximum, while

oa=pr=L-sin{a+b-cos2a)= @L.
= ()
where L is the distance between the axes of the piston
hinges, a=w4, b=w4-y /2 ,and where y  is the mini-
mum angle between the pistons.

£2 2
B
s
LRy
L
- < <
o
7
. £ Chamber
A Piston
=
iy 3 .
Cylinder

Fig. 1. Piston in a fixed position given

by the polar angle

Department of Electric Drive and Auto-
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Pskov State University
Pskov, Russia
al.ilyin@yandex.ru

The piston profile Q, relates to the equidistant surface
of the cylinder £ at two points K, and K,. A chamber is
formed between these points and the surfaces, the volume
of which V. with a=-45° should have the specified
maximum value V, i.e.

V=V(L R, )=t -S(L R)=V, (2)

where 7 is the piston thickness; R, is the radius of the
end curves of the piston; S, (L, R ) is the chamber area.

The task is to obtain the specified value of the chamber
volume with different variants of the values of three geometric
parameters L, R, 1.

To do this, we need to compile some functional and get
values of parameters L,R , t, which deliver the extremum
to the functional.

1L ANALYSIS OF GEOMETRIC CONSTRAINTS

A.  Preliminary notes

For the presence of extremum the influence of the
three quantities L, R .z, must be multidirectional.

We will try to solve the problem of determining the
geometric dimensions of L,R, ¢, based on the analysis of
the restrictions imposed on the geometry of the machine
for one reason or another. Consider three of them: 1) cross
section size of cylinder; 2) volume of chamber; 3) torque.

B.  Cross section size of cylinder

When making a cylinder from a single piece, the
diameter must be available for processing equipment.
From this point of view, and also proceeding from
economy of metal and reduction in price, the size of the
cylinder L. (Fig. 2) should be as small as possible. Let the
upper value of the size of the cylinder L . be given, which
we denote by L 7.
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’|

b
1

le

Fig. 2. Piston in a fixed position given
by the polar angle 0=0°

From Fig. 2 follows

L1 = 0.(0)+ R =

Lsin{la+b)+ R1 =0.819L+ R1. (
3)

The constraint in question is described by the inequal-

ity
0.819L + R1 < L /2.

C. Volume of chamber

“4)

The chamber volume is a pi-periodic function of the
angle of rotation of the shaft a, which varies in the range
Vo .V

min max’

as the value V|, which is described by the approximate

. The term “chamber volume” is understood

expression [2]

VAL R, )= (0.15L°+0.54L R +0.49R ?) )

If based on thermal calculations, this volume must be
equal to the specified value ¥, , we will have a limitation

V. (L R,)=V, (6)

D. Torque

The torque M is a w2-periodic function of the angle of
rotation of the shaft , which, being expanded in a Fourier
series, has a constant component

»—l) /] M (@)da.

4] =

i

(M

For a given nominal power N, and nominal angular

velocity w, , the value can be considered known and
equal to [3]

Nn

WN

According to [3] for torque

o —
(®)

Mr(@) = L[(Fo+ F.)(1—2bsin 20) -
(Fi+ Fy) (14 2bsin 2a)] sin(2b cos 2a).

(€]
where 2b=2-0.1749=0.35. Considering that the gas

forces acting on the pistons are F,=F,=p, (@)S, F,=F ,=p,

(@)S, where p, (o) and p, (o) are the gas pressure on the

pistons 1 and 3, and 2 and 4, respectively, and where

S, is the working surface area of the piston §,=2|y,,

[t=2(0.5L+0.9R, )t, or S,=(L+1.8R, )t. Expression [9]

takes the form

M, (@)=(L’+1,8LR, )t [p, (a)(1-0.35 sin2a. )-

p, (@)(1+0.35 sin2a )]  sin(0.35 cos2a ). (10)

Substituting (10) into (7) and introducing the designa-
tion of a parameter

|||v

cp=2 __/]'”’Zp-_).(a)(l ~0.35sin 22) — pl(a)

(1+ 0.35sin 2e)] sin(0.35 cos 2 ) der

.

(11)

We arrive at a torque-induced geometry limitation.

(L' + L8LR)L = &

o (12)

Note that the constant C, is an important gas-dynamic

parameter of machine. It depend only on the gas pres-

sure in the chambers and depend on the geometry of the
chambers.

I11. DETERMINATION OF
BASIC GEOMETRIC DIMENSIONS

The main dimensions of the machine are three
parameters: the inter-joint distance on the piston 4AB=L,
the radius of the end curves of piston R and the thickness
of piston ¢.

A.  Initial equations

Three equations (5), (12) and (6), respectively,
describing the restrictions on the size of the cylinder L,
on the torque M, and on the volume of the chamber V/, :

0.819L+ R, <.
(L' 4+ 1.8LR)t = mn.

(0.151F + 0.54LR, + 0.49R )t = Vi (13)

Here, for the sake of brevity, new notation has been
introduced m,=a,/C,, l”C=L 2, in which a, and Cp are
defined by (8) and (11), respectively.

If we specify the size of the cylinder / .=/ , the
inequality in (13) becomes equal to 0.819L+R =I.

The formulation of the solution of the problem on the
basis of three equations, two of which are non-linear, may
be different. There is no guarantee that a solution exists.
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It is quite obvious, for example, that with a very small
cylinder size /7, it is not possible to create the required
torque a, , or the specified volume of the chamber V.

B.  Common Solution

Let cylinder size / .=/ be given. Then we have a sys-
tem of three algebraic equations.

0.819L+R =,

(L*+1.8LR, )t=m,,

(0.15L*+0.54 LR +0.49 R * )t=V (14)
From the first equation we express R, through L :

R =I-0.819L. From the second equation we express f
through L:

f = mo
- D'+ 1.8L(1—0.819L)

Mo

1.8LI —0.474L

Lort =

, or Substituting into the third equation:

e = s y s q_ Me
[0.1501 + 0.54L (I — 0.819L) + 0.49( O‘SLQL)]LSLZ*O‘LLTLLL" Vo

By opening the brackets and grouping the terms, we
get the equality
0.0367L°-0.263LI+0.49F=V /m (1.8LI-0.474L7),
which the quadratic equation follows on the size of L:
al’+bL+c=0 (15)

where =0.474 V,/m, +0.0367,b=-(1.8 V /m, +0.263)l,

from

¢=0.49 1>, whose solution has a well-known appearance

b+ —duc

L 2 §
: 2a

(16)

Considering that V, is the volume of the camera

and m=a/C is a parameter characterizing the torque

according to (10) and having the dimension m’® we
introduce the dimensionless machine parameter

_ W

%= T, (17)

We write the coefficients of equation (15) in the form

a=0.474q,+0.0367,
b=-(1.84,+0.263)1,
c=0.49 .

C.  Common Solution Analysis
It is known that the number of real solutions of
equation (15) depends on the discriminant sign D=b’
-4ac: if D >0 , then there are 2 solutions (2 real roots);
D=0, then there is | solution (2 matching roots); D<0 ,
then there are 0 solutions (2 imaginary roots).
We make the discriminant the coefficients of which
are determined by (17):

D=P(3.24¢,7+0.0164,-0.0027) (18)

The value of the parameter g,=V /m, , for which D=0

. Rejecting the negative root, we get

= E = DRE
0=~ = 0.0265 "

0’

When q,=0.0265 there is one solution, i.e. two
coincident  positive roots L,=L,=-b/2a=3.151 When
q,<0.0265 there are no solutions; at ¢,>0.0265 there is
one positive solution for L. At the same time, the presence
of a solution for L does not guarantee the presence of
positive solutions for R, and .

For convenience, let’s move on to the dimensionless
variables.

r=d gt =L
(20)
values will be positive if the inequality
I(1-0.819L )>0 is satisfied, or the condition
L'<1.22.
Find the value of q,, for which,
L'<1.22, R'=0.
After the transformations we get the solution
q,=0.15.

Thus, for R to be greater than zero, the machine
parameter connecting the chamber volume and torque
qO=V({inO=VO/(a((Cp ) must be greater than 0.15.

The results of calculations of dependences L=L/I,
R_1=R_1/1 and t=t/l multiplied by P’m’ from q, are
shown in Table 1

TABLE 1

q, [L=L1 |R=R/1 |R/L (t1°)/m,
0.15 1.22 0 0 0.45
0.175 1.00 0.181 0.181 0.754
0.20 0.996 0.184 0.185 0.756
0.25 0.841 0.311 0.370 0.850
0.30 0.730 0.402 0.550 0.940
0.50 0.475 0.610 1.280 1.340
1.00 0.254 0.792 3.120 2.340

The table has a range of 0./75<¢,<0.3 . This range
has practical interest due to the fact that the ratio R, /L
from design considerations should not be greater than 0.5.
Graphically, this range is shown in Fig. 3. The dotted line
shows the relation R /L.
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Fig. 3.

IV. CONCLUSIONS

The main result is the identification of several
important parameters of rotary expansion machine.

First of all, this is the gas-dynamic constant C,(H/»n’)
defined by (11). It depends only on the initial and final
pressure of the gas and does not depend on the geometrical
dimensions of chamber and piston.

The second parameter is m,=a /C,(m’) , which relates
the torque and the gas dynamic constant.

The third, which can be called the main dimensionless
, » which
relates the chamber volume and torque, and, as was

rotary expansion machine parameter, is g,=V,/m

established above, its value should be in the range of
0.15<q,<0.3 .

(1

(2]

B3]

(4]

[3]

(6]

(7]

(8]

(9]

[10]

[11]
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Abstract—This article is devoted to a theoretical study of
the processes in a sliding electrical contact and the derivation
of the formula for constriction resistance in the transient
layer of electrical sliding contact taking into account the
fractal heterogeneity of contact current-transmitting
clusters, as well as the verification of the obtained theoretical
formulas using a static experimental plant.

Keywords—brush, experimental plant, modeling, sliding
contact.

I.INTRODUCTION

Each scale of heterogeneity of the contact zone
of a sliding electrical contact (SEC) corresponds to
the component of the general constriction resistance
[1]. R.Holm proposed to consider two components
corresponding to the constriction to the group of spots and
corresponding to the constriction within the boundary of
this group. Equation for bodies with the same resistivity p
containing one group of round uniformly distributed spots
is derived:

_ _ (1 1 )
R =Rt =0 ( Ina " 2a: ) (1)
where n - the total number of contact spots; a - the
radius of the spot; a_- the radius of the circle within
which the contact spots are placed; R1, R2 - the resistance
components corresponding to the constriction to the spots
and to their groups.

J.A.Greenwod [18] specified clarified the second part
of the equation:

Ruw=Ri+ =5

2na

16
i 3T as )

()
and showed that its value is almost the same for any
location of contact spots in the general group.
The Greenwood equation was extended by terms
that took into account the asymmetry of the spot groups
distribution (clusters) on each other as well as the

Pskov State University
Pskov, Russia
4ce@goodgame.ru

Pskov State University
Pskov, Russia
juli-politeh@yandex.ru

asymmetry of the groups distribution on the nominal area
(2], [8-91, [21].

Theory of the electrofriction interaction is currently at
a critical stage which is characterized by a large number of
accumulated empirical data, hypotheses and various types
of models that can not sufficiently claim the adequacy of
the presentation of the studied phenomena. To overcome
these contradictions, it is necessary to attract new physical
views and ideas to this applied area of knowledge.

The theory of self-organizing systems (synergetics
and the fractal theory) is rapidly developing nowadays.
These systems are self-similar evolutionary structures
which cannot be described using Euclidean geometry.

The synergetics studies the processes of self-
organization, of stability and of decay of structures of
different nature formed in open systems, the ordered
state of which is related to the consistent behavior of
the subsystems. It leads to the formation of organized
structures as a result of the exchange of energy and matter
with the environment, when a certain balance between a
production and a reduction of entropy is established [3-4],
[11]. The evolution of the system considers as a transition
through a number of thermodynamic quasi-equilibrium
states. Fractal theory [5-6] was the basis for quantitative
description of self-organizing structures using the fractal
dimension parameter.

The processes of electrofrictional interaction will be
considered from the standpoint of the synergetics and of
the fractal theory, because the sliding electrical contact
is an open system and evolutionary processes of the
origin and decay of conducting clusters, which can be
interpreted in the tangential direction as fractal and in the
radial direction as percolation clusters, there are in the
intermediate layer [6], [12], [17], [19-20].

From told above we can conclude that on the problem
of explaining the mechanism of current transfer through
sliding contact a one frame of mind has not yet developed.
There are different interpretations of the processes of
current transfer in the intermediate layer. It leads to the
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fact that the most reliable and frequently used means of
studying of the properties and of the characteristics of
sliding contact today is an experiment. This situation is
also due to the absence of modeling software products for
calculating the basic integral characteristics of the sliding
contact according to the data containing the parameters
of contacting bodies, their surfaces, as well as external
energy influences.

Therefore, work aimed at creating computational
models that allow one to obtain static and dynamic
characteristics of brush-contact device by calculation at
the design stage are very relevant.

II. MATERIALS AND METHODS

The direct conductivity in the sliding contact occurs
when the microasperities in the intermediate layer of
the contacting microreliefs come into direct contact.
In addition, we will assume that as a result of fritting,
conductivity similar to the direct conductivity also occurs.

The main component of the transient resistance of the
sliding electrical contact is the constriction resistance,
which is caused by the distortion of the current lines in the
region of each individual contact spot of rough surfaces.
Many scientific works are devoted to studies of contact
conductivity and constriction resistance, for example [7],
[10], [23].

To determine the transient resistance in the
computational models of the electrofriction interaction it
is necessary to define a mathematical expression for the
intermediate resistance of an individual contact cluster.
Therefore, we will derive mathematical expressions
that give a topological and fractal representation of the
constriction resistance and compare the obtained results
with the known ones.

In the simplified version of the calculation we will set
a single round contact spot of radius ro. Such unification
in a single area is acceptable with a sufficiently compact
placement of conducting clusters. We will divide the
surrounding half-space into two zone A and B for
determination the constriction resistance. The zone A is
bounded by the hemisphere of the spot of the contact with
radius r, and the zone B is bounded by the hemisphere
with radius r >> r . Let’s call these areas in accordance
with their placement of a relatively small “contact”
hemisphere: A — “internal”, B — “external”.

T *
o

Fig.1. Approximate definition of the constriction resistance of the
round spot of contact.

Selecting the volume located between two spheres
with radius r+dr/2 and r—dr/2 in zone B we determine the
resistance dRB of this layer in the direction of the current
lines:

dr

vy ?”' (3)

The current lines in zone B are directed radially and

ARy = 9]

the specified spherical volume is limited by equipoten-
tial surfaces. In this case we assume that the current lines
connect the superconducting spheres with radius r_ and
r >>r . Then the resistance R, of the zone B is determined
by integrating of the previous formula:
R=d =L
- e “4)
Taking into account that r >>r , we find the “exter-
nal” component of the constriction resistance by the for-
mula:

__p
Ry=5_
271 (5)

We define the “internal” component approximately
from the consideration of replacing a hemisphere with a
cylinder with the equivalent height and the same area of
the base and with non-conducting side walls. We find the
height of the cylinder by the condition of equality of the
volumes of the hemisphere and the cylinder:

||\.J

2, py= L

h= P
6u T (6)

]

Then the total constriction resistance is

R..=Ris+Ry= :'L)Tp = "L
I T 4.71n (7

We calculate the “internal” resistance (hemisphere A)

by integrating the conductivities of the elementary ring-
shaped areas shown in Fig. 2 to clarify the constriction

resistance.

Fig. 2. Clarifying constriction resistance.

The conductivity of the annular region dr is

g J—
Th —

®)

where - the area of the horizontal cross section.

The conductivity of the sphere A is defined as follows:
~ _ (™ 2ar
= [ 2ar

= dr
«01

)

After integration within the given limits and after tran-
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sition to the inverse value we obtain an equation for the
resistance of the zone A
0
Ri=x5

..—
_JL

(10)

Then the constriction resistance is defined as the sum

Ro.=Rit HRy= r
Al 4] (1 1)

We obtain an underestimated value in the first ver-
sion of the calculation and an overestimated value in the
second version of the calculation in comparison with the

classical formulas.

The most correct result is obtained by integrating of
the conductivity in all volume of the half-space. We select
for this purpose in the zone B the elementary areas which
are the difference of the volumes of two truncated cones
with corners at the vertices: 20 u 2(a+da) (see Fig. 3).

Fig. 3. Clarifying constriction resistance

The conductivity of the ring-shaped volume dx is

dGy = 27 dT,,

(12)
For the zone B area S and a width of the annular
volume dr are:

A=rda

Then the resistance of the volume of the angle do of
rotation in the zone B:

S=2mr’sin a da;

dRu= g [ L = (L

2rsinada, 1 2rsinada‘\t  Tul

(13)

We express the increment dx and coordinate x through
the angle o

da
dr—r](slna+ cma’)da’ =nsine da;

(14

r =r1,sino;

(15)

0 Ccos @

dR, = =—"—F"———
T 2amsin‘a da

(16)

The constriction resistance of the element will be
found as the sum of the resistances of the elements of
zones A and B:

)= pCcos @ + o ,' 11 )
2msin’ @ da Tsin@da\h  Tw

ARl
(17)

After transformations and simplifications we obtain

o__{L(j+ 1
dR..(a)= T ena dal (1+clga)— )
Taking into account that r >> r_the expression is

simplified to
oll+clga)
AR ) = A2 90
Zn Th SIN & da’ (19)
The integration of the elementary volume conductivity
dG,, is carried out within the limits giving the full
coverage of the considered half-space:
7 = /" 27 sin @
o ~0 p{j_ + ('.‘fg(,l‘ } (20)
L (240
G = —/ J/‘( > )
py2 21 @1
G =223.916
© (22)
Then the total constriction resistance approximately is
~ P
e = 3516 7 o)
The exnnt farnminla 10 ac Pr\I.ln“m- :
R :ﬁ.ﬁlnl(ﬁ"’_ 1 )
" To T \/E—I_ (24)

As we see, the expression (23) almost coincides with
the Holm formula for the constriction resistance of the
round contact pad.

Until now it was about the resistance of the continuous
contact area. However, in reality, almost always contact
spot is a fractal cluster of fractional dimension with
imperfect boundaries [13], [15-16], [24]. In this case,
the packing density of cluster elements pxm and its
fractal dimension D should be taken into account when
determining the constriction resistance. The dimension D
is not dependent on the shape of the cluster, or whether
the package of its constituent monomers dense, random or
slitted. The fractal dimension of a flat cluster is always less
than 2, i.e. less than the size of the topological dimension
of space. The packing density depends on the shape of
the monomers. Thus, for close packed spheres is about
, and at a random packing is reduced to 0,637. To cover
a flat cluster with squares, and three-dimensional with
cubes, we can assume that with an unlimited decrease of
monomers, the packing density tends to the one. If the size
of the element is r and the characteristic cluster size is 1,
then we write:

N=pu )

in the limit when p, —1,
from
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g N

- ]‘E’;'n-.' - ]g'T (26)

As the parameter of the cluster size, the radius of
gyration is used. It is introduced by the ratio Rg=(<R2>)”2
, where R is the distance from the considered point of
the cluster to its center of mass, angle brackets mean
averaging over the distribution of particles in the cluster.

Expression (23) defines only half of the constriction
resistance, since defined for half space. Therefore, the
total resistance in the case of identical density p of the
half-spaces is determined by the following expression

_ o 0
R.-r.'.-' — s & -
L0 2 (27)

For the spatial defining of clusters instead of the
topological dimension, fractional fractal dimension
is used. Therefore, the magnitude of the constriction
resistance of the cluster depends on its fractal dimension.
In view of the above, we write down the constriction
resistance formula for fractional objects in the following
form:

R (r, D, )

retr kl retr

(28)

where R | is the constriction resistance of the fractal
cluster, R  (r,) is the constriction resistance of a circle
with a radius equal to the characteristic size of the cluster

r,,, for three-dimensional space

N __0pP
R (1) 2n Reieu 2ru Dy

D, is the cluster’s fractal dimension.

The proof of assertion (28) in general form is
of considerable complexity. Therefore, a series of
experimental studies was carried out to verify the above
formula. The results of the experiments, as well as the
derivation of the necessary mathematical expressions are
given below.

Expression (28) becomes more versatile than the
Holm, Ipa, Venart, and Greenwood formulas and makes
it quite simple to calculate the constriction resistance of
fractal clusters and multifractals. In this aggregation of
limited clusters is carried out according to the criterion of
their minimum distance from each other (no more than by
the size of the characteristic size of the smaller cluster).

To determine the degree of adequacy of formula
(28) a series of experiments was carried out on a flat
model of current lines. The experimental plant is shown
schematically in Fig. 4.

Fig. 4. Experimental setup for measuring the constriction resis-
tance on the conductive plane.

A rectangular sheet of foiled textolite 1 has two copper
layers 2 and 3 deposited on both planes. On one side of the
sheet, along the edge of the electrically conductive layers,
copper buses 4, 5 are soldered, to which two groups of
conductors 6, 7 are attached. These groups of conductors
are connected by other ends at points A and B, which
are connected to an adjustable current source through
ammeter A. On the other side of sheet 1, copper jumpers 8
of width € are installed, which may be several at different
distances from each other. One jumper shown in the figure
is a linear analogue of a flat circular contact spot. The
constriction resistance of a single jumper is calculated
according to the formulas, which are defined below.

Fig. 5 shows a quarter of the conducting plane, which
is divided into two halves of a non-conductive straight
line x containing a conducting segment of length 2r .

|

! A

!

| N

i dr o d
|

i N
D ¢ \
<>

Poax S

i ik

N

Fig. 5. To determination the constriction resistance on the plane.

The resistance of the flat portion dx of the inner
constriction zone A:

_ . h

The increment dx and the x coordinate itself is
expressed through the angle a:

dx=r,sin o da ; (30)
h=rsina; 31
_ 0
dR,=——.
da (32)
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For the “outer” zone B of the half-plane, the width I
of the annular volume dr is determined by formula I=r da.
, and the resistance of the elementary part dr is

_, _dr
Aty — 0 .
Then the resistance of the ring sector with the angle
dais
_ 0 [™dr_p | R
dR” dd -'{n T da ]:[1 Th ’ (34)
We find the resistance of the element as a sum
0 0 Ry 0 R
dR.la)= da + w]ll n o da (J. +In " ) (35)
The conductivity of the constriction element is
~ — da
dGula) = ———5—.
p(ll +In l?”. ) (36)

The integration of the conductivity of the elementary
volume dG_will be done within the limits giving the full
coverage of the considered plane:

G = diaﬁ / " da.
p(1+Ins=)
\ (I (37)
9
C;.-m'.‘ = I = \
p(ll +1In R;l ) (38)
Then the total constriction resistance is equal to
Row= (1 + Indle)
A0 (1 (39)

For the cluster, taking into account the fractal
dimension , we get

_ P
R.'r.'." - )_

vl

( 1+ lnf—ﬁ_ ) (40)

The characteristic cluster size r,, is defined as twice
the radius of gyration, which is calculated as follows: 1)
we find the radius of the mass center of the linear cluster

fi.iijl--:E:TTm
n (1)

where 1, is the distance from the origin to the i-th
element of the cluster; n is the number of cluster members;
2) calculate the radius of cluster gyration:

(42)
and find the numerical value of the fractal dimension:
D = log(n)
' 100‘( &)
S\ Ty

(43)

From the current source through the flat copper
layers 2, 3 and jumper 8 the current I is conducted.
Measurements of the potential difference on surfaces 2, 3
by a millivoltmeter allow us to construct equipotentials 9
and current lines 10.

II1. RESULTS AND DISCUSSION

We will determine the constriction resistance in
two ways. The first method is to use for calculation the
measured voltage drops on the plane and the magnitude
of the current I. The second method is based on applying
formula (28) together with expressions (40—43).

In the second case, in the calculations we use only the
geometric dimensions of the model and the magnitude
of the resistivity of the electrically conductive layer. The
accuracy of the coincidence of the calculation results
of the constriction resistance, carried out in two ways
for different clusters, determined by the location of the
jumpers 8, allows us to view the adequacy of the proposed
formula for calculating the constriction resistance.

The specific resistivity of the conductive layer was
determined experimentally. For this purpose strap width
S from foil-coated textolite was manufactured. Along it,
a current was passed through the conducting layer (up to
70 A) and the voltage drop AU was measured on a section
of a layer of length L. Resistivity was calculated by the
formula

_AUS
) @)

Multiple measurements with averaging gave the re-
sult p~57-10° Om.

Using the same copper jumpers width ¢ = 0.0012
m linear conductive clusters of various configurations
were created, for which the formulas (40-43) were
calculated constriction resistance. The voltage drop was
measured along a straight line perpendicular to the line of
separation of the conducting plane and passing through
the mass center of the cluster.

Using the same copper jumpers width ¢ = 0.0012
m linear conductive clusters of various configurations
were created, for which the formulas (40-43) were
calculated constriction resistance. The voltage drop was
measured along a straight line perpendicular to the line of
separation of the conducting plane and passing through
the mass center of the cluster.

Fig. 6-11 shows a the calculated and experimental
dependences of the constriction resistance R on the
distance R  to the center of mass of the cluster at which
the voltage drop was measured.

600

@
8

1\

I\

©
8

9
8

Constriction resistance R, pQ

g

20 40 60 80 100 120 140 160
Distance to the center of mass of the cluster R,,, mm

Fig. 6. Dependences R_=f(R )(1-3 elements)
1 - 1 element, experiment, 2 - 1 element, calculate,
3 - 2 elements, experiment, 4 - 2 elements, calculate,
5 - 3 elements, experiment, 6 - 3 elements, calculate
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350 1 600 I
< 300 2 = >
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] ]
S g0 |
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0 &
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Distance to the center of mass of the cluster R, mm 20 10 60 80 100 120 140 160

Distance to the center of mass of the cluster R, mm

Fig. 7. Dependences R_= (R )(4 elements)
1 - 4 elements, experiment, 2 - 4 element, calculate
Fig. 11. Dependences R = f(R )(8-9 elements)

=0 1 1 - 9 elements, experiment, 2 - 9 elements, calculate
%3"0 3 - 8 elements, experiment, 4 - 8 elements, calculate
3 First the voltage drops AU, between the bus 5 and
z the centers of the jumpers 8 was measured. (These
215‘3 voltages are almost equal, since the cluster dimensions
g are significantly less than the distance to the bus). Then

@
S

the voltage drops AU, between the bus 5 and selected

o e w m m ww points on the conductive plane 2 was measured. The

Distance to the center of mass of the cluster R,,, mm following formula was used to calculate the experimental
constriction resistance value.

=)

Fig. 8. Dependences R_=f(R )(5 elements)

1 - 5 elements, experiment, 2 - 5 element, calculate R _ A[’U — ‘AU{_
el exp j
350 (45)
S 300 The theoretical value of the constriction resistance
e was found by the formula (40).
g 200
N II. CONCLUSION
§ 100
§ 50 A comparison of experimental and theoretical data
. (Fig. 6-15) indicates a satisfactory rate of adequacy of
20 40 60 80 100 120 140 160 the formula for the constriction resistance of a cluster,
Di h f s of the cl . . . .
istance o the cenier ofmass of the cluster Ry, mm which uses the magnitude of the fractal dimension as a
Fig. 9. Dependences R = f(R )(6 elements) scaling factor. The difference between experimental and
1 - 6 elements, experiment, 2 - 6 elements, calculate theoretical results does not exceed 5%.
300
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Synergetic Model of Electro-friction
Interaction
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Abstract—The paper describes algorithms and structure
of the electro-friction interaction synergetic model. The
results of theoretical modelling and experimental study
of sliding electrical contact are given. The comparison of
theoretical and experimental results made in the paper
proves high validity of the model and its programmatic
implementation.

Keywords—fractal theory , simulation modelling, sliding
contact, synergetic.

I. INTRODUCTION

The basic approaches to the modern explanation of the
physical processes in the sliding electrical contact are the
next.

A common surface of two contacting rough bodies
divides into many separate spots. When the flow of
energy gets through the surface, it overcomes additional
constriction resistance because of the nonuniform flow
lines. In addition, there is the resistance of the surface
films.

The theory of the electro-frictional interaction (EFT)
at the time is at a critical time when there are large bulk
of experimental data, hypotheses and different models,
which could not be adequate to the studied processes.
To overcome this conflict the new physical views and
presentations must be involved in the applied area.

At present it is developing synergetics, the theory of
self-organizing systems, and fractal theory studying self-
similar evolutionary structures that cannot be described
within Euclidian geometry.

Synergetics is studying the processes of the self-
organizing, stability and disintegration of different nature
structures forming in the open systems and the ordered
state of which is connected to cooperative behaviour
of theirs subsystems. This leads to the forming of self-
organizing structures as the result of energy and material
exchange with the environment when equilibrium has
established of the entropy production and reduction [1] —
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[5]. The evolution of a system is considered as transition
through the series of thermodynamic quasi-equilibrium
states [6]. Fractal theory [7]—[10] has become the base for
quantitative description of the self-organizing structures
using the fractal dimension as a parameter.

I1. MobEL OF SLIDING CONTACT TRANSIENT LAYER

The transient layer of sliding electric contact (SC) is
representable as set of the contact elements (CE) placed
in nodes of a regular grid on the transitional plane (TP).
We will describe each CE with the state vector having
components.

Components of the power vector /" are independent input
influences: pressure force F , velocity of relative movement
in contact couple of v, external voltage applied to contact U
, environment temperature ¢, , vector of concentration of
environment chemical reagents Z.

We will divide all components of the state vector of
a contact element into the following classes. Mechanical
V.. contact stiffness S contact damping K ; contact
approach Y ; contact force F,; microhardness ¢; density p;
coefficient of boundary friction & . Electrical V,: voltage
U (it is identical for all contact elements); fritting voltage
U; electric conductance g, or resistance p,; contact
capacity C,; current / through C,. Thermal V: heat
capacity C,; heat conductivity k; melting temperature 0 ;
evaporation temperature 6, ; CE temperature ¢. Chemical
V., vector of chemical composition h; intensity of the
main chemical reactions of V.

Let’s determine the state vector by the sum of this
four components

V=V V. +V +V, (1)

Voltage U is identical for all CE, however the value
of current will be different for the different types and
characteristics of conductivity, different temperatures,
approaches, and etc. Besides, the flow of current leads
to emitting power in CE and increases temperature 6,
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which significantly affects conductivity of the element
and conductivity of the neighbor areas.

In each CE there are substances and compounds of
different concentration which can react with each other
and with the materials of contact bodies. Either they can be
passive or be catalysts and inhibitors for other reactions.

I1I. MopbiricATION OF THE STATE VECTOR COMPONENTS

The operations described below provide a basis
for the dynamic processes in CE and contain the main
computational procedures.

In the transient layer matrix we allocate clusters of
direct and film conductivity (a-clusters and B-clusters).
For this we use an allocation procedure that translates the
elements of each cluster into an additional matrix.

After calculating the number of elements that make
up the cluster N, we calculate the characteristic radius of
the cluster 7, as the gyration radius R :

= \/%Z: S \/;\LTZ,W': X =+ (Yot )]

2)
S U e ;o
X.= TZT: | L Y.=

: (3)

Determine the fractal dimension of the cluster by the

formula
_ lgN

S len—legr

“4)

Find the resistance of each cluster as the sum of the
constriction resistances of the sliding contact upper and
lower half-spaces, the resistance of the oxide film and the
wear products R =R +R . +R TR, where:

=4 D 5)

Calculate the contact resistance as a parallel connection

R"
.o

of all clusters:

R=YR )" (6)
Calculate the full contact current (R, is the resistance
of the brush body)
U

=5 TR

(7
Find the thermal power emitting in each cluster. Power

contains electrical and mechanical components.

Electrical component:

_Al?
P =
2t ®)
AU=U-IR, ©)

where AU is the voltage drop at the transient layer; U
is the voltage applied to the contact pair; / is the current of
SC; R,, is the brush resistance.

Mechanical power of friction:

Plokhov et al. Synergetic Model of Electro-friction Interaction

P, =S +AY, kﬁ v, (10)
where S is the CE stiffness, N/m; AY is the
compression of CE, m; k/r is the friction coefficient; v is
the velocity of microreliefs displacement, m/s.
Then the total power in CE is

PCEi:PEi+PMi : (11)
Determine the CE temperature increment for one step
of modelling time. Since the emitting power is went into
heating the CE volume to a temperature & over a time A¢,
then using the electrothermal analogy method [11] —[15]
an equivalent electrical circuit can be made. The heat
source of power P, will be represented as the current
source /, and the heat capacity of CE C, as the electrical
capacitance C,, and the voltage U, corresponds to the
temperature 0 (Fig. 1).Write in the operator form:

o N
Uelp)=LXc(p)=—5
j)(rr-: (12)

-1
A pCe

where
itor C -

is the reactance of the capac-

In accordance with the direct analogy:

ol p) = Lo

B ])(_1' « (_-"( I = (_'( I }}?f 17
e

(13)

where ¢, is the specific heat; m_,=Ax’ Ahp,, is the
mass of CE; A/ is the CE height; p_, is the average densi-
ty of the CE materials

Ig (Pce) [Ce (Cer)

Uk (0)

l

Fig. 1. Equivalent circuit.

Afterr _ F : get:

6( £) (jf'r-_'ﬁirzﬂhpf I ! (14)
Repre! . jz ;rences:

Ae N CL';’-_‘ALTEAJ;F p('a’-.' (15)

By the one step of the simulation the CE temperature
will be:

0.,=0+A0 (16)

The temperature of the CE has been changed due
to heat exchange with the contacting bodies and the
neighbour CE. Therefore, after calculating the temperature
increment caused by heat emitting in CE, we calculate the
temperature distribution in the three-dimensional system
of nodes over the same time interval (Fig. 2) using the
explicit method [12], [13].

209



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 12th International Scientific and Practical Conference. Volume I1I, 208-213

Taking into account the nonuniform distribution of
thermal conductivity and heat capacity in the structure of
the transition layer, we can write:

Gt +
Fonlt)AB (1) +
Fra (DA (1)
B L+ AD =1 Fm (A8 -1 ()
Fionio () AG 1 (t)
Fian (A (t) +
Faic (A (1)

(17)

where HJ (1) is the temperature of the node with co-
ordmates i, J, S5 AQH” () =0H1” (1)- 6 (1), AD. e
1 (U0, (1), and etc. are the temperature differences
1 .S
of the calculated node

S G20 N
and the neighbor nodes; oo, )" is Fourier
number for the calculated node, where (kw, cw_}s), (pm‘ J

, are the average values of thermal conductivity, specific
heat and density calculated by the nodes of the fragment

(Fig. 2).

Kijs+1, Cijs1, Oigss1 O Kijris Cigess Oijiss

Ki+1j.s, Cit1s, Oit1s

O

Kij.o Cijs: Oijs

Ki-1 s, Ciljiss Oil s

O O

l:{i:j+l,s, Cij+l.s, ei.j—:—l_.s O kiJ:s-l, Cij.s-1, Bijfs-l

Fig. 2. Calculation of the sliding contact non-stationary temperature
field.

The computational procedure has a stable solution if
the Fourier number is less or equal 1/6 [12]. This indicator
has the greatest value for the zones of direct conduction,
therefore the choice of the step 4z and the discretization
Ax are made by CE allocated into the specified zones.

The of the CE from
electromechanical heat emitting and its change due to the

temperature increment
distribution of heat over the three-dimensional grid is not
combined into a general procedure, since in this case the
principle of simultaneous heat emitting in CE is violated.
The calculation of the non-stationary temperature
field of the SC is carried out for each A¢ in two steps
and for analysis we use only the final values of the CE
temperatures for the second step.

To simplify the algorithm and increase the speed,
we introduce the assumption that the temperature of the
CE layers adjacent to the contact is defined as the half
sum of the average temperature of all calculated CE of
the transient layer and the temperatures of the contacting
bodies. We also neglect the convective heat transfer at the

boundaries of the contact layer setting zero values of the
thermal conductivity of boundary CE to the environment.

At each step of calculating the temperature field for
all CE, we check the condition for exceeding the critical
temperature levels of materials: 1) the recrystallization
temperature, 2) melting point, 3) the evaporation
temperature. Depending on which interval the temperature
of the calculated CE falls within, it is decided how to
change its characteristics and parameters.

Up to the temperature & m the mechanical stiffness of
the CE is considered constant. In the interval 0 € [6_,0_[,
the stiffness of the CE is changing in linear dependence.
When the temperature 6, is reached evaporation of the
least heat-resistant material of the CE occurs and the
distance between the contacting surfaces at this point
increases. For this a correction is made in the matrix
of micro-reliefs. The approach in CE is changed by the
value of 4h. As a result at a constant pressing force F,
the equivalent stiffness of the SC Ck» changes and the

approach of the contacting surfaces is:

Ay=-Lv
w A (18)

where S_ =>'S ..

As the temperature increases the conductivity of
the surface films also increases and when the certain
temperature =0, is reached thermal breakdown occurs,
which is defined as the transition of the CE to the direct
conductivity state.

The fritting of oxide films is interpreted as the
transition of the CE into the direct conduction state when
the electric field strength reaches the threshold value £,
that depends on the voltage at the contact layer and the
thickness of the o7 1~ _ ALJ

= 1

(19)

If E>E, CE goes into the direct conduction state.

The temperature dependence of the specific resistance,
specific heat capacity, thermal conductivity and friction
power is taken into account using

. =Py, (1T0AT), (20)
c =c, (1+a_ AT), (21)
IR S (22)
Pu(T) = Pun(1 =21 ). o

where p,, is the electrical resistivity at the initial
temperature; o is the temperature coefficient of resistance,
1/K; AT is the difference between the current and initial
temperatures; ¢, and k, are specific heat and thermal
conductivity at the initial temperature; o, and «, are the
temperature coefficients of specific heat and thermal
conductivity; coefficient o, may be, both positive and
negative, depending on the materials of the SC; P, is the
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friction power at the initial temperature; 7" is the current
temperature; n and 7, are the parameters which selected
from the condition of the best approximation of the
empirical dependence P, (T) in the studying temperature
range.

The block diagram Fig. 3 depicts the main procedures
of the simulation program. The main loop contains
the block “Service input-output operations”, which is
responsible for the graphical interfaces of the program,
the visualization of tables, graphs and color portraits, etc.

Input data: press foroe,

speed heat capacity
efc
Approach of Generation of
—a surfaces and filling “mrf::h nd
of SC CE matiy | | Mainces, fims a
wear products
fllocation and Clusiers
classification of — PACAMIENErS
comnlact clusters calculation
Al elusiens ZE cumrrents
calculation
allocated ~ypg :
Service input Calculation of SC
) non-stationany
OUPUL operIons femperature held

1 :

Displacement of Components of
micro-reliefs by e state vectors
o step mdificabon

Fig. 3. Generalized block diagram of the EFI simulation model.

1V. THEORETICAL AND EXPERIMANTAL STUDY OF EFI

DyNaAMIC PROCESSES

Objectives of the study are: 1) determination of the
simulation model adequacy, 2) study of the qualitative
regularities of the EFI dynamics related to the processes of
formation and growth of conducting clusters in the transition
layer, thermal processes and voltage-current dependencies
generated by various disturbing influences. Similar studies
are described in [16] — [22].

Let’s compare some model and experimental

Plokhov et al. Synergetic Model of Electro-friction Interaction

characteristics.

The calculated voltage-current attractor shown in
Fig. 4 is obtained with a sinusoidal modulation of the
pressing force in the range from 2 to 25 N at the applied
voltage 2 V and the speed of 3000 rpm for the contact
pair “brush-steel ring”. Under the same conditions the
experimental voltage-current limit cycle is shown in
Fig. 5. The main difference is that the modulation of
the pressing force in the experiment occurred naturally
as the result of the interaction of the brush with the
irregularities of the contact surface. In addition there was
an effect of screw thread of the steel ring on the contact
area value. The randomness of the phase trajectory shown
in Fig. 5 is explained by the result of the action of these
two polyharmonic factors. Despite all its complexity the
indicated trajectory was steadily reproduced on each
revolution of the ring with the slight stochastic variations.

AU
20

13

08

I A
00 04 08 12 16 20 24

00

Fig. 4. Calculated voltage-current attractor.
| s ! = ilen

!

Fig. 5. Experimental voltage-current attractor.

Statistical estimates of these curves is the ranges of
current / and voltage drop AU are almost match. For I,
the range of variation is about 200 A and for /_, the range
is calculated as 2.3-89 =204.3 V. For 4U, and 4U_ the
ranges are quite close.

In the Fig. 6 the model dynamic voltage-current
characteristic obtained by high-frequency sinusoidal
modulation of the applied voltage is shown.

For comparison to the model the experiment was
performed on the collector. Initial data: speed 1000 rpm,
press force 20 N, voltage 4 V. Fig. 6 corresponds to the
experimental oscillogram in Fig. 7.
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Fig. 6. Theoretical voltage-current attractor.

Voltage on the brushes 4 V 0

[ 1 Vdiv.

1000 rpm

Fig. 7. The voltage-current attractor recorded during the passage of
the collector lamella under the brush.

The simulation program allows to observe movement
and development of the interacting microreliefs,
aggregation of conducting clusters in the contact transition
layer and the non-stationary temperature field. Fig. 8
shows examples of images obtained in the modelling
process.

Fig. 8. Typical simulation images of the EFI synergistic model.

Fig. 9 shows enlarged fragments of the conduction in
the contact transition layer, which contain characteristic
conducting clusters. The shade portraits of the thermal
field corresponding to the areas of conductivity show the
values of local temperatures in various contact zones.

..-.
S .@o"
*

Ep—— F"
"

e -
|,
ﬂ-w

Fig. 9. Enlarged fragments of the conductivity containing characteris-
tic contact clusters, and temperature field with indication of local
temperatures (press force 30 N, voltage 2.5 V, velocity 30 m/s,
contact is “brush EG-4 — steel”).

T
y =

Many conducting clusters have an oval or circular
configuration. Usually they are located in less saturated
areas with a relatively low average temperature. In the
areas of increased heating a significant part of the clusters
has a larger size and a complex configuration characterized
by fractional fractal dimension. In addition, thermal zones
are strongly elongated by the axis of the contact surface
motion.

V. CONCLUSIONS

The structure of conductivity and thermal field
is significantly influenced by the value of thermal
conductivity of contact pair materials.

At low thermal conductivity the heated zones are
elongated by the axis of contacting bodies movement and

212



take the form of diffuse strips.

With high thermal conductivity thermal zones
acquire the local forms and at the same time have a lower
temperature.

When certain values of the voltage and the press force
are reached the temperature of a large number of thermal
clusters reaches values at which the melting of the lower-
melting material of the contact pair occurs. In practice,
such modes of operation should be accompanied by
increased sparking caused by the spitting of molten metal
particles from the contact zone.

Most conductive clusters located in areas with low
average temperature are oval or round in shape.

Clusters located in zones with a high average
temperature have a larger size and a complex configuration
characterized by fractional fractal dimension.

With an increase in the press force () the current, the
saturation of the contact layer with conducting clusters,
the number and temperature of the heated spots quickly
increase.

Increasing the voltage at increases the density of
conductive clusters at a lesser degree, however it affects
the temperature field almost the same way as press force.
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Abstract—  Elastomeric materials, both natural
rubber and synthetic, are widely used in industry and
civil engineering, due to their unique properties: high
elasticity, low volume compressibility, capability to absorb
and dissipate input energy, a linear relationship between
stress and strain up to strain of 15% =+ 20%, resistance
to aggressive environmental factors. Different kind of
compensation devices, vibration dampers, shock absorbers
are fabricated from rubber materials.

At the same time the elastomeric materials nonreversible
change their properties over time, this disadvantage is
called ageing.

In given paper the results of experimental studying
of the influence of aging on the physical-and-mechanical
properties of polyurethane rubber is presented. The
samples of cylindrical form were prepared from soft flexible
polyurethane rubber Xenias PX30 and subjected to the
artificial ageing. Accelerated aging of samples was fulfilled
in accordance with European standard ISO 188:2011
(Rubber, vulcanized or thermoplastic - Accelerated ageing
and heat resistance tests).

The changing of volume, Shore A hardness, elastic
rebound coefficient and static elasticity modulus under
compression were investigated. Experiments showed the
volume decrease, hardness shore increasing, elastic rebound
increase and compression modulus under static loading
increasing. This data are necessary for correct designing
of the compensation devices to provide their working
properties during all service life.

Keywords—accelerated ageing, elastomers, hardness,
compression static loading, stiffness.

I. INTRODUCTION

Natural and synthetic rubber is very important
structural materials, which is widely used in various
sectors of the economy and in everyday life: vehicle
manufacturing, shipbuilding, cable and electrical
industry, building industry, products for contact with food
and drinking water, medical, pharmaceutical, hygiene
products and products for children.

Such extensive use the elastomeric materials received
primarily due to their unique properties: ability to deform
significantly at relatively low stresses, restore the original
shape after removing the load, absorb and dissipate
mechanical energy during deformation. They have high
strength, low volume compressibility (change shape

Andris Martinovs
Rezekne Academy of Technologies

Rezekne, Latvia
andris.martinovs@rta.lv

Edgars Zaicevs
Rezekne Academy of Technologies

Rezekne, Latvia
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under mechanical loading, keeping almost a constant
volume); low residual deformation; high wear resistance,
resistance to ultraviolet radiation and radiation [1].

Thereby rubbers are widely used in engineering and
industry where products operate in “harsh” conditions for
such technical products as seals of any type, bushings,
plugs, sockets, valves and plugs, shock absorbers, rollers.

The main disadvantage of rubber materials is their
ability to change their properties significantly under the
influence of external factors of a mechanical and non-
mechanical nature. These changing are associated with
corresponding changes in the structure and may be
reversible and irreversible.

Irreversible changes may be the result of a number
of mechanochemical and chemical processes activated by
mechanical stress. Irreversible destruction of the structure
under the action of mechanical forces is the greater, the
lower the rate of relaxation processes. With repeated
deformations, this leads to corresponding changes in the
structure and properties of rubber.

One of non-mechanical factors affecting the properties
of rubber is the effect of heat. It causes reversible
changes in the structure and properties associated with
an increase in the energy of thermal motion. Along with
this, prolonged exposure of rube to heat, especially in
a chemically active medium, may lead to irreversible
changes, called ageing.

Ageing is the irreversible change in the properties of a
rubber under the action of heat, light, oxygen, air, ozone,
etc, or corrosive media, i.e. mostly non-mechanical
factors. Ageing is activated if the rubber is simultaneously
exposed to mechanical loads [2] —[4].

Ageing tests are carried out by withstanding rubber
under various conditions. Experiments on accelerated
ageing test are regulated by ISO standards [5] — [7]. With
atmospheric aging in the open air or thermal ageing in an
environment of hot air, the result of the test is assessed
by the coefficient of aging, which is the ratio of changes
in the performance of some properties, most often
tensile strength and relative elongation at break, to the
corresponding indicators before aging [8]. The smaller
the change in properties during ageing and the coefficient
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of aging, the higher the resistance of rubber to ageing.

Assoon scope of our study is application of elastomeric
materials for technical products like mechanical seals,
joints, etc., in machinery we estimate the change of
compression elastic modulus, hardness Shore A, elastic
rebound coefficient and volume change during accelerated
ageing of polyurethane rubber. The Xencas PX series is
a range of industry leading flexible polyurethane rubbers
which cure to hardness from 30 to 90 Shore A whilst
retaining excellent tear strength and resilience. Xencast
PX resins are ideal for product applications requiring a
flexible yet durable material including soft-grip handles,
protective cases, rests, training weapons, tools, wheels,
bushes and much more. PX series resins can also be used
to produce durable, flexible molds for concrete casting.
Utilizing the latest polymer technology, Xencast PX30
is able to create flexible PU rubber parts with superior
tear strength, abrasion and wear resistance and chemical
tolerance.

Suggested uses of Xencast PX rubber are soft gaskets
and seals, therefore the main goal of this work is the
investigation of this product under pure compression and
the changing of its property in time.

11. MATERIALS AND METHODS

A. Material and specimens

Material, used in research, is Easy Composites Ltd
Xencast PX30 soft flexible polyurethane rubber. Cured
properties of this product: Shore A hardness 30 — 35,
tensile strength 0.7 — 1.2 MPa, elongation at break
100 — 155%, maximum operating temperature 80° C.
These properties are given by manufacturer, elastic
modules at static load £ = 3.20+0.10MPa was obtained
earlier by compression test with machine Zwick / Roell
Z-150 in RTA laboratory.

Test specimens were prepared of cylindrical
shape with initial dimensions of a diameter 39 mm and
a height 13 mm. Samples were made in accordance to
standard ISO 23529, 2010 [9].

B. Testing methodology and machinery

All equipment for rubber testing were calibrated ac-
corging to the guide ISO 18899:2004 [10].

The artificial ageing of polyurethane rubber samples
was performed according to DIN 53508: 2000 in the ther-
mostat Memmert UNE 400 [11].

The oven Memmert UNE 400 (maximal tempera-
ture +250°C) was produced in Germany with the use
of high-grade materials and the application of the
latest manufacturing techniques. Samples were sub-
jected to heating under 100°C during 14, 24, 56, 72,
120 and 168 hours. The specimens sizes after heating
decrees.

The relative change of volume during heating time is
calculated as:

o =LA 1007,
8]
where: V, - the volume of the sample before ageing,
V' is the volume of the sample after aging.

()

Shore A hardness measurement was performed in
accordance with DIN 53505: 2000 Testing of rubber
— Shore A and Shore D hardness test [12] and ISO 48-
4:2018 [13].

The rebound elasticity was determined according
to DIN 53512: 2000, using Schob pendulum in case of
direct central impact shown in Fig. 1 [14].

e ~Hammer
“~.Indentor

(a) (b)
Fig. 1. Rebount resilience test: .(a) testing rig, (b) principle of test

Rebound resilience R is the ratio of energy returned £
to energy applied £, Rebound resilience:

E _ mgh _

B mghe  ho

_ L-(1—cosa) _ 1—cose

7=  L-(1-cosa,) 1—cosao

@
where: m — indentoe mass,
g — gravity acceleration,
o —coner of pendulum deviationion.
Ifa 0 =900 R=(1-cosa):100% in perctntage.

The elasticity modulus is determined using the
pure compression test data. The compression test was
performed with Zwick / Roell Z-150 universal tensioning
machine (Fig. 2 a); strain rate 10mm / min; maximum
deformation 18%.

Fig. 2. Compressing testing: (a) Zwick / Roell Z-150 universal testing
machine, (b) scheme of sample deformation.

The mechanical stress is to be. calculated in relation
to the true cross-section. The deformative behavour
of spesimens under compression depend on boundary
conditions, i.e. contact friction between steel and rubber
(usually friction factor f =0.2 — 0.3) and deformed
spesimen will be of barrel-shaped cylinder (Fig.
2b). Straight circular cylider may save its form after
compression between two rigid plates only if /= 0.

z z z
/J R wih) u(r,z)
\ w(z)
M o u(R.2
Al woa | || L
7o Lurr
Iy w u
(a) (b)

Fig. 3. Cylindrical coordinate system (a); displacement functions w(z)
and u(rz) (b).
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The deformed shape of the cylinder may be defined
using displacement fu nctions, which are required for
minimization of the total potential energy functional
in Ritz method [15]. For axially symmetric problems
cylindrical coordinates system are chosen and the sought
—for functions of displacement (u, v, w) are set as the
functions of the coordinates (1, 6, z). Coordinate system
and scheme of rubber block displacement are shown in
Fig. 3.

Displacement functions must satisfy the main
boundary conditions, as well as the symmetry and the
presence of extremum must be taken into account; in our

case for simplicity we choose:

u:CIfl(Z)’ v=0, W:Csz(Z) andfl:aai (3)
z

Contact geometrical boundary conditions are the next:
u(r,z=0)20,u(r,z=h)#0, w(r,z=0)=0,
w(r,z=h)=-A4. 4)
The displacement functions u, v, w along the axis of
cylindrical coordinate system 7 6, z are chosen as.

u(r,z)=C, r(z* —zh—h*), v(r,z)=0,

- (z_‘_ Z'h _b.hz)

wir.z) = C, 3 5 |

®)
Relative deformation functions along cylindrical
coordinate axis # 6, z are:
du U dw
E":E}_' Ev— . & — 7.
T r dz
(6)
For incompressible material (Poisson’s ratio p=0.5):
g +¢e,+¢, =0. ()

Constants C,and C,as functions of A are determined
from the boundary conditions (4) and conditions (7):

L =— 0.429%. C, = 0.858 :? .
Do=0=D[1+0.4204)
A
De-r=D1 1+ 05365,
z ( ) h ) (9)

True cross-section areas for each step of loading are de-
termined with (9).

I11. RESULTS AND Discussion

The main results of the investigation are given
below. In Fig. 4 — 7 the plots of dependence of physical-
mechanical properties of elastomer samples on the time
of heating under temperature 7=100° are presented. In
Fig. 8 — 12 show compressive stress — strain diagrams for
samples without aging and after 1, 3, 5 and 7 days heating.

During heating of the cylindrical samples they
decrease in sizes, both height and diameter, shrink and
their volume reduce up to 35% (Fig. 4).

>

<
—
W

Volume reduction, %
—_

0 20 40 60 80 100 120 140 160 180
t

Time of heating, hours

Fig. 4. Volume changing depemdence on time of heating under
temperature 7=100°.

The elasticity of polymers diminish in time, so
Shore A hardness of the testing samples increase from 40
to 52.7 (Fig. 5). In accordance to scale type A this material
is soft and middle soft.

Rebound resilience value decrease during time
heating from 79 to 68 % (Fig. 6).

6!

Shore hardness A
wn
>

0 20 40 60 80 100 120 140 160 180
t

Time of heating, hours

Fig. 5. Shore hsrdness A dependce on the time ¢ of heating under
temperature 7=100°.

Elastic rebound, %

g 4 4 4 4 4 4 4

5 i i i i i i i i |
0 20 40 60 80 100 120 140 160 180
t

Time of heating, hours

Fig. 6. Rebound resiliens value dependce on the time 7 of heating
under temperature 7=100°C.

In Fig. 7 experimental and approximated curve of the
modulus of elastisity £ and Eap are shown as function of
time heating. Experimental value of elastisity modulus
is calculated taking into account the changing of the
cross section area during compression. i.e. £ is so-called
apparent modulus. Approximated curve of modulus of
elasticity is represented as a power function (10).

E,, ()=0.048t°7+3.458 (10)
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Fig. 7. Static compressive modulus of elasticity dependence on time
of heating under 7=100°C.

The constants in equation are defined using Math-
cad-15 program with help of built-in function for curves
adjusting and fitting.

This equation allows easy to estimate elastic
modulus value and, consequently, deformation for any
time interval.

In Fig. 8 — 12 the plots of compression stress — strain
dependence for samples without ageing, samples with 1,
3, 5 and 7 days of heating are presented.

In these plots stress o, with initial cross-section
area and stress o, taking into account cross-section area
change, are given. Stress o, is approximated by straight
lines f (e) in accordance with (11) — (15), given below
each plot. These straight lines in the plot show the linear
relationship between stress and strain and constant mod-
ulus of elasticity. The slope of these straight lines indi-
cate the value of modulus of elasticity; it is seen from the
equations that elasticity modulus increase with ageing and
remain constant during experiments up to strain 16 — 18%.

0.7
&
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3 .
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€
Relative strain

Fig. 8. Static compression stress dependence on relative strain for
sample without heating.

f(€)=3.51¢1-0.02 (11)

For the samples without ageing dependence “c —€” is

linear during all period of loading (Fig. 8). This is true for
all elastomeric materials up to strain of 15% + 20%.
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Fig. 9. Static compression stress dependence on relative strain for
sample after 1 day heating under 7=100°C.

f1(e1)=3.95¢1-0.12 (12)
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Fig. 10. Static compression stress dependence on relative strain for
sample after 3 days heating under T=100°C..

3(e3)=4.54€6-0.18 (13)
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Fig. 11. Static compression stress dependence on relative strain for
sample after 5 days heating under 7=100°C.

£5(£5)=4.92¢5-0.15 (14)
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sample after 7 days heating under 7=100°C.
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£7(£7)=5.1267-0.07 (15)

After 7 days heating the elastic compression modulus
reach 5.12 MPa, which is almost 50% increasing from
the initial value 3.51 MPa. Cross-sectional area decrease
from 1207 mm? till 908 mm? in undeformed state and
from 1408 mm? till 1089 mm? after deformation of 2 mm.

IV. CONCLUSIONS

In this work the experimental studding of the influence
of aging on the physical and mechanical properties of
rubber is performed. The samples of cylindrical form
were prepared from soft flexible polyurethane rubber
Xencast PX30 and subjected to the artificial aging.
Accelerated aging of samples was fulfilled in accordance
with European standard ISO 188:2011 Rubber, vulcanized
or thermoplastic - Accelerated ageing and heat resistance
tests [5].

The changing of volume, hardness Shore A, elastic
rebound coefficient and static elasticity modulus under
compression were investigated. Experiments showed
the volume decrease, hardness shore increasing, elastic
rebound increase and compression static modulus
increasing.

Influence of ageing on dynamic characteristics of
polyurethane rubber Xenias PX30 will be developed in
the next step of this study, based on works [16] —[18].

(1]
2]

[3]

(4]

(5]
(6]
(7]
(8]
(9]
[10]

[11]

[12]

[13]

[14]
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Abstract — The aim was to obtain a valorized soda lignin
and to study its properties for the followed treatment of
hardwood sawdust as a filler for obtaining a wood-polymer
composite. It was shown that the treatment of aspen
sawdust microparticles by their immersion into a water
solution of the valorized soda lignin, that is a water-soluble
soda lignin/polyethylenimine polyelectrolyte complex, leads
to hydrophobisation of the sawdust particles, which in
turn positively affects the mechanical performance of the
obtained wood-polymer composite.

Keywords — soda lignin, valorization, wood polymer
composite

1. INTRODUCTION

Lignin is a biopolymer being one of the main
constituents of all plants, where it performs the role
of adhesive of cellulose fibres. The peculiarities of the
macromolecular structure of lignin, combined with
their renewability, low cost, biocompatibility, and
biodegradability, make the design of new lignin-based
polymer products a challenge for fundamental and
applied researches. Technical lignins as by-products are
formed during wood chemical processing, namely, in
the paper and bioethanol industry, and their production
estimated almost 50 mln tons annually [1]. Unfortunately,
98% of this amount is burnt for energy regeneration at the
plants. The rest of the total amount of produced technical
lignins have found widespread application as a renewable
resource at a competing price level for obtaining various
value-added products such as adhesives, surfactants,
stiffness enhancers, soil improvers, lignin carbon fibres,
chemical, as well as functional additives in polymer
blends and polymer composite materials. Due to the fact
that technical lignins are available in large amounts and
have a relatively low price, the valorization of lignin
regardless of application will be beneficial and would
result in considerable economical gain.

The major limiting factor for incorporation of technical

lignin in polymer blends and composite materials is its
limited compatibility with a polymer matrix [2, 3]. The
compatibility between lignin and synthetic polymers
can be achieved, for instance, via purposeful chemical
valorization of lignin. There are many methods for
valorization of lignin by complexation with metal ion,
hydroxyalkylation, esterification, alkylation, grafting,
mixing with reactive polymers, etc. [4, 5].

One of the perspective ways of lignin valorization
may be the formation of polyelectrolyte complexes on
lignin basis [6, 7]. The polyanionic nature of water-
soluble  lignin gains spontaneous interaction with
polymeric cations in water solutions with the formation
of polyelectrolyte complexes that may be regarded as
one of the advanced added value lignin products due to
the simplicity of their preparation technology and a wide
range of their possible applications [8, 9]. Owing to the
features of the structure of lignin-based polyelectrolyte
complexes formed, their macromolecules can be easily
adsorbed at the different surfaces due to the formation of
physicochemical and covalent bonds.

The aim of the work was to obtain a valorized soda
lignin and to study its effect on the mechanical properties
of'a wood polymer composite

II. MATERIALS AND METHODS
Materials

Soda lignin. Soda lignin was extracted from
hydrolysed aspen sawdust in a laboratory reactor under
the following laboratory conditions: hydromodulus — 1/7,
NaOH concentration — 4.0 mass %, temperature — 165
°C and duration — 1.5 h. The hydrolysed aspen soda
lignin (HASL) was separated from the cooking solution
by precipitation with 20% sulphuric acid. The chemical
composition of lignin was studied by elements (Elementar
Analysensysteme GmbH, Germany) and functional
groups analysis, according to [10]. The purified lignin
had the following chemical composition: 62.3% C, 6.5%

H, 0.15% N, 0.25% S, 30.8% O; OCH, - 19.3%, total
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OH - 5.6%, phenolic OH - 3.5%, aliphatic OH — 2.1%,
COOH - 2.1%, CO - 3.9%. The average molecular of the
lignin (Mw, Mn) were found by SEC-MALS20 (Malvern,
United Kingdom) in DMSO with lithium bromide as
an eluent at 60°C and closed to 10.5 kDa and 5.7 kDa,
respectively.

Polyethylenimine.  High  molecular  branched
polyethylenimine (PEI, Mw = 750 kDa, M, = 60 kDa,
50% water solution) contains primary, secondary tertiary
amine groups was used for obtaining the functional
additive. It was supplied from Sigma Aldrich.

Obtaining of the valorized soda lignin. The valorized
soda lignin as a water-soluble polyelectrolyte complex
(LPEC) was obtained in a reaction mixture by mixing
equal volumes of dilute alkaline water solutions of
hydrolysed soda lignin and polyethylenimine at a room
temperature. The pH value of the obtained lignin/PEI
reaction mixture was about 10.5. The mixture was used
after 2 hours after its obtaining.

Treatment of sawdust particles with the LPEC. The
treatment was performed by immersion of the hydrolysed
aspen particles < 100 mkm in a HASL/PEI reaction
mixture during 24 h at a constant stirring and a room
temperature.

Sawdust. The aspen sawdust, representing a waste
of the mechanical processing of aspen wood (Populus
tremula), was suppled by a Latvian company. The sawdust
was characterised by elemental analysis (Elementar
Analysensysteme GmbH, Germany) and wood polymers
composition according to chemical procedures for lignin,
hemicelluloses, cellulose and extractives [11]. The
content of cellulose, lignin, hemicelluloses, extractives
and ash in the aspen wood was 50.6%, 18.5%, 28,7%,
4.51% and 0.4%, respectively. The hydrolysis of the
sawdust was performed at a low temperature with a
hydrochloric acid under mild conditions (60°C, 5 h, mass
ratio of wood particles to water of 1/20) with a purpose
to decrease the content of hemicelluloses in the sawdust.
After the hydrolysis, the sawdust particles were washed
to a neutral medium, dried and milled with a planetary
ball mill (Retsch, Germany) during 15 min at 300 rpm.

Polymer matrix. ~ Recycled polypropylene (rPP)
(0.9 t m?, 5.2/10 min at 230° C, 2.16 kg) was used as
a thermoplastic polymer matrix and supplied from a
Latvian polymer recycling plant.

Wood-polymer composite samples. The composite
samples were prepared from rPP and the modified aspen
microparticles, treated with the LPEC, with a moisture
content < 1.0%, using a twin screw extruder and a
moulding machine (HAAKE MiniLab II with MiniJet II,
Thermo Scientific “HAKKE”) at temperatures of 175°C.
The extruder screw rotational speed was 130 rpm, while
the injection moulding pressure was 600-700 bar. The
microparticles content in the composites was 50 %.

Experimental Procedure

Surface tension. The surface tension (o) of HASL,
PEI and LPEC water solutions at the water-air interface
was measured by a Wilhelmy plate, using a tensiometer
K100M (KRUSS, Germany) at 25°C with a circulation
thermostat, according to [12]. Three replicates were

made for each sample.

Zeta potential and size. Zeta potential (Z) for the
sawdust microparticles was measured with a dynamic
light scattering device Zetasizer Nano SZ (Malvern, UK)
at 25 °C, using 0.1% suspensions of the sawdust particles
in distilled water. For circulation of the suspension,
autotitrator MPT-2 was used. Three replicates were made
for each modified sawdust.

Viscometry. Specific viscosity was determined using a
capillary viscometer Ubbelohde with a flow time of pure
water closed to 300 = 0.01 sec at 25.0 = 0.1° C, according
to [12]. Three replicates were made for each sample.

Potentiometric and conductometric titration. The titra-
tion curves were obtained using InoLab level 3 Multipa-
rameter Meter (WTW, Germany) at the constant stirring.
0.1 M NaOH un 0.1 M HCI were used for adjustment
of pH values of the water solutions of polyelectrolytes.
Three replicates were made for each sample.

UV-VIS spectroscopy. The UV-spectra were recorded
with a Genesys 10UV UV/VIS spectrophotometer (Ter-
mo Fisher Scientific).

Mechanical tests. Mechanical properties were deter-
mined with a universal machine “Zwick” (Zwick/Roell,
Germany) with a load capacity of 0.5 kN at a rate of 50
mm/min “Zwick” (Zwick/Roell, Germany) with a load
capacity of 0.5 kN at a rate of 50 mm/min and 2 mm/min
for tensile and bending tests, respectively, according to
ASTM D638 and EN ISO 178 with the help of a software
programme TestXpert. Before testing, the samples were
conditioned at 60 °C during 24 h and then placed in a des-
iccator with phosphorus pentoxide. Five replicates were
made for each mechanical testing, and standard deviation
for each index was found.

Milling. The milling of wood sawdust was carried out
with a planetary ball mill (Retsch, Germany) with the fol-
lowed sieving, using a mill “Pulverisette” (Fritsch, Ger-
many).

III. RESULTS AND DISCUSSION
Valorized soda lignin

The polyelectrolyte complex with a mass ratio of
HASL/PEI equal to 1 was obtained in the reaction mixture
by blending dilute alkaline solutions of the soda lignin
and PEI. A content of amine groups of PEI in the obtained
LPEC was more then 3-folds higher than the content of
phenolic hydroxyl and carboxyl groups in the soda lignin.
The pH value of the reaction mixture was about 10.5. The
alkaline medium of the reaction mixture was chosen,
taking into account a nucleofilic character of interaction
of amine groups of PEI with carbonyl and carboxyl
groups that were contained in both the soda lignin, milled
hydrolysed sawdust and recycled polypropylene. The
charged ratio between HASL and PEI were chosen basing
on the results of potentiometric and conductometric
titration of ionogenic groups of the soda lignin (phenolic
hydroxyl and carboxyl groups) (Fig. 1) and amine groups
of PEI (Fig. 2). The excess of amine groups was dictated
by both the need to compensate for the negative surface
charge of the modified lignocellulosic particles in order to
increase their hydrophobicity and to form chemical bonds
with the lignin and recycled polymer matrix, containing
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carbonyl and carboxyl groups [13, 14], the concentration
of which are increased during obtaining
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Fig. 1. Curves of potentiometric and conductometric titration of
a 0.01% HASL water solution
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Fig. 2. Curves of potentiometric and conductometric titration of
a 0.01% PEI water solution

wood polymer samples. Taking into account the fact that
the amino groups of PEI are practically not protonated
in a strong alkaline medium, it can be assumed that the
LPEC can be formed by H-binding of non-protonated
amino groups of PEI with carbonyl (a- and p-ketogroups,
aldehyde groups) and hydroxyl groups of the soda lignin.
At the same time, a visible increase in the intensity of
the absorption curve of the UV spectrum of the alkaline
solution of the reaction mixture relative to that of the
lignin solution (PEI does not absorb in the UV region)
(Fig. 3), pronounced in the range of 260-340 nm, may
indicate the presence of electrostatic interaction between
the induced protonated amine groups of PEI and lignin’s
fragments, containing non-conjugated phenol hydroxyl
groups (absorption at 280-300 nm), phenol hydroxyl
groups conjugated with a-carbonyl groups (absorption

at 310 nm), carbonyl and carboxylic groups (absorption
at 328 and 345 nm). The presence of the electrostatic
interaction in the alkaline medium between the negatively
charge groups of the soda lignin and partially positively
charged amine groups of PEI, leading to the formation
of salt bonds, is also confirmed by a decrease in the zeta
potential value of the resulting polyelectrolyte complex
relative to the zeta potential of the soda lignin (Table 1).
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Fig. 3. UV spectra of dilute water solutions of HASL and LPEC

TABLE 1. Characteristics of HASL, PEI and
their polycomplex HASL/PEI (1:1), pH 10.5

HASL, 0,1% | PEI, 0,1% | HASL/PEIL
INDEX complex
Surface tension, mN/m 60,6 69,8 50,6
Zeta potential, mv -23,1 -7,5 -19,0
Size, nm 134 95 98
100%" 100%* 91%"
Specific viscosity 0.019 0.045 0.056

* relative intensity

Table 1 shows the values of sizes and zeta potential for
the LPEC, HASL and PEI, as well as a surface tension
and a specific viscosity of aqueous solutions of the water-
soluble LPEC and its initial components, having the same
concentrations as in the reaction mixture. Lower values
of a surface tension of the LPEC at the water-air interface
compared with the soda lignin and PEI, and the value
of a specific viscosity of the LPEC, which is less than
the additive value of the specific viscosities of the soda
lignin and PEI, testify the formation of a new polymeric
product in the alkaline water solution and indicate its
enhanced surface activity in comparison with the lignin
and the polycation. According to Table 1, the particles
of HASL, PEI and the obtained water-soluble LPEC are
characterized by sizes of 108-134 nm. According to Fig.
4, the diameter of the LPEC particles are smaller than the
sizes of the soda lignin ones and closed to the size of the
PEI particles.
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Fig. 4. Particle-size distribution pattern of PEI, HASL and HASL/

PEI particles in alkaline solutions with pH 10.5.

Thus, the obtained valorized soda lignin is a water
soluble polyelectrolyte complex formed in an alkaline
medium as a result of hydrogen and electrostatic
interactions between the functional groups of the soda
lignin and PEI. The presence of the excess of the amine
groups, capable of forming covalent bonds with carbonyl
and carboxyl groups, as well as the presence of the salt
bonds, forming the hydrophobic sites in the LPEC,
indicate the increased surface activity of the valorized
soda lignin obtained.

Wood polymer composite

The treatment was performed by immersion of the
sawdust particles in an alkaline water solution of the
HASL/PEI polyelectrolyte complex. The treated particles
were separated from the suspension by a filtration using
a Buchner funnel in order to remove the excess of the
cationic polymer, and then they were dried. The content
of a fixed nitrogen in the treated hydrolysed sawdust was
equal to 1.12 %. The wood polymer composite samples
with a filling degree 50 % were prepared from a recycled
polypropylene powder and the hydrolysed aspen sawdust
microparticles treated with the HASL/PEI polyelectrolyte
complex. The obtained composite samples are shown in
Fig. 5.

Fig. 5. Wood polymer composite samples obtained for testing

As follows from the Table 2 and Table 3, the presence
of nitrogen-containing groups in the hydrolysed sawdust
microparticles, treated with the valorized soda lignin,
positively affects the mechanical properties of the
obtained wood polymer samples.

TABLE 2. Tensile properties of wood polymer composites
filled (50%) with the treated sawdust

Maximal Tensile
Filler tensile modulus, er, %
strength, MPa
MPa
Initial 26.2+0.2 725+12 11.5+0.5
Hydrolysed + 38.5+£0.3 1028+15 5.1+£0.6
LPEC
TABLE 3. Bending properties of wood polymer composites
filled (50%) with the treated sawdust
Maximal Bending
Filler | bending modulus, €p, MM
strength, MPa
MPa
Initial 29.1+0.2 1635+31 5.9+0.2
Hydrolysed + | 41.5+0.4 3455423 1.8+0.3
LPEC

According to the presented data, the composite
samples are characterised by an essential increase in the
mechanical strength and stiffness in comparison with
the recycled polypropylene composites reinforced with
the untreated sawdust. The maximal tensile strength
and the tensile modulus of rupture of the composites
incorporating the treated hydrolysed sawdust particles
increases 1.46 and 1.42 folds, respectively. The
maximal bending strength and the bending modulus of
the composites filled with the treated sawdust grows
1.43 and 2.1 folds, respectively. Simultaneously, the
deformability of these composites essentially decreases,
namely, elongation at break drops more than 2.3 times,
but deflection ability diminishes more than 3.2 folds in
comparison with the case of the composite filled with
the initial sawdust. Evidently, the formation the covalent
bonds between the treated sawdust microparticles and
the recycled polypropylene leads to the structuring of
the interfacial layers and contribute to the increase in
interfacial adhesion in the composite. It also may be
supposed that the possible formation of a hydrogen bonds
network between the functional groups of the treated
sawdust and recycled polypropylene can also contribute
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to the decreasing of the interfacial free energy. Thus, the
treatment of the hydrolysed sawdust microparticles with
the valorized soda lignin has a favourable effect on their
compatibility with the recycled polymer matrix in the
wood polymer composite.

IV. ConcLusioNn

The valorized soda lignin was obtained in the form
of a water soluble polyelectrolyte complex formed as a
result of hydrogen and electrostatic interactions between
the oppositely charged groups of the soda lignin and
PEI in an alkaline medium. The presence of the excess
of free amine groups as well as the presence of salt
bonds, forming hydrophobic sites in the polyelectrolyte
complex, indicate an increased surface activity of the
valorized soda lignin.

The composite samples, filled with the hydrolysed
sawdust microparticles, which are treated with a water
solution of the valorized soda lignin, are characterised
by better mechanical properties compared with the
composite, contained the untreated sawdust. This testifies
the enhancement of the interfacial adhesion between the
aspen sawdust particles and recycled polypropylene in
the wood-polymer composite.
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Abstract— In this paper an interactive system for the
study of the movement of a car in a turn is proposed. The
interactive system is implemented on a modular principle
in the MATLAB environment. The system operates on an
algorithm, taking into account the current redistribution of
the vertical wheel load and its effect on the characteristics of
the lateral slip of wheels with low and ultra-low profile tires.
The capabilities of the interactive system are visualized with
graphical dependencies.

Keywords—algorithm, slip, car, low and ultra-low profile
tires.

I. INTRODUCTION

Movement of cars with pneumatic tires in turns has
been the subject of many studies, following the discovery
of Broucherit of the lateral slip of elastic wheels
phenomenon in 1925 [1]-[6]. The literature states that
when moving through a turn with recording the lateral
slip, the centre of the turn shifts [1], [2], [6] and [4]. The

analysis of the slip of the front ¢, and rear J, axles in
the theory [2] determines three types of automobiles:

with a normal inclination to turn 6, = &, ; with a lowered
inclination to turn o, > 6, , and with increased inclination

to turn o, <4, .

It is known that lateral slip characteristics are
determined for one wheel with a pneumatic tire on tire
testing machines with different level of complexity [7].
When driving in a turn, the wheels of the car slip in
different ways due to the redistribution of their vertical
load in the centre of the turn.

The purpose of the present work is to propose an
interactive programming system in the MATLAB
environment to study the analytically the motion of the
cars with low and ultra-low profile tires through a turn,
taking into account the redistribution of load on the
characteristics of the lateral slip of tires. The interactive
system allows a dialogue operational mode with the user
and allow for quick and accurate calculation.

The interactive system allows as early as the design
stage of the car to determine its inclination to turn with
the selected tires.

Department of Transport and Aircraft
Equipment and Technologies
Plovdiv, Bulgaria
e-mail: kambarev(@tu-plovdiv.bg

Department of Transport and Aircraft
Equipment and Technologies
Plovdiv, Bulgaria
e-mail: katsov(@abv.bg

1I. GENERAL REGULATIONS

2.1. Analysis of the movement of a car with low and
ultra-low profile tires in a turn

Fig. 1 (a) presents the motion scheme of a 4x2 car at
settled turn with pneumatic wheels slip in a fixed actual
centre of the turn p. [ ;. For a car with hard wheels the
centre of the turn is 7, . From Fig. 1 (a) the radius of the
turn can be presented as

R; = L

tg(gxr -4, )+tg52

where J, and J, are respectively the angles of slip of the

front and rear axles;
L - wheelbase;

; (M

6., - the average angle of the steered wheels.
The distance from the centre of the turn p. O, to the
centre of gravity of the vehicle p. C, according to Fig. 1

(a) can be recorded as

Rc = \/R(? - (b - Rﬁtg52 )2 > (2)

where b is the longitudinal coordinate of the centre of
gravity of the vehicle.

@
Fig. 1.Scheme of a car in a turn.

From the scheme of Fig. 1 (a) the actual centre of turn
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p. I, determines the lateral slip of the vehicle tires with
the following dependencies
R§ tg (gsr - 6’1 )

8, =0, —arctg 3)
r_B
° 2
, Rtg (6. -0
5,0 =0, —arerg & ~3) 4)
R +ﬁ
° 2
tgo.
0,, = arctg £% (5)
B2
1_
2R,
1go.
S, = arctgL , (6)
BZ
1+
2R,

where A, A, are respectively the track widths of the
front and rear axles of the vehicle;

6,,,9,,, -theangles ofslip, respectively, of the inner and

outer front wheels;

0,,,0,,, -theangles of slip, respectively, of the inner and
outer rear wheels.
To determine the reactions on the road, it is necessary

to know some of the parameters of the vehicle: vehicle
weight G, track widths /fl , /fz , wheelbase L , the angles
of rotation of the wheels around the steering axis - 6,

, 0

vn *

For the centrifugal force applied at the centre of gravi-
ty of the vehicle, p. C, Fig. 1 (a), we obtain the following

dependency
GV}
F =—2R cos’ & (7)
c ng 4 2
)

where G is the weight of the car;
g - acceleration of gravity;
V, - the speed of the rear axle of the vehicle.
The longitudinal and transverse components of the
centrifugal force can be presented as

GV Gr;y .
F, =—2bcos’ 5, ————sin 26,
s &R )
P cos’ 5,
’ ’ gR;

Taking into account the static load on the wheels
and taking into account the additional redistribution of
loading and unloading according to Fig. 1 (a) for their
normal reactions we obtain:

- for the inner front wheel

2 : 2
F, =@+ACOS 252 _Asm252 _psos 0, ©)
2L R; 2bR; R
- for the outer front wheel
. 2 : 2 2
P, :G_b+Acoszé'2 _ 4Sin 0, L glos 0, (10)
2L R; 2bR; R;

for the inner rear wheel

G(L-b 2 in2
P, = ( )_Acos252+Asm 5,
2L R; 2bR.
0 0 (1 1)
c cos’ 5,
Ré'
- for the outer rear wheel
G(L-b 2 i
- ( )_Acos 252 +Asm252 N
2L R; 2bR;
cos’ S ' (12)
+C—=2
R§
where the coefficients A, B and C are:
Gb.hV} Gb.hV} G.(L-b)hV}
A= 2. B= 2.C= (L-5) 2(13)
2gL gLB, gLB,

With the sinus theorem and the conversion of
trigonometric expressions (Fig. 1 (b)) the total lateral
forces acting on the front and the rear axle can be

presented as
_ GbV; cos’ S,
. gLR; cos(é’ﬁd —51)

(14

G(L-b)V} cos* S
F,= (L=b)V: 2 . (15)
) 8LR;
The proposed interactive system applies an iterative
method for determining the centre of the turn of the

vehicle p. O; .
Dependencies (1) - (15) are valid under the assumption

that the centre of the turn p. Oy in Fig. 1 () is known. In
fact, to find the centre of the turn, the angles of the slip

need to be known, i.e. §, and &, of the two axles of the
vehicle under the given operating conditions which can
be determined experimentally directly on the vehicle or
by the lateral characteristics of the wheels obtained on the
laboratory equipment.

Specifying the centre of the turn p. Oy is related,
both with the determination of the lateral slip , and
0, of the axles, and the lateral slips of the front and rear
wheels. An iterative method is used in this study, initially
assuming that the slip of the pneumatic wheels is zero,
ie. 6,=0,=0, =9, =0, =0,, =0. In this case, the
centre of the turn will be in point / , (Fig. 1 (a)).

Formulas (1) and (2) define the radius of the turn
R; and distance R_, after which the normal load on the
wheels of the vehicle is determined. Using the K. Enke
graphical method [9] the characteristics of the lateral slip
for the inner wheels are drawn, and the dependencies
for the outer wheels are oppositely drawn at the values
F, ,F

zlvn > © z2v

obtained for the normal wheel load F ,
F,

z2vn

. The charts are positioned so that the axes of the
lateral forces F, to coincide and are oppositely directed,
and the ordinate axes on which the lateral slip o,,, J,,, of

lvn
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the wheels are recorded, are displaced at a distance equal
to the lateral force of the front £, and the rear F, axle.
Characteristics for 8, = f (Fyv) and 6, = f (FM) have
a mirror image. The ordinate of the intersection of the
characteristics of the lateral slip is the common angle of
the slip of the front 6, and the rear ¢, axle (Fig. 2).

———————
g
3
y

2 »v 23

wn

=Fy1

Fig. 2. Determining the lateral slip of the two axles by a mirror image
of the lateral forces for the outer and inner wheels displaced at a
distance equal to, respectively, the lateral forces of the front and rear
axles.

The lack of experimental data on the characteristics of
tire slip for normal loads of pneumatic wheels (F,,, F,
..... F), which are obtained when moving in a turn in
the range R, < R; <oo, makes the graphical method in
this form, inapplicable for studying the turn.

In this work a software was been developed for
the method of K. Enke in specifying the radius of the

turn R; with the ever changing characteristics of the

lateral slip of the front and rear wheels 6,5 f (F | )

4 51vny$nf(Fl ), 52vy:vf(F2 ), 62vny%nf(F2 )
Through the mirror images of the slip of the outer

wheels, the slips of the front 6, and the rear &, axles are
determined.

In software modules, non-linear dependencies

F, = f(6,) forall wheels with the corresponding normal
load on each wheel are determined by the proposed in [7],

[8] dependencies
arctg [ﬁkJO[é'i /(2%,.172,.)]
w!(20,F,)
aretg| wky,, (5,-0,026)/ (20, F,) |
7[(51 -0, 026)/(2(0)»1'1:;[)

where k, is the coefficient for taking into account the
profile of the tire;

(16)

g, (17)

yi — ™M

k. - the coefficient measuring the wheel rim size;

th

F, -load on " wheel in N;

ksy, - coefficient of resistance against lateral slip of i
wheel [7], [8];

®,, - grip coefficient of lateral direction of i" wheel [7],

[8].

From experimental studies in [8] to determine of the

coefficient of resistance against the lateral slip k,, the

averaged experimental curves are used for: the referred

length of the contact patch a, , angular stiffness 7,

]

and grip coefficient of lateral direction (p; for low and
ultra-low profile tires with rim size from 13” to 16”.

The coefficient kj, is calculated by the dependency

ksy =2c,/a, , and the grip coefficient of lateral

]

direction by ¢, =k, ¢, [8].
With the obtained values of the slip of the controllable

axle &, and the slip of the rear axle §, by formula (1)
we calculate the new value of the radius of the turn R;
, while by formula (2) - the distance R, . If the deviation
of the new R™" from the old R” value of the distance

R_ is small, the calculation can be stopped. Deviation is
determined by the inequality

R:GVV
100( R IJ
where A is the set accuracy of approximation in %. In this

study A=0,1%.
If inequality (18) is not satisfied with the received

<A, (18)

values of the lateral slip of the front axle &, and the
rear axle 8, and the radius R; the new wheel loads are

F, ,F F,

zlvn > © z2v z2vn

determined F and the lateral forces

zlv 2

of the front F,, and the rear F,, axle.
Once the inequality is achieved, the actual radius of

the turn is specified R; and the slip of the front &, and

the rear 9, axle.
Formulas (3) and (4) are used to determine the

difference A, between the angles of slip of the inner 6,

and outer J,,, on the front axle by the dependency

Rﬁtg(esr A_é‘l)

AI =é‘]v _§lv)1 = H\L _aFCIg A -
Ré—j
(19)
. Rstg (0, -9,
- Hm—arctg—n—‘;g( ”A )
Ry +-
2

Formulas (5) and (6) are used to define the difference
A, between the angles of slip of the inner J,, and outer
1)

2vn

wheel on the rear axle by dependency

0. 1g0.
£% —arctg 8%
1- 2 2

2R, 2R,

A, =0,,-0,, =arctg (20)

With the latter (after inequality (18) is achieved)
values of the normal wheel load F,

zi?

the lateral forces of
the front 7, and the rear axle F,, , the displaced lateral
slip characteristics are drawn by the K. Enke method
(Fig. 3), by drawing also the characteristics of Fig. 2, but
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displaced at a distance A, , .

Foiz

-

Fig. 3. Determining the lateral reactions and lateral slip of the
wheels of the two axles.

The interactive system allows to explore the
movement in the turn of 4x2 and 4x4 cars.

2.2. Structure of the interactive system

Based on the analytical dependencies presented above
and the iterative method (dependency (18)) a program
was developed in the MATLAB environment. The block-
scheme of the interactive system is presented on Fig. 4.
It also has a number of logical operations required by the
specifics of the calculations performed. The programme
also uses the obtained experimental results for drawing
dependencies  F,, = f(0,) [7], [8]. The interactive
system allows graphic analysis determination of the slip
of the inner ¢,,, §,, and the outer J,,, 6,,, wheels of the
car and the lateral slip in a turn of the front &, and the rear
0, axle. All this allows for automated analytical study of
the movement in a turn of cars with low and ultra-low
profile tires, including the impact of varying initial data
on vehicle stability and handling.

The mass and geometric parameters of the vehicle are
initially introduced. The initial data are: the mass of the
vehicle m, the track width of the front ffl and the rear /fz
axle, the wheelbase L , the coordinates of the mass centre
of the car b, /, the angles of rotation of the inner 6, and
outer ¢, wheels and the tire dimensions - B,, H,, d, .

m L B, B, b h H,
B.d, 0.0,

8=fF,). 8,=A0,)
Vo0, R=118,)
Fo /@), P if8,).F,~[18.)

Fig. 2. Block-scheme of the interactive system.

2.3. Results

For visualizing the capabilities of the interactive
system, the initial data of a car Honda Civic Aerodeck

1.5iLS were used with tire dimensions 185/60R14. The
graphical dependencies shown in Fig. 5 and Fig. 6 are
at a given vehicle speed V =20km/h, vertical wheel
loads, respectively F, =3,164kN, F,  =4,886kN,
F, =3175kN, F,,, =4,962kN and air
in the tires p, =0,25MPa.Fig. 5
graphical dependencies of the characteristics of slip of
the front Otn =f (Fylv), Oon :f (E/lm) and the rear
6% :f(Fy2v), 627.11 :f(E,zm) wheels, and Fig. 6

shows the changes of the slips of the front 6, and the rear

pressure
illustrates the

0, axles from the average angle of the steered wheels
6, =15° of the car.

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Fy, kN

Fig. 3. Characteristics of lateral slip of the car’s inner and outer
tires.

2 s

0 5 10 15 20 25 30
95 ’ deg

Fig. 4. Lateral slip of the front &, and the rear &, car axle.

III. CONCLISIONS

From the results for the slip of the front ¢, and rear

0, axle, as well as the angles of slip of the outer &, J.

lvn> = 2vn

and inner J,,, §,, wheels under the above conditions, the
following conclusions can be drawn:
e The Honda Civic Aerodeck car has a reduced
inclination to a turn for the entire steered wheel
rotation range.

e The characteristics of the lateral slip of the

inner o,,,9,, and the outer &, ,0,, wheels are
approximately equal which is due to the centre of
gravity position in the centre of the car.

e The proposed interactive system for studying the
turn of a passenger car with low and ultra-low
profiled tires allows to quickly and accurately
examine the kinematic and dynamic parameters of
the car’s wheels as early as the design stage of the
vehicle.
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Abstract—The overview includes the basic methods for
obtaining surface layers: arc surfacing - submerged arc
surfacing (SAS), tungsten inert gas arc surfacing (TIGS),
metal gas surfacing (MIG/MAG), plasma surfacing (PS);
electron beam surfacing (EBS); laser surfacing (LS);
electroless cladding (ELC); friction stir surfacing (FSS).
Layers are applied on carbon steels, low alloyed steels,
highly alloyed steels, aluminium alloys, titanium alloys
or ductile cast iron substrates. The data on the additive
materials used are provided and data on the hardness and
wear resistance of the layers is given.

Keywords— surface layers; methods; hardness, wear.

L. INTRODUCTION

The application of layers and the modification of the
surface of the parts are widely used in various areas of
the industry. This review examines various technological
processes that allow for a substantial change in surface
properties relative to those of the substrate. Emphasis is
placed on the resulting hardness and surface wear. The
wear resistance data of the layer is generally compared
with that of the substrate metal in the application of layers
of homogeneous composition. The wear resistance of the
layers in which there is a dispersed phase is compared
to layers without dispersive phase. The variants, which
demonstrates the best results are shown. The hardness
data are given in the way they are published by the authors
concerned, indicating the maximum values achieved.

IL. TECHNOLOGICAL PROCESSES

The surfacing technological processes are in most
cases close to welding processes. However, there are
also technological variants that differ significantly from
welding and are not applicable to joint parts. Thus, the
thickest layers are obtained by electroslag surfacing (ESS)
[1]. In this case, as with submerged arc surfacing (SAS)
[51, [6], [7], [19], the layer characteristics are obtained
depending on the combination of the components
contained in the flux and the additive wire. Typically, the
additional wires are solid, but core wires [6], [19] is used
also. The components added in the flux which leads to
increasing of the hardening phases [2] results in similar
effects on hardness and wear resistance. The core wire are
widely used in another electric arc processes - TIG [11],

[12]and [13] and MIG/MAG [3],[10],[15], [16], [17] 20].
The solid wires are applicable in the MIG / MAG process
[4], [8], [9], [10], [18] too. Additional impacts such as
forced gas cooling [4], longitudinal electromagnetic field
[10] and post-surfacing electron beam treatment [3] are
also used to improve the characteristics of the applied
layer. The heat output of the welding arc is also used for
remelting of the pre-deposited layer [14]. The plasma arc
can also be used to remelt a deposited layer [21] or apply
a layer using the powder injected in the plasma arc [22],
[23], [24]. In both cases, the surface of the substrate melts,
a welding pool is formed, and during on its crystallization
the additive materials participate in the formation of the
layer and thus determine its properties. When the aim is
to obtain intermetallic compounds with the metal of the
substrate in the coating, this can be achieved by adding the
second metal in the form of a powder [23]. High cooling
rates using heat sources with high energy concentration
such as electron beam surfacing (EBS) [25], [26], [27],
[28] and [29] or laser surfacing (LS) [30] - [39] creates
conditions for modifying the surface layer even without
the use of filler materials [25] or after a surfacing process
has been performed [3], [26]. The electron beam process
is also used for sintering [27] of powder mixture to form
layers. Laser surfacing is realized in three ways. The first
one involves the introduction of powder material into the
heated zone [30], [31], [32], [33], the second assumes
the remelting of a precoat [35], [36], [37] [39] and the
third uses a gaseous medium to introduce the necessary
components [34]. Another possibility to produce the
layer is electroless cladding (ELC) from a solution and
subsequent thermal treating [40], [41], [42]. The specific
in this case is that no heating is required for the deposition
of the bed, and the thermal treatment is at relatively
low temperatures (2900C). Both in this case and in the
friction stir surfacing (FSC) [43], [44], [45], [46], [47],
the melting temperatures of the substrate are not reached.
Therefore, diffusion processes have a significant effect on
the final result. Powders may also be used during friction
stir technology [44] and [45].

1. RESEARCH METHODS
The methods used to study layers properties can be
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divided into the following main groups. The microstructure
is examined by optical (OM) [1], [9], [17], [21], [23],
[27],[30], [31], [36] ], [42], [43] and electron microscopy
(SEM) [1],[10], [11], [14],[21],[22], [23],[33], [39], [46],
[47]. The phase composition is determined by the X-ray
diffractometer [18], [23], [27], [31], [33], [36], [39], [45],
the transmission diffraction electron microscopy [18] and
energy-dispersive X-ray spectroscopy [14], [22], [30],
[33], [39]. The X-ray fluorescence method [7] and the
atomic emission spectrometer [7] were used to determine
the chemical composition. Image analysis is used to
determine the relative share of individual components [1].

IV. SUBSTRATE MATERIALS

In the publications reviewed, the materials used as
substrates can be divided into the following main groups:
carbon steels [3], [6], [7], [12], [13], [15], [16] 17, 18,
21, 25, 26, 29, 36 and 37; alloyed steels [1], [4], [8], [9],
[20], [22], [24], [30], [41] and [42]; highly alloyed steels
[5] and [32]; aluminium and aluminium alloys [11], [28],
[39], [43], [44] and [45]; titanium and titanium alloys
[23], [31], [34] and [35]; ductile cast iron [33] and [40].
The SAS, MIG / MAG, TIG, PST, EBS and LS methods
were used to apply the layers to carbon steels. When the
substrate is made from alloy steel ESA, MIG/ MAG, PST,
LS and ELC were used. With a high alloy steel substrate,
the SAS and LS methods are listed. The deposition of
layers on ductile cast iron is represented by the LS and
ELS methods. The TIG, EBS, LS and FSS methods have
been used for layers deposited on aluminium or aluminium
alloys. To deposit layers over titanium and titanium alloys
two methods are presented - PST and LS.

V. FILLER MATERIALS AND LAYER
PROPERTIES

Highest thickness layers are obtained using electroslag
surfacing. The process for depositing high-chromium cast
iron on low-alloy steel is described [1]. The chemical
composition of the applied layer is shown in Table 1 [1].
The content of vanadium is varied. Rockwell hardness
and wear resistant of the applied layer are measured and
data (presented as graphics in [1]) is shown into the same
table. The results show that hardness and wear resistance
have the highest values for vanadium content of 1.5 wt%.

TABLEI
Layer chemical composition, wt% Volume
(Fe-bal.) HRC lost,

c | mm | s | o v [mm’]
3.62 2.31 0.86 19.48 58.5 220
3.59 2.25 0.68 20.19 | 0.83 59 160
3.58 2.06 0.68 19.40 | 1.50 61 80
3.56 1.91 0.64 19.57 |2.32 60 180

The filler materials used with submerged arc surfacing
are shown in Table 2 [5], [7] and [20]. In practice, in all
cases, the major alloying elements are C-Mn-Si-Cr-Ni-
Mo-V. To increase amount of carbides B and Nb are add-
ed. Small amounts of cobalt are also registered in [7] and
[20]. Filler materials are solid or core wires. The resulting

hardness of the specimen surface is also shown in Table
2. In general, it correlates with wear resistance. Exper-
iments with a powder mixture containing (wt%): AL O,
=21-46.23; F = 18-27; Na,0 = 8-15; K,0 = 0.4-6; CaO
=0.7-2.3; SiO, = 0.5-2.48; Fe O, = 2.1-3.27; C = 12.5-
30.2; MnO = 0.07-0.9; MgO = 0.06-0.9; S = 0.09-0.19; P
=0.1-0.18 are carred out [6]. A regression analysis of the
obtained results was made and equations for the hardness
and wear resistance of the type:

y=A,+A4,C+ A,Si+ A;Mn+ A,Cr +
+ AsNi+ AgMo + A,Co + AgAl + A,Cu +

+ A4, H
10 (1)

The values of the coefficients are given in Table 3.

The method presented in [19] uses two electrode wires
for submerged arc surfacing- the first wire is equivalent
to steel 30XGCA and second to aluminium alloy AIMg3
[19]. As mentioned, the second wire behind the main
arc has a radically different chemical composition. The
reached hardness of the layer varies from 28 to SSHRC
depend on the conditions of the process - both filler wires
ratios and the magnitude of the current.

In MIG / MAG overlaying [3], [9], [14], [15] and
[18], core wires are commonly used. Table 4 shows the
chemical composition. In [18] the Vickers hardness was
also measured. Maximum measured value is 11 [GPa]. The
main alloying elements are C-Mn-Si-Cr-Ni. In [14] layers
are deposited on an aluminium substrate. Micro particles
of SiC are used to increase wear resistance. Particles
are coated with nickel using electroless method in salt
(NiSO4 and NiCl2) solutions. In addition, the influence of
flux (based on cryolite and three salts - sodium chloride,
potassium chloride and magnesium chloride) deposited
on the nickel coating was investigated. The results are
compared with those obtained by the TIG method [11],
where micro and nano SiC particles were also used. It
has been found that wear resistance is highest when using
nanoparticles coated with flux.
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TABLE II
Chemical composition (Fe-bal.) (wt%) Wear rate
HV,, | HRC Remark
C Mn Si Cr Ni Mo 4 B Nb mm’*/(N.m) | mg/min
0.12 1.0 0.6 12 2.92 400 0.052 filler
0.1 1.0 0.6 12 2.5 0.8 0.15 0.15 550 0.032
0.25 1.0 0.6 9 0.25 2.0 600 0.0011
0.3 1.0 0.6 12.2 0.75 0.15 675 0.0014
0.19 0.52 0.74 2.79 0.17 0.26 0.14 0.001 44 0.03 deposit
0.22 0.62 0.35 2.78 0.09 0.25 0.02 0.001 36 0.04
0.27 0.68 0.49 4.61 0.36 0.42 0.01 0.001 48 0.04
0.43 0.84 0.37 7.04 0.42 0.49 0.03 0.001 56 0.02
0.16 0.32 0.62 0.25 0.11 0.19 0.003 37 0.15
0.10 0.45 0.15 0.23 0.08 0.10 0.11 0.003 28 0.10
0.23 0.66 0.25 0.95 0.34 0.35 0.29 0.003 44 0.12
TABLE III TABLE IV
A, Hardness ‘Wear resistance Chemical composition (Fe-bal.) (wt%) R K
emar:
with H with no H with H with no H C | Mn | Si Cr Ni | Mo | V | W| Nb| Cu
AP 1.3 109 |1.1 |7.0 1.4]8.5 filler
A, 214.819 [ 535.343 0260 | 2.005 0.07/7.03 07819  [8.94 |0.15 0.1 | deposit
A, -163.253 168.120 -0.695 1.110 -
0.09(5.3210.83|14.68 | 6.62 deposit
A, -307.499 | -276.437 -0.973 -0.804
A, 353.293 | -890.442 0597 |-3.522 1.4310.8110.5515.22 |10.1 11.30 585
A, -21.239 6.037 -0.108 0.040 4.46(0.76 [ 0.77]23.54 [ 0.11
A, 33.871 | 108.851 0.091 | 0.500 14 70 10l1280
A, 858.517 445.851 2.707 0.460
A, 580917 | -433.688 0229 | -1061 Wheg plasma surfacing process is used, the filler
" 014504 5525 material is in the form of a powder. It can be fed through
: ' i the plasma gun or to be pre-applied onto the pad in the
Ay 321.784 | 477.567 2.283 3.132 form of a paste. Thus, for example, in the use of a powder
A, 13.830 0.075 containing (wt%) C-0.9; Si-2 + 3; Cr-8 + 10; B-2.8 +
Appr. error, | 0.01 0.01 10.74 032 3.2 gnd Fe-bal. a hardness of the 60.6 HRC layer was
% obtained at the hardness of the 41 HRC matrix [22].

The TIG method is used to apply layers containing
nanoscale particles of Al,O, and TiCN. Nano powder is
fed directly into the low-temperature zone of the welding
pool. The method of direct nanoscale particle delivery is
compared with the method of melting a precoated layer.
The wear is compared to a sample without a nanomodifier.
The results obtained show an increase in the wear
resistance of the layers with modifier (up to 30%) and that
direct delivery of the powder in the welding pool gives
a better result. The achieved microhardness is up to 350
HV, .. The use of nanoscale particles of TiN, doped with
chromium, as a dispersed phase, has been investigated in
[13]. Overlayed layers with and without a nano modifier
are compared. It has been found that the use of TiN + Cr
increases up to 2 times the wear resistance. The hardness
reached 282 HV.

The wear of the layer compared to the substrate in this
case is 30% less. In [24] results were obtained using a
nickel based composition containing (wt%) of F3-2.5;
C-0.3; Cr-7; B-2.2 and Ni-bal. The hardness reached in
this case is 754 HV. In [21] we have shown a hardness
of 400 = 1800 HK using NiCrBSiC filler material. In
[23] unalloyed aluminium powder is used and a layer is
applied to titanium. The particle size is 75 to 147 [nm]. A
TiAl-based intermetallic layer is obtained on the surface.
Electron beam processes are mainly used to improve the
properties of the applied layer. Using electron beam scan
of the applied layer, the hardness increased 1.7 times
and the wear resistance was 70 times higher comparing
to substrate [25] and [26]. The main reason for this is
the change of structure (a cell structure of 20 + 100um
is obtained) on the surface of the layer due to the high
cooling rates. The additive material contained (wt%):
C-1.3; Mn -0.9; Si-0.3; Cr-7.0; W-1.4; Nb-8.5 and Fe-
bal. In [27] the possibility of sintering of pre-compressed
powdered samples containing TiC and Ti was investigated
and the titanium content was (vol.%) - 50 and 60. In
parallel, mixtures of TiC and 20 + 50 % nickel based self-
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fluxing alloy was exanimated. These mixtures could be
used as a component of a paste applied to the substrate.
The ability to obtain a layer of TiCuN on an aluminium
substrate is shown in [28] through process modelling and
experimental

verification. The layer was applied by plasma surfacing
and subsequent electron beam treatment. Electron beam
technology for deposition of layers by surface remelting
is described in [29]. The samples was scanned with an
electron beam to make specific roughness. On prepared
rough surface a paste containing TiN or TiCN is applied.
Subsequent remelting of the surface layer was performed.
The wear resistance of the layer was 36% higher than that
of the base reference sample without coating.

The materials used for deposition of layers by laser
technology are given in table. 5. Various techniques are
used to obtain the necessary hardening phases. Thus, for
example, to obtain titanium nitride into the surface layer
in the Ti ALV substrate, a process is carried out in a
pure nitrogen medium [34]. The resulting hardness is in
the range 1000 + 2300 HV  ,. A mixture of Ti and TiC is
introduced directly into the molten metal applying a layer
over ductile cast iron [33]. Depending on the process
parameters different concentrations of Ti are obtained in
the melt layer from 3.0 to 5.9 and TiC - 4.8 +~ 14.8 vol%.
The reached hardness of the layer is 800 HV ,. The wear
resistance of the layer is about 10 times higher than that
of the substrate. On the same type of substrate (Ti AL V)
using a mixture of Ti Al,V and B,C is applied a layer by
direct feeding of the powder material to the melting zone
[31]. The hardness achieved in this case is 480 HV. On
pure titanium a layer is applied using a graphite powder
mixed with polyvinyl alcohol, dried and applied as a paste
[35]. Surface is remelted. The achieved hardness of the
layer surface is 300 HV .. Similarly, a graphite powder
blended with Ni, C, V, and Ti is applied in the indicated
proportions onto a medium carbon substrate [36] and [37].
The hardness of the resulting layer is 800 HV .. It has
been found that the hardness can be increased to 970 HV ,
by increasing the laser beam scanning speed. Powder-
based paste [39] is applied to an aluminium substrate and
scanned with a laser beam. The hardness of the layer is
500 HV. When the layer consists mainly of AL, Ti/ TiC its
wear resistance increases to 10 times compare to the pad.

When layers are depositing on highly alloyed
chromium-nickel steels [32] with the use of nickel and
iron-based powders, the Vickers hardness is 460 MPa at
the surface of the bed and decreases to 250 MPa at the
base metal boundary (layer thickness is 0.5 mm).

TABLEV

Chemical composition (wt%) remark Ref.
C-0.2; Si-0.75; Cr-16; Ni-2.5; Mo-0.5; | powder [30]
B-1.0; Co-0.5; Fe-bal
Ti Al,V-80; B,C-20 powder [31]
C-0.23; Mn-0.7; Si-0.7; Cr-13; Ni-2.2; Fe- | powder [32]
bal
C-0.34; Mn-0.6; Si-0.5; Cr-13; Ni-0.3; Fe- | powder
bal
Fe-3.7; C-0.5; Si-3.1; Cr-15; Ni-bal powder

Fe-4.9; C-0.7; Si-3.1; Cr-16; Ni-bal powder

Ti+TiC powder [33]
N gas [34]
C - graphite powder paste [35]
C; Ni=8C; V=4C; Ti=4C paste [36]
C; Ti paste [37]
Al; Ti; TiB,; TiC; SiC paste [39]

The deposition of layers by electroless method is
realized in [40] + [42]. The method consists of depositing a
nickel layer followed by deposition of a layer containing a
hardening phase - TiN or a detonating nano diamond. The
particles of the hardening phase have nanoscale values of
4+ 6 nm. Low alloy steel and ductile cast iron are used as
substrates. The hardness reached 720 HV  , and the wear
resistance of the layers containing the hardening phase is
up to 10 times higher than the nickel-only coating. Heat
treatment (290°C / 6h) can reduce wear to 36%.

Friction stir surfacing is also used for depositing layers
on aluminium alloys [43] + [45]. The additive material
may be in the form of a wire or powder containing a
hardening phase such as SiC or AL,O,. Using a wire with a
composition (wt.%): 97.5Al, 1.87Mg, 0.086Si, 0.006Mn,
0.009Cu, 0.27Fe and 0.21Cr a hardness of 85 HV , [43]
was achieved. When using a hardening phase, wear is
reduced to 7 times compare to substrate.

In some of the publications reviewed, there is an
indication of the coefficient of friction and its change in
the process of the experiment [3] = [5], [33], [35] and [44]
+ [46]. These values varies from 0.12 to 0.75, and in some
cases are averaged only.

VL CONCLUTIONS

The technologies used to apply surface layers in the
reviewed publications are electroslag surfacing, electric
arc methods (MIG/ MAG, TIG, submerged arc and
plasma surfacing), beam methods (electron beam and
laser surfacing), friction stir electroless surfacing. Steel,
aluminum and titanium alloys are used as substrates. The
hardness (up to 61 HRC and 2300 HV) and wear resistance
varies over a wide range depending on the process and the
filler materials.
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Influence of the Anode and Wehnelt Voltage on
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Welding
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Abstract—Through the numerical modelling methods,
the influence of the wehnelt voltage anode voltage on the
crossover position of the electron beam welding (EBW) was
monitored and analysed. The finite element method (FEM)
is used to obtain the simulation results. The formation of
the electron beam in the electrostatic part of an electron
optic system (EOS) is described by solving the electrostatic
task. To obtain the current emitted from cathode, electrical
and thermal tasks are solved in the cathode node and
Richardson-Dushman equation is used with Schottky
correction. By using the results of the electrostatic field,
the active emission spot is determined. By simulating the
movement of the emitted electrons under the action of the
electrostatic field, the shape of the beam is determined and
the distance between the cathode and the electrostatic focus
is found. The results of the influence of the wehnelt and
anode voltage on the magnitude of the emission current and
the position of the crossover, as well as the beam dimensions
in crossover and anode outlet section at constant cathode
heating current are presented.

Keywords— EBW, modelling, crossover, FEM.

L INTRODUCTION

Welding technological processes are based on
the introduction and thermodynamically irreversible
transformation of one kind of energy into another [1], [2].
In the electron beam welding (EBW), the kinetic energy
of the accelerated electrons is transformed into thermal.
The main advantage of the EBW to electric arc methods
is the high concentration of energy flux and respectively
the high density of the heat flux in the area of interaction
between the focused electron beam and weld joint. This
causes several times the small energy that is introduced
into the welding area, and hence a significantly lower
heat influence in the heat affected zone and the weld. A
keyhole shape of the penetration is obtained and allows
the welding of large thicknesses while at the same time
achieving high welding speeds. The ratio between the
width b and the depth h of the weld profile reaches 1:30
and more. The process of electron beam welding with
the keyhole formation in the welding pool is possible at
densities of the heat flow above a certain critical value [3],
[4]. The electron beam area in which this density exceeds
the critical is defined in [4] as the active zone, and in [5] it

is shown that the quality of the weld is determined by the
shape and position of the active zone relative to the welded
sample. To achieve a high concentration of energy flow,
the quality of the inputted to the electromagnetic focusing
system electron beam is of particular importance. This
beam quality is achieved in the electrostatic part of the
welding apparatus. That is why the study and analysis of
the processes in this part of the electron beam gun (EBG)
is highly important. In this study the processes in the
electrostatic part of the electron beam gun were examined
and the position of the crossover was determined. The
simulation modelling methods [9] and [11] provide a good
opportunity to analyse the influence of the technological
parameters on the physical processes. The modelling of
beam-forming processes creates conditions for modelling
the heat source [14]. In turn, heat sources are the basis
for the modelling of the heating processes of the welded
structure [13].

II. FEM MODELLING

To provide numerical experiments an electrostatic part
of EBG, illustrated schematically in Fig. 1, is used [6] +
[8] and [10]. The cathode is a strip of thickness of 0.1
[mm] and an active surface size of 2x2 [mm].
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©)

Fig. 1. Modelling geometry used. (a) - a general scheme;
Fig. 2. (b)— wehnelt; ¢) - anode.

Electrons are emitted from the cathode surface. The
Richardson equation describes the thermionic emission
process. According to this equation, the current density of
the emission is defined as:

Jr = BAT" exp(—%) (1)

Here B is a material-dependent coefficient (for
tungsten the value is 0.38 + 0.40 [10], [12]); T - the
absolute temperature; k - Boltzmann constant; ¢ - work

function (for tungsten ¢ = 4.3 [eV]) and A - quantum
coefficient, defined as A = 4izmekze)/ 1. Here m,

and e are the electron mass and charge, and 4 is Planck’s
constant. Under the EBW conditions, the electrostatic field
intensity E in front of the cathode has a significant effect
on the emission of electrons, which makes it necessary
to include the Schottky effect by using the dependence
(E, is the normal to the cathode surface component of the
electric field intensity):

er,
4me,

Ap =

and (1) may be written as:

L 2 _9 1 /e’En (2
Jr-s = BAT exp< kT)' exp( 7T Are, )

It is also noted that the emission of electrons is only
performed by the active spot located on the active surface
of the cathode. The condition of this is that the normal
component of the electric field is directed to the cathode

(Fig.2).

Emmision
zone

Fig. 3. Determination of active spot on cathode active surface

It is also possible to emit from other parts of the cath-
ode, but these electrons fall into an electrostatic field,
which returns them to the cathode. Once the electrons fall
into the space between the cathode and the anode they are
accelerated by the electrostatic field. The velocity vector
has three components - axial, radial and orbital. The radial
component leads to the formation of the crossover, and the
axial has the main merit of electron energy at the anode
outlet. Thus, for the simulation modelling of the beam for-
mation, it is necessary to determine the surface tempera-
ture of the cathode and the electric field in the space be-
tween the cathode, the wehnelt and the anode. In the case in
question, the cathode is directly heated (by running current).
To model these processes the tasks to be solved are: electrical
and thermal in the cathode and the cathode node; electrostatic
and motion (of electrons) in the space between the cathode
and the anode. To solve the thermal task in the cathode node,
the differential equation of the heat conduction is used, and
for the electric field equations for the potential and the current
density in the conducting medium. For the electrostatic task,
the Laplace equation was used and the potential and electric
field were determined. These tasks are solved as stationary
for different combinations of control and anode voltages. The
control voltage is negative for the cathode and its absolute val-
ue is changed from 650 to 1150 [V]. The anode voltage is pos-
itive for the cathode and is changed from 30 to 60 [K'V]. Since
the parameters defining these processes do not change over
time, these tasks are solved as stationary and fully coupled.

To model the electron movement in the electrostatic field,
a transient task is solved and the following equations are used
for each electron in the electron beam:

d (mgrvi _
—d F; 3
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Here m,_is the relativistic mass of the electron, and F,
is the force acts on it. This force has two components - one
resulting from the interaction with the electrostatic field and
the second is electron - electron interaction. This is how it gets

2 N

Fi:_eE_ 4 ®)

To solve this task, the emission of electrons from the
cathode is generated. Their initial distribution in space is
based on the separation of the active spot in a number of areas.
For this purpose, the mesh on the active surface of the cathode
is used. The number of electrons emitted from each of these
areas is proportional to the emission current of the respective
area.

Factors that affect beam quality in terms of physical
processes are: temperature distribution on the active surface
of the cathode; the shape and dimensions of the spot through
which the electrons are emitted; the structure of the electrostatic
field that defines the beam section in the crossover and the
anode outlet; the electron velocity components (axial, radial
and orbital) of the anode outlet. We only look at the influence
of two of these factors on the position of the crossover, as well
as the beam dimensions in crossover and anode outlet section.

1L RESULTS AND DISSCUTION

In our case, the heating current is 37 [A]. Thus, the magni-
tude of the electron beam current is determined by the wehnelt
and the anode voltage. (Fig. 3). It is calculated by integrating
the current on the active surface emission:

Ibeam = fj.R—S (T, En) dS (6)
Sactive
190 [ 7
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::: [| o u_A_c=a0000, le mA) / ]
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Fig. 4. . Beam current vs wehnelt voltage for different anode
voltage

In calculating this integral, the current density is
determined in accordance with (2). This graph shows that at
low anode voltage a relatively low control voltage value is
sufficient to stop the electron emission. The task of moving
the electrons in the electrostatic field is solved only for the
cases where a cathode emission is realized. For these cases
the beam formation is monitored and the distance between the
cathode and the crossover is determined. The overall shape of
the beam is shown in Fig. 4. It narrows to reach the crossover
and expands later. This process depends on the components of
the intensity of the electric field. In Fig. 5 are given examples
illustrating the influence of the anode and wehnelt voltage.

Fig. 5. Overall form of beam.

The measured values (all are in millimeters) of the
distance from the cathode to the electrostatic focus are
given in Table 1. As the anode voltage increases, the
electrostatic focus shifts to the anode. At the same time,
increasing the control voltage leads to the opposite
effect. The reason for this is the change in the structure
of the electrostatic field with the application of these
two voltages - the increase of the anode voltage leads to
higher axial electron speeds and the increase of the control
voltage generates higher centripetal forces. Higher axial
electron velocities lead to less time to pass through the
area in which the focal force acts and the focus shifts to
the anode.

TABLE I. DISTANCE FROM CATHODE TO CROSSOVER

U, Wehnelt voltage U [V]

IKVI 1650 | 750 | 850 | 950 | 1050 | 1150
30 0.8 - - - - -
40 2.4 1.8 1.0 - - -
50 42 3.1 23 1.6 1.0 -
60 5.7 so | 42 2.9 22 1.7
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Fig. 5. Influence of anode (Ua) and wehnelt (Uw) voltage on the electron beam.
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The beam shape is examined in two sections - in the
section of the crossover (blue) and the anode outlet (red)
(Fig. 6). In most of the cases examined, the shape of the
beam in crossover section is elliptical or oval. With the
change in the parameters studied, this shape changes.
Similar is the situation with regard to the shape of the
beam of the anode outlet. The measured values of the
beam dimensions in the indicated sections are shown
in Table II and Table IIl. The deviation from central
symmetry is mainly due to the absence of one for the
cathode’s active surface. These data show that with the
increasing of the absolute value of the control voltage, the
beam dimensions in the section decrease. The acceleration
voltage influences over these dimensions in similar way.

The calculated values for the current density j [mA/
mm?] in the sections considered are given in Table V and
Table VI. Current density in crossover increases with
anode voltage increasing. When the absolute value of the
control voltage increases, this density decreases, due to the
dominant decrease in beam current. At the current density
of the anode outlet the influence of the two voltages is
more complicated. The reasons for this are the change in
the distance between the two sections, the twisting of the
electron beam and the deformation of the section. This
issue will be discussed in a separate publication.

TABLE V. CURRENT DENSITY IN CROSSOVER SECTION

At the same .tlme, the .magmtude of the current is also v Wehnelt voltage U, [V]
decreasing (Fig. 1). To link these values, we determine the [KV]
e . . 650 750 850 950 | 1050 | 1150
current density in the relevant sections. The magnitude of
the current I, [mA] represented in Fig. 3 is given in Table 30 274 0 0 0 0 0
1V for the different combinations of accelerating and 40 | 764 | 633 | 328 0 0 0
control voltage. The effective radius of the beam in the 50 784 | 74.1 722 | 637 | 351 0
crossover r,.and on the anode outlet r,  is calculated as: 60 773 | 814 | 994 | 677 | 67.0 | 62.1
TABLE II. BEAM DIMENSIONS IN CROSSOVER SECTION TABLE VL. CURRENT DENSITY IN ANODE OUTLET SECTION
Anode voltage, [KV] U, Wehnelt voltage U [V]
Uw 30 10 50 60 (KVII 650 | 750 | ss0 | 950 | 1050 | 1150
V1
a b a b a b a b 30 11.9
650 [ 0.6 | 055|082 | 07 |08 ] 085 | 1.0 [ 08 40 73 8.3 12.5
750 | - - | 076 062] 086|079 085|085 50 7.3 6.9 7.7 8.8 11.6
850 - - 0.63 | 0.6 0,8 0.7 0.6 0.9 60 7.9 7.5 7.1 7.4 7.8 9.1
950 | - - - - 074 06 | 088|078
V. CONCLUTIONS
1050 | - - - - |07 [o0s58] 08 | 07
1150 | - R R R R ~ o7 | o3 The conclusions reached relate only to the case under
consideration and cannot be said to be of a universal
TABLE III. BEAM DIMENSIONS IN ANODE OUTLET SECTION nature because. of geometﬂ({ally attaCh.ed toa partlc"ﬂar
EBW installation. The main conclusions that can be
Anode voltage, [KV] K
Uw = ” " p drawn are the following.
[Vl 1. The results of simulation modelling of the processes
cldjefd)c]dfec]d in the electrostatic part of EBG are presented. The
630 10551 08 255 [235) 28 | 28 ] 28 | 28 influence of the anode and wehnelt voltages on the
750 | - - [20 ] 1.8 28] 26|28 28 position of the crossover, the beam dimensions in
850 | - - L1 |09 |24 | 22285265 crossover and anode outlet sections is determined.
950 | - - - - 19| 17| 16| 24 1. By simulation modelling of the processes in the
1050 _ _ _ _ 1.2 1.02 23 2.1 electrostatic part Of the EBG it was fOLlIld that Wlth
150 | - i i i i 152 | 100 increasing the anode voltage the crossover moves to
the anode while the increase of the control voltage
o /_a b % leads to the opposite result.
Ceff — : 2. In the cases considered, the distance between the
cathode and the crossover varies from 0.8 to 5.7
Vdeff =V c.d (8) [mm] depending on the control and anode voltages.
3. The current density in the crossover increases with
increasing the anode voltage. When the absolute
TABLE IV. BEAM CURRENT value of the control voltage increases, this density
U, Wehnelt voltage U_[V] decreases, due to the dominant decrease in beam
IKVI [“6s0 | 750 | 850 | 950 | 1050 | 1150 current. , .
4. Density of beam current in the crossover in the
30 28.4 0 0 0 0 0 o
combinations of control and anode voltages ranged
40 137.8 93.7 39.0 0 0 0 from 27 to 77 [mA/mmz].
>0 180.1 | 1582 | 1270 | 888 | 448 0 5. The beam size of the anode outlet changes from 0.8
60 1943 | 184.8 | 168.7 | 146.0 | 1179 | 86.1 to 2.8 [mm] depending on the value of the variable

parameters.
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Abstract—The main subject of this publication is to
provides a description of terrain forklifts, their design and
specific features. The main mechanical, hydrodynamic and
hydrostatic types of power drives and their application in
terrain forklifts are presented herein. This article includes an
analysis of the power transmissions drive systems of terrain
forklifts. The most important trends in the development of
the terrain forklifts have also been presented.

Keywords—Terrain forklifts, mechanical, hydrodynamic
and hydrostatic power drives.

I. INTRODUCTION

The boom in the development and deployment of
terrain forklifts which has lasted for several decades
continues to be one of the current trends in the design of
forklifts worldwide. These forklift trucks are designed to
carry out lifting and transport operations in agriculture
and forestry, in construction, at open storage sites, waste
recycling sites, ports, military fields, etc. Terrain forklifts
are designed to operate on both hard and soft roads
characterized by significant unevenness and different
physical and technical properties of the soil (structure,
humidity and density). These conditions determine the
nature of the interaction between the forklift drive system
and the road and significantly influence its traction
properties, which has a direct impact on the productivity
and fuel economy of the forklift.

The towing-traction properties of the forklift truck
characterize its traction capability and its passability when
moving on different types of roads.

Substantial influence on the towing-traction properties
and sustainability of forklift trucks is the weight of the
machine, the load and its distribution on the axles, the
engine power, the forklift truck composition design, the
kinematic power transmission design, the wheel formula,
the type and the technical characteristics of the wheel
drive [1], [2], [4] - [7].

The great variety of composition designs and
constructive developments of these machines and their
use in different soil conditions require the search for
optimum conditions in the compilation of mathematical
models and the development of an optimization program.

Terrain forklifts or “high passability forklifts” and “off-

Valyo Nikolov
Department of Transport and Aviation
Equipment and Technologies, Technical
University of Sofia, Plovdiv Branch
25 Tsanko Dyustabanov str., 4000
Plovdiv, Bulgaria
vnikolov@tu-plovdiv.bg

road forklifts”.as are frequently mentioned in literature.

The production of terrain forklifts and special work
equipment for them has shown a continuous tendency for
increasing the volumes in recent years. The reason for that
is the constant increas in the need for mechanization of
loading and unloading and some other types of work, as
well as the need of increased productivity in construction,
forestry and agriculture and other specialized terrains.

Geographically, the production of these vehicles,
except in Europe and North America, where the major
suppliers of this equipment are the well-known “Manitou”,
AUSA, “Case”, JSB, “Agrimac” and other ones, has
been transferred to Asia in recent years. Companies such
as “Maximal”, “Heli”, “Hangcha” and others have very
successfully entered this market.

On the territory of the Republic of Bulgaria to this date
the companies that produce this type of equipment are
“Balkancar Record” Co., IPO and “Herku - Milko Tanev”.

The main type of mass-produced forklift trucks feature
a working body of lifting mast unit [1], [5].

Since the technical and advertising literature often
refers to the concepts of ,high passability forklifts* and
,,off-road forklifts*, it should be borne in mind that there
are significant differences between these two types of
forklifts.

IIL. HiGH PAssABILITY FORKLIFT TRUCKS

The most common feature of these trucks is the classic
computational design - engine, gearbox and front drive
axle. The front wheels are large in size and the rear wheels
are with considerably smaller size — see Fig. 1 [9].

Fig. 1. Forklift with the “classic” design — engine, gearbox and front
drive wheels.
Print ISSN 1691-5402
Online ISSN 2256-070X
http://dx.doi.org/10.17770/etr2019vol3.4197
© 2019 Georgi Valkov, Valyo Nikolov.
Published by Rezekne Academy of Technologies.
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Forklifts produced according to this design primarily
feature wheel formula 4x2. The capacity of these forklifts
ranges from 1,000 to 10,000 kg. Machines featuring
wheel formula 4x4 are also produced. Using this wheel
formula the transmission ratio of the front and rear drive
axles varies due to the different diameters of the front and
rear wheels. In addition to this computational design, a
splitting distribution gearbox can also be included, and the
rear steering axle can also be a drive axle.

All standardized attachments, which can be mounted
on the forklifts with universal forklifts mast may also be
used for terrain forklifts with the main working body of
lifting mast unit. In addition, the following specialized
working units are also produced: various types of
baskets - sand, ballast, concrete, for various agricultural
production and others. An excavator can also be used,
which is reversed in the direction of movement above the
engine bonnet at the back of the machine with a separate
workspace for the operator [5].

Due to the high unification of the forklift trucks of
the 4x2 family with industrial forklift trucks, their power
transmission design is the same: a rear-end engine, a
hydrodynamic gearbox, a twin cardan coupling joint, a
front drive axle and a rear steering axle. The difference
only involves the use of a larger diameter wheels and low-
pressure wide-profile tires.

For forklifts with wheel formula 4x4, the distribution
gearbox is rigidly mounted to the transmission or to any
of the drive axles. There are two cardan coupling between
the distribution gearboxes and the front and back drive
axles. The rear wheels are smaller in size than the front
wheels to achieve better maneuverability. All of the
above-mentioned specialized mast attachments used on
forklift with 4x2 wheel formula can also be used for this
type. The advantage of these machines is lower vibration
activity at driver’s seat and compact operating parameters
and dimensions. Mostly hydrodynamic and hydrostatic
transmissions are used with this wheel formula.

The most important features of the above- mentioned
forklift trucks are:

- In most computational design, the drive and steering
axles are of the portal type — to enhance road clearance
and their being stronger;

- In many forklift truck models, inter-wheel differentials
are not blockable.

- Wheel forklifts featuring wheel formula 4x2 are
without splitting distribution gearboxes.

- Regarding forklift trucks with 4x4 wheel formula, most
often have a 100% front drive axle locking ability and
a 45% automatic locking on the rear drive axle.

- In the most gearbox designs for forklift trucks with
wheel formula 4x4 wheelbase differentials are not
placed;

- In the latest models one of the cardan couplings is
removed by attaching a distribution box to the front
or rear axles;

- In recent years, the hydrostatic transmission has been
increasingly used with a hydro-motor coupled to the
gearbox.

Fig. 2. Off-road forklift.

Insufficient passability of the above-described types of
vehicles due to the relatively small and narrow rear wheels
and insufficient universality when working with a lifting
equipment, regardless of the specialized changeable mast
attachments, entailed the development and production of
three new types of terrain forklifts with wheel formula
4x4 at the end of the last century. They feature identically
sized front and rear wheels that are fitted with wide-profile
tires of low air pressure therein. Such machines are shown
in Fig. 2 [9].

1L

The first type forklift trucks is with two frame joints
connected (articulated forklift trucks), a lifting mast
and rapidly changing different types of lifting mast
attachments.

The second type is complete frame forklifts, two drive
axles (of which two or one is used for steering) and a
lifting mast.

The third type are complete frame forklifts, two
drive axles (of which two or one is for steering) and one
specialized working equipment unit — a telescopically
extending boom, but with greater capabilities for using
different attachments.

The turning of articulated forklift trucks (those of the
first type) is done by turning the wheels on the front of the
frame to the rear. Axles are only drive axles, which are at
lower cost than the drive axles with steering wheels. The
frame is more complicated and consists of three parts —
front, rear and articulation. Adjustment of the machine on
uneven terrain occurs in two ways.

The first one, which is also most commonly used, is
an articulation with only one degree of freedom (rotation
around the vertical axis and a swinging rear axle /rotation
around the horizontal axis).

The second way is through an articulation with two
degrees of freedom — one turning around the vertical
axis and one turning around the horizontal axis. In this
case, the entire rear end of the frame rotates in relation
to the front. Forklift trucks pivoted articulated 4x4 were
launched for the first time by the company “Omfort”,
UK. They received a wide distribution for a short time.
The most typical thing concerning this type of machine is
the use of a large number of different work attachments,
that can be changed only by the driver for a short time
using built-in quick-ly changeable devices. The following
working equipments are placed on the chassis: a mast, a
loader with forks, an excavator, a dump, a bulldozer, a
hydraulic hammer - breaker, a screwdriver (for drilling

OFF-ROAD FORKLIFTS
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holes in the soil), etc. In addition to them, all of the above-
mentioned removable work attachment equipment can be
fitted.

The power drive transmission of articulated machines
is as described above: an engine featuring mounted
transmission box, a distribution gearbox, and a cardan
joint between it and the drive axles.

Turning of forklift trucks with a full frame, with lifting
equipment or telescopic-extending boom (those of the
second and third type) is done by turning the wheels of
the rear drive axle. Due to the constraints imposed by the
cardan couplings and the large wheel sizes, the turn radius
of this type of machine is relatively large. Due to the need
for increasing their maneuverability, forklifts with both
axles constitutes driving and steering units have been
developed. The adjustment of the machines on the uneven
ground is done by a swinging rear axle (rotation around
the longitudinal axis). The main advantage of this type of
forklift trucks is expressed in two aspects: when using a
boom, its pulling forward allows for the most appropriate
loading and unloading of means of transport with large
loading platforms. The boom makes it possible to achieve
high lifting heights of the load - up to 12-13 m. This
allows building materials to be delivered up to 3-4 storey
buildings in farm yards or out-of-town settlements. The
boom can be fitted with all attachments such as those for
articulated forklifts, except for the excavator.

The power drives of forklift trucks with a full frame,
a lifting unit or a telescopic-exiting boom in most models
feature distribution boxes coupled to one of the axle.

Articulated and complete frame forklift trucks are
mainly produced with hydropower transmissions, with
a hydro motor attached to the transmission box or with
a hydro-dynamic transmission and distribution gearbox.
The axles are mainly portal type with locking inter-wheel
differentials and multi-disc brakes operating in oil on both
sides of the first stage of the main transmission. Wheelbase
differentials are rarely incorporated in some models.

Off-road forklifts are available at the following lifting
capacity: 1,500; 2,500; 3,500; 4,000; 5,000; 6,000; 7,000;
8,000, and 10,000 kg.

In summary, the main concepts on which the off-road
forklift trucks are developed are the following:
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Fig. 3. Power drive design of the articulated forklift family with

two drive axles, where: 1. Internal combustion engine (ICE);

2. Hydrodynamic gearbox; 3. Cardan coupling; 4. Two-stage
distribution gearbox; 5. Cardan coupling with intermediate
bearing; 6. Wheel drive; 7. Differential of front drive axle;

8. Front drive axle; 9. Coupling for enabling/disabling of the

rear drive axle; 10. Cardan coupling; 11. Rear drive axle; 12.

Differential of the rear drive axle.

The power (engine), transmission, and drive axle
design of articulated frame and complete frame trucks
have virtually no difference. The power drive design of
the articulated forklift range is shown in Fig.3 [9].

The power drive design of the complete frame forklift
family with two drive and steering axles is shown on
Fig. 4 [9]. It is essentially the same as the one regarding
articulated forklifts. The main differences are — the cardan
coupling /8/ to the front axle, which is two-carded without
intermediate bearing, the presence of synchronous cardan
couplings /9/ in both drive and steering axles, as well as

their construction.

* o

7/ \12 I
Fig. 4. Power drive design of the complete frame forklift family with
two drive and steering axles, where: 1. ICE; 2. Hydrodynamic

gearbox; 3. One-stage distribution gearbox; 4. Front drive axle; 5.

Rear drive axle; 6. Cardan coupling; 7. Cardan coupling; 8. Cardan

coupling ; 9. Synchronous cardan coupling; 10. Differential of
front and rear drive axles; 11. Wheel drive; 12. Endwheel reduction
gearbox; 13. Coupling for enabling/disabling of the rear drive axle.

Transmission hydrodynamic gearboxes are usually
produced with two forward gears and two rear gears or
three forward and three reverse gears.

The distribution gearboxes are single-stage or two-
stage in most cases without a wheelbase differential.
They only have a coupling to shut off torque transmission
transfer to the rear axle at the driver‘s request.

The use of cardan couplings with telescopic extension
similar to the one used in many lorries.

The wheels of all the above-mentioned forklifts
feature wide-profile, large diameter and lower pressure.
The frames of the three types of forklift trucks differ
considerably in their construction.

The hinged articulated forklift’s frames consist of
three parts - front, rear and articulation. The front part is
a frame construction of steel profiles. Attached to it is the
work body, the front axle, the cab with the controls and the
protective roof. The axle is rigid handing to the front of
the frame with bolts. The rear part is a box-like structure
made of thick sheets of steel and profiles. The engine with
transmission gearbox, distribution gearbox, the rear axle
and the fuel and oil tanks are attached to it. The rear axle
is rigid handing also to the frame. The fitting of a forklift
on the ground is done by swinging the rear frame to the
front by using an articulation with one or two degrees of
freedom.

The frames of the forklift trucks with two drive and
steering axles are considerably simpler. They are two
longitudinal sheets of thick steel, connected with 3 or 4
cross beams. The front axle is rigid handing to the frame
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and the rear of the swing by means of 2 metalrubber
bearings and two rubber springs or an axle.

The servosteering of off-road forklifts is hydrostatic.

Their service brakes are drum brakes for some of the
machines. Nowadays, oil-friction discs are predominant,
acting like the others on all wheels. The brake systems
feature a brake booster for trucks with a load capacity of
over 4,000 kg. The hydraulic braking of lower capacity
loaders does not differ from that of universal forklifts and
is carried out with unified components.

The parking brakes of all machines are located on the
front drive axle. The braking action is mechanical. In the
newer axles the handbrake is negative, it is released by an
electro-hydraulic unit.

A hydraulic unit is used to trigger all the specific
working equipment and operations. Also, it is used for the
steering of the forklift truck. Hydraulic distributors for
this purpose are multi-sectional, with manual or joystick
control.

Off-road forklifts are designed to work with several
types of quick-ly changeable work attachments. For the
quick change, by the driver only, of the different operating
organs, special attachment devices have been developed.

For articulated forklifts, quick-ly change able
attachments are used: a dumper, pliers, a bulldozer, a
hydraulic hammer, a screwdriver, a bucket, a grapple -
manure loader, a grapple for lengthy materials.

For the whole frame forklift family with two drive and
steering axles, a telescopically extending boom has been
developed for reaching high lifting heights.

V. Power Drives of Terrain Forklifts

Since the power transmission design for type 4x2
forklifts is the same as the one of the universal forklift
trucks, we will look at the power drive only of the 4x4
wheel formula forklifts.

In the forklift trucks featuring wheel formula 4x4, a
variety of construction designs is used for their power
transmissions. Regardless of their large variety depending
on how the torque is transmitted to the front and rear
drive wheels, power transmissions can be subdivided
into mechanical, hydrodynamic and hydrostatic. In the
analysis of existing constructions, the main attention is
focused on the kinematic and power links between the
individual drive motors and their mutual influence on the
design and performance of the machines.

A. Mechanical power transmissions

Mechanical power transmissions are widely used
in cars, tractors, trucks, dumpers and other transport
machines. Compared with other types of power
transmissions, they are characterized by simplicity,
reliability in operation and high efficiency, because
they do not convert energy from one type to another. In
contemporary technological development, however, due
to such drawbacks as stepping, manual gear shifting,
large number of levers and pedals, large size and weight,
etc., they increasingly fall back on other types of power
transmissions or are used in combination with them.

Concerning vehicles featuring the 4x4 wheel formula,
there is a wide variety of composition designs which are

determined by the design of the machines, the adopted
construction of other elements and systems such as
suspension, steering system, etc. The most important
aspect of the passability and traction properties of the
machines is the distribution of the engine’s power between
the individual wheels and the axles.

Mechanical power transmission is mainly used in
high passability forklift trucks. The most commonly used
composition design is the so-called “I-shaped”.

I-shaped power transmissions (Fig. 5) [2] have been
more widely manufactured on 4x4 machines due to the
smaller number of cardan couplings and gearboxes and
their cheaper production. In this case, the torque from the
engine /1/ via the transmission box /2/ and the distribution
gearbox /3/ is transmitted to the main differentials of the
front and rear axle /4/ and by inter-wheel differentials to

the drive wheels /5/.
H
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Fig. 5. Design of I-shaped power transmissions.

The design of Fig. 5 is most common in high
passability forklift trucks with a small lifting capacity of
1,000 to 1,500 kg. The front and rear axles are permanently
connected via a symmetrical differential lock with a
manual locking capability. Between the wheels of the
two axles there is almost always a differential connection.

In order to avoid the drawbacks of mechanical
power transmission and its limited use in terrain forklifts
featuring low lifting capacity, it is necessary to use other
power transmissions in the machines with higher lifting
capacity — hydrodynamic power transmission.

B. Hydrodynamic power transmissions.

Hydrodynamic power transmissions are used in both
rough terrain and off-road vehicles. They are used in
forklifts with a lifting capacity of over 2,500 kg. For all
machines in the hydrodynamic transmission boxes, after
the hydrotransformer, a mechanical gearbox featuring 1, 2
or 3 forward and reverse gears is used.

Fig. 3 shows a hydrodynamic power transmission
design of off-road forklifts with a single-speed
hydrodynamic gearbox, two-stage distribution box and
articulated chassis produced in the 1980s in “Balkancar
Record” Co. [9].

Fig. 6 [9] show the diagram of the highway DV80/40
4x4 HD forklift with lifting capacity of 8,000 kg produced
by “Balkancar Record” Co. The transmission box /2/ is
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coupled to the distribution gearbox /3/. The distribution
box is of the T12000 type and has three stages. It can
enable/disable the torque transmission to the rear axle via
the coupling /8/. The main transmission consists of the
cone pair /4/, the end wheel gearboxes /5/ are exported to
the wheel drive /6/. There is one output for PTO /7/ which
is used for a power output for propulsion of hydraulic
pumps on the gearbox /2/. There is no differential
connection between the front and rear axles. The front
differential /9/ has the option of 100% forced locking,
and the rear axle /10/ is 45% self-locking. A feature of
the design is the adopted construction with two driving
and one rear steering axle. The front axle is rigid handing
to the frame and the rear axle is swinging on a specially
designed shaft.

Fig. 6. Design of power transmissions of DV80/40 4x4 HD forklift
with lifting capacity of 8,000 kg.

From the schematic view of the mechanical and hy-
drodynamic power drive transmissions of 4x4 forklifts it
is evident that the most applications are I-shaped using
different types of wheelbase and inter-wheel differentials.
With the use of regular inter-wheel differentials and the
same road traction conditions of the left and right wheels,
the best performance and patency characteristics of the
machine are provided both in lineal motion and when
turning. When using forced manual or hydraulic locking,
the most complete adhesion of the wheels to the road can
be achieved. Under various traction conditions of the left
and right wheels, it is sometimes difficult for the driver
to determine the optimal solution and often requires the
locking to be switched on and off. Inter-wheel differen-
tials are also used in self-locking, which have a common
lock factor ranging from 1.6 to 6, which provides some
automaticity, but worsens the steering control during
turns.

Wheelbase differentials are rarely used and they are
common with option for manual locking. Most popular
are gearboxes with coupling for manual or hydraulic en-
abling and disabling of the lock of the rear axle when
wheelbase differential is not used.

C. Hydrostatic power transmissions.

A great interest in the hydrostatic power transmissions
of terrain forklifts is shown by all the design teams
dealing with this technique. This is determined by

the rapid development of scientific and technological
progress, the implementation of modern technologies, the
incorporation of a number of types of hydromachines in
serial production, on the one hand, and the need for high-
performance transport machines allowing for complex
mechanization and automation of the basic loading and
unloading work they perform, on the other hand.

The most important advantages of hydrostatic power
transmissions for terrain forklifts that can be highlighted
involve:

1. Possibility for stepless adjustment of the speed of
movement in quite a wide range.

2. High compactness, small mass and overall dimensions,
which reduce the machines weight.

3. Low inertia, ensuring good dynamic properties of the
machines, including fast reverse movement.

4. Easy automation of power transmission.

5. Independent location of the power transmission
individual elements, which enables to be placed in the
most convenient positions for the composition design.
Great structural flexibility for design engineers.

6. Reliable protection of the motor and transmission from
overloading by incorporating safety valves.

7. Use of unified assembly units (pumps, hydromotors,
valves, distributors, filters, etc.) to reduce production
cost and to facilitate the operation and repair of
machines.

It should be taken into account that in practice
the effective implementation of the advantages of the
hydrostatic power drive transmission is hampered by the
following disadvantages:

1. Significant dependence on the performance and
reliability of the power transmission from the ambient
temperature and the viscosity of the working fluid,
respectively.

2. Existence of internal and external leakage due to
airtightness of the system, requiring compensation and
causing volume losses.

3. Increased requirements for the operational properties
of working fluids — the need for constant filtration
to remove the dirt. The periods between machine
servicing are reduced.

4. Increased requirements for the used materials, quality
of workmanship and assembly of the part of the
hydraulic equipment.

5. Need for highly qualified personnel and personal
responsibility in operating and servicing machinery.
There is a wide variety in the hydrostatic design of

hydropower transmissions for terrain forklifts. It should

be noted that they are used in both rough terrain and off-
road vehicles, whether the wheel formula is 4x2 or 4x4.

For example, Fig. 7 [10] shows the hydropower driving

of a high passability forklift model MSI 40 of “Manitou”

featuring a wheel formula of 4x2 and a lifting capacity of

4,000 kg.
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Fig. 7. Hydropower drive of a forklift, where: 1. ICE; 2. Hydrostatic
axial pump; 3. Flexible high pressure hoses; 4. Hydraulic motor;
5. Drive axle; 6. Operating hydraulic toothed pump; 7. Cooler.

Adjustment of the speed of movement can be done
smoothly by varying the pump productivity or the
working volume of the hydromotor, or both together, and
also stepwise by using composite hydromotors, switching
the same from sequential coupling to parallel, etc.

Using an adjustable hydromotor and a non-adjustable
pump, a transmission with a characteristic close to the
ideal is obtained, but an increase in the volume and
size of the hydromotor is necessary, making this circuit
inadequate.

Regarding terrain forklifts, the most common
hydrostatic design is the following: one adjustable pump
and one adjustable high-speed motor shown in Fig. 8. [9]
This design has been successfully realized in the DV80/
4x4 off-road forklift truck of “Balkancar Record” Co.,
shown in Fig. 2.

With such a movement speed control, the range of
high-efficiency operation of the machine is expanded, but
since the mechanical part of the transmission is retained,
the internal losses from friction, and other, inside the
transmission are also included. This design achieves
complete unification with mechanical power transmissions
since they achieve it by replacing the transmission box
with a hydraulic power transmission.

Fig. 8. Design of hydrostatic power transmissions of a forklift, where:
1. Adjustable hydrostatic pump; 2. Adjustable hydromotor; 3.
ICE; 4. Two-stage distribution gearbox with hydraulic gearshift;
5. Coupling clutches for shifting quick and slow speed; 6.
Front differential with possibility for 100% forced locking; 7.
Endwheel reduction gearbox; 8. Wheel drive; 9. Rear differential
45% self-locking.

Another variation of the hydrostatic driving for a
forklift 4x4 is shown in Figure 9 [9]. It is distinguished by
its simplicity, a small number of composite units (hence
low cost) and high efficiency. The ICE /1/ is traditionally
located at the rear part of the machine, but its fan does
not blow back to the radiator like all forklift trucks — it
sucks air through the radiator in front of it similar to cars
and tractors. The adjustable pump /2/ is connected via an
elastic coupling to the engine flywheel and the direction
of movement of the machine is to be considered. The
adjustable hydromotor /3/ is connected to the rear side of
the main transmission /5/ of the rear axle via a gearbox
/4/. The main gear distributor is a worm — worm gear and
is connected to the main transmission of the front axle by
means of a cardan coupling shaft /7/. Both axles are drive
and steering axles with inter wheels lockable differentials
16/.

Fig. 9. Design of hydrostatic power transmissions of a
forklift.

In this design there is no wheelbase differential, the
axels do not have end wheel reduction gearbox and it is
used on terrain forklift trucks with telescopic boom and
small load capacities of 1,000 to 1,500 kg.

Fig. 10 shows a diagram with 4 traction motors and
one adjustable pump, used accidentally in terrain forklifts,
mainly in the forestry industry [2].

Hydromotors /3/ are mounted in the wheel drive /1/
together with the wheel gearboxes /2/. The moving speed
control is effected smoothly by varying the pump output
/4/. The hydromotors are connected in parallel by a pilot-
controlled flow divider /5/ between the front and rear
axles. This type of connection, ensures synchronization
of the peripheral speeds of the front and rear axles and
locking of the differential link between the axles. The flow
distribution between the two axles depends on the divider
characteristic. An ideal divider is the one in which the ratio
of front and rear axles flows is a constant value under all
operating conditions. This composition design, as well as
the independent suspension of the wheel drive, provides a
high passability for all road conditions. A major drawback
is its high cost.
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Fig. 10. Design of hydrostatic power transmissions of a forklift.

From the analyzed hydro power transmissions for 4x4
wheel formula forklift trucks, the following characteristic
trends can develop:

1. Use high-performance and high-speed hydromotors
that are integrated into the distribution gearboxes or
embedded in the wheels of the machines and contribute
to the simplification of the computational design.

2. Wide application finds mass-produced high-speed
hydromotors that are built into the wheels via
gearboxes. They are preferred because of the higher
reliability and  techno-economic  performance
compared to the high-volume ones, which are still
considered special purpose products.

3. Maximum unification of mechanical transmissions
— Hydrostatic transmissions are performed with a
monolock hydraulic power transmission mounted
instead of a gearbox.

V. ANALYSIS OF THE POWER DRIVE TRANSMISSIONS OF
TERRAIN FORKLIFTS

The analysis of power transmissions in modern 4x4
terrain forklifts shows that widespread distribution finds
the differential driving between the wheels and its locking
to a certain extent. Differential driving between the axles
is more rarely used.

Differential driving is characterized by the use of
differentials in all units of division of power flow from the
transmission in the forklift truck with wheels [3].

Differential drive canbesymmetricaland asymmetrical.
The condition to be satisfied by the symmetrical drive is
in the absence of internal friction, the torque distribution
should be equal between the drive shafts, and regarding
the case of cartridge locking and forced rotation of one
of these shafts, the other shaft should be rotating in
the reverse direction at the same angular velocity. The
symmetrical drive ensures the equality of provided torque
on all wheels regardless of the moving conditions.

The asymmetric drive provides unequal torque
distribution along the shafts. In practice, the non-
symmetric differential distributes the torques in proportion
to the traction weight of each drive axle, and when the
cartridge is locked, the drive shafts rotate at a different

angular velocity.

The locked drive is characterized by a rigid mechanical
connection between all of the drive wheels. The condition
to be fulfilled with it is equality of the angular speeds of
all wheels.

The differential driving to the two wheels does not
allow for the full utilization of the potential driving torque
force of drive axle to be fully utilized, thereby reducing
the towing-cohesion properties of the machine. This is
observed when the load on the wheels is redistributed
when the machine is operating on a transverse slope.

In4x4 terrain forklifts inter-wheel and lesser wheelbase
differentials are used with forced or automatic locking.
Wheelbase differentials are mounted in distribution boxes
which mainly feature differential or locked action.

Inter-wheel differentials enable the drive wheels
on one axle to rotate at different angular speeds, which
provide motion during turning, on uneven road or when
wheels feature different radiuses. This removes the
slipping and skidding of the wheels. But, as it is known,
the differential divides the torque evenly between the two
semi-axis. This property of the differential when driving
on a transverse slope, as well as under other conditions,
reduces the propelling force of the machine. Various
devices for locking the differential are used to overcome
this disadvantage.

Wheelbase differentials are used in the 4x4 forklift for
inter-wheel drive of the drive wheels. In the differential
drive between the angular speeds of the axle of the
wheeled forklift, there is no definite variable ratio similar
the locked drive. However, in the case of a locked drive,
it is possible to generate parasitic circulating power due
to the presence of a closed power loop and a kinematic
inconsistency in the different modes of movement of the
machine.

Parasitic circulating power in closed power flow
occurs under construction and operational factors. The
construction factors include the type of drive system
and type of wheel drive, different rolling radiuses, the
type of power transmission, the vertical load on the drive
wheel and its distribution, the size of the longitudinal
and transverse base, etc. The operational factors include
varying wear of tire treads, varying tire pressure, the
different road traction due to the diverse physical and
mechanical properties of the soil, etc.

The resulting parasitic circulating power results in
deterioration of the traction-coupled properties of the
forklift, the possibility of breakage in the power drive
transmission and the wear of the drive wheels.

The wheelbase axle distributes the torque between the
front and rear drive wheels in proportion to the traction
weight of the respective axle and enables the wheels to
rotate at different angular speeds. As a result of which
there is no kinematic discontinuity and the occurrence of
parasitic circulating power. But the wheelbase differential
is inherent in the same shortcomings that were pointed
out in the inter-wheel differential. For this reason, it also
provides for the incorporation of devices for forced or
automatic locking of the differential. The construction
of a self-locking wheelbase, installed in the distribution
gearbox of a CH200-CH250 series forklift of AUSA, is
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marketed as “COMPEN System” [8].

In practice, it is a self-locking conical differential with
friction discs, the crown is driven by a chain, which in turn
is driven by a chain gear connected to the hydromotor.

In recent developments of terrain forklifts, an ever-
wider application finds the use of “Smart Drive CT”
modules similar to those shown in [11].

This module provides an electronic solution for
controlling the entire power transmission drive of terrain
forklifts, most commonly hydrostatic or hydro-dynamic. It
selects the most optimal drive motion mode and manages
the traction efforts at any moment of the vehicle [11].

VI CONCLUSIONS

From the study of the kinematic designs and
constructions of forklift power transmissions, the
following conclusions and suggestions could be pointed
out:

1. Power transmissions of forklifts are mechanical,
hydrodynamic and hydrostatic with a wide variety
of kinematic and power drive transmission to the
individual drive wheels.

2. Depending on the drive design (locked, unlocked and
differential) of the drive wheels, 4x4 forklift trucks
could feature the following motion modes: drive,
driven, brake, neutral or free travel drive.

3. The most of existing power drive transmissions of 4x4
terrain forklifts are implemented using distributor
gearboxes with locking action, which enables the
occurrence of circulating parasitic power in the power
transmission or incomplete use of potential traction-
cohesion properties on the machine.

4. In the power transmission design of forklifts featuring
wheel formula 4x4, different mechanisms and devices
are incorporated between the two drive axles (inter
axle differentials with or without locking devices,
distribution gearboxes, cardan coupling shafts, etc.),
part of which are permanently working without
locking and others include manual or automatic
locking depending on the load and movement modes.

5. The great variety of 4x4 terrain forklift composition
designs and the power transmissions thereof, as well
as their operation in various road and production
conditions, require that optimal solutions be sought
by developing mathematical models and programs to
optimize their parameters.
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Abstract—The paper deals with the theoretical and
experimental investigation of the main characteristics of
woody crop cuttings unloading from the hopper. To create
a variety of automated systems for material feed there is a
need to ensure high performance selecting and unloading
the material, in particular, it is of vital importance in
designing machines for energy willow planting. The analysis
of existing theories in mechanics of loose materials motion
made it possible to identify the features of unloading the
cuttings that narrowed the area of discussion. We will
consider two half-planes located at angles to the horizontal
plane as a model for hopper in pilot testing.

It is analytically and experimentally determined that
woody crops cuttings flow occurs according to dry friction
laws and inverse-square law and the flow is normal in
nature. The statically stable formation and dynamic arches
that prevent the uniform and continuous unloading are in
evidence.

For the theoretical validation of results, we present a set
of cuttings as the pseudo liquid that consists of two phases:
a discrete phase formed by cuttings and the continuous
phase (gaseous medium, air). Each of these phases in terms
of the mechanics of multiphase systems is represented as
a solid medium with certain characteristics. According to
these assumptions, the process unloading of such structure
from the hopper can be modelled on the basis of methods
of hydrodynamics of multiphase systems. In such a case the
field speeds of such pseudo liquid must satisfy the Navier-
Stokes equation type.

The analytical and empirical analysis of unloading
the energy willow cuttings helps to prove theoretically the
possibility of enhancing the process of planting till its full
automation. As a result, the study gives the theoretical
formula that evaluates the velocity of energy willow cuttings
flow, the adequacy of which is partially tested in pilot
experiments conducted by the authors of the paper in the

process of creating the planting machine.

Using the received data for further research will make
it possible to take into account all the factors involved in
unloading and bridging, which is important for examining
and improving this process.

Keywords — wood cuttings, bridging, hopper, automatic
planting, pseudo liquid.

1. INTRODUCTION

The production of alternative renewable energy sources
is a priority direction in the development of the nation’s
economy, and the use of bio-feedstock, including energy
crops, as fuel, is one of the strategic path ways. Therefore,
it is important to ensure high-performance of machines
for plantings of such crops. It is well-known that machines
for energy willow or poplar planting use, primarily, hand
supply of planting material that significantly limits both
quantitative and qualitative characteristics of this device.
Therefore, the development of the planting machine for
such crops is a significant engineering challenge.

Willow and Poplar are cloned for energy purposes
by planting cuttings with the diameter of 15-20 mm and
the length of 20-30 cm. The features of such material
determine the main complexity in its loading. If the
studies on the mechanics of small lump granular materials
movement are frequent [2, 3, 4, 5, 6], the research on this
kind of materials lack.

The necessary part of machines and units (both mobile
and stationary) that are designed for the bulk materials
are tankers of different shapes and sizes. Obviously, to
develop the automated system of cuttings flow we should
consider the issue hopper. Therefore, the aim of this

research is the study of stochastic processes in 6%0urin
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the woody crops cuttings out that will provide continuous
and uniform flow, transportation, navigation and setting in
place ofplanting.

Materials and methods

The material for study is the rod-like body (the
cuttings of woody crops). The lack of roots and relative
identity of cuttings according to form size, allow us to find
the solutions in the existing theories of granular material
flow and to determine the peculiarities that can be applied
to hardened cuttings. Moreover, such phenomena as
adhesion and strength of clutches between cuttings
will not influence the movement. That is why when we
unload such material it will act as a free-flowing and bulk
material that is characterized by dry friction determined
by inverse-square law. Taking into account the mentioned
information we can use the mathematical models of
the discrete granular body (for example, the theory of
L. Hiachev, V. Bohomiahkykh) for examining the cuttings
flow from the tanker.

The models of the tanker for cuttings unloading in our
experimental research will be two half-planes set at the
angles a and P to the horizontal plane (fig. 1).

0

Fig. 1.
Hopper model for unloading the energy willow cuttings.

To process data, the conclusions of the various theo-
ries on free-flowing material flow and empirical studies
conducted at the laboratory installation in State Agrarian
and Engineering University in Podilia were used.

11. RESULTS AND DISCUSSION

The productivity of machines and technological lines
of various industrial complexes in general and agriculture
in particular, depends, primarily, on the bandwidth of
the feed items — the tankers. In addition, tankers not
only receipt and issue the material, they often work as
transporting units, dosing devices. It, consequently, gives
the reason to consider them as an important link in terms
of automatic or automated functioning of machines, as
well as the differential regulation of control systems.

The features of the shapes and sizes of such material
as energy crops cuttings influence also the mechanics of
their flowing terms of their gravity discharging from the
tanker. The explanation of the process of the movement
of such material can be found in the theories of granular
materials flow in terms of dry friction.

As far as scientific theories are concerned, starting
from the end of the 19th century scientists explore

the mechanics of granular bodies that is shown in the

following conclusions:

- the pressure on the bottom of reservoirs is significantly
lower than the weight of the material. Besides, at
some height of material layer, this pressure remains
unchanged. And therefore the flow rate and speed
of granular materials do not depend on the height of
backfill over the exhaust opening (Roberts, Fried,
Delakroa, Bernstein);

- the pressure of the granular material depends on its
density and the parameters of cross-sectional mortice
of unloading hole (Jansen, Zenkov);

- The bulk material can be regarded as a discrete
environment (Dzhenkin);

- thespeed and the consumption of leakage under
normal flow are larger than hydraulic, due to different
frequency formation of arches (Keneman);

- The phenomenon of “dynamic bridging” takes place in
the process of granular materials flow (Protodiakonov,
Pokrovskyi, Arefiev, Platonov, Banit);

Such conclusions for different types of granular
materials are frequent. We presented only some of the
patterns that can be applied to study the movement of
woody crops cuttings.

The mechanical model of granular body motion
designed by L. Hiachev, V. Bohomiahkykh are widely
used today. The study of the scientists is an attempt to
develop the first combined model for granular materials
that combined its discrete and continuous properties.
The authors took into consideration such physical and
mechanical properties like the size of the particles, the
angle of the installation, the coefficients of friction, etc.
[5] L. Hiachev, for example, in his research accepts that
the friction of particles of the material between each other
and the walls of the tanker are dry, that allows to use
these ideas for wood cuttings. V. Bohomiahkykh, in his
turn, used the idea of bridging to identify the impact of
unsustainable arches on the movement of grain flows in
tankers and determined the frequency of formation and
destruction of riveting [4]. The phenomenon described by
the author were applied in our experimental research on
cuttings flow [6].

The mentioned statements and theories give grounds to
consider unloading energy crops cuttings as of the flow of
incompressible bulk material, and the patterns of material
movement in the gravitational discharge is accompanied
by various phenomena that prevent movement (first of all
arching) and have the stochastic nature.

On the basis of the accepted model of the tanker and
the material and on the basis of the carried out analyses
and laboratory experience, the process of discrete bulk
material flow from the tankers can be described as follows.

At the moment of opening the damper of exhaust
outlet of the hopper, the flow of loose material in it some
short period of time will be transient (before the moment
of destruction of the most remote from the exhaust outlet
of'a dynamic arch, generated in the process of unloading).

Under certain conditions, the dynamic arches become
statically stable. This occurs when a polygon of forces
acting on this arch, is closed. That is, in this case, the
resultant of all forces acting on this arch is zero. If it is not
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zero, then statically stable set becomes unstable (dynamic)
and, finally, collapses.

Statically stable arches stop the process of flow, but
the probability of their development depends on the width
of the discharge opening. We can always find a value for
the width of the discharge opening, where such stops
can be avoided. Adopting empirically this window width
we can fix the material flow from the tanker in different
periods of time after the start of unloading (opening the
unloading window). Because the process of unloading
from the symmetrically inclined walls follows the same
principles, let’s have a look at the phase of flow when the

form of a tanker has one vertical wall (fig. 9)

Fig. 2. Theflowphaseof energy willow cuttings from the hoppers if

theslanted corners ofhalf-planesarea=90° u f=40°

Periodic stochastic arches and destruction of statically
stable arches over the entire height of the moving stream
in the tanker determine the periodic stochastic 3-d
loosening and sealing of loose material and, therefore,
causes its throbbing exit from the hopper outlet. This
was confirmed by the experiments in boundary value of
discharge opening width.

Consequently, the process of bridging the bulk
materials that are in the boundary conditions is a natural
phenomenon peculiar to loose bodies. Stochastic process
of origin and fracture of arches is observed with any kind
of discrete bulk material flow from the discharge opening
of tankers.

This process is both discrete and continuous. Its
discretion is evident in beating nature of flowing the loose
material and its continuity - in laminarity (uniformity)
of flow in a tanker since the moment of its inception and
until its complete exit from the hopper.

Another aspect of selection the theories for studying
the mechanics of unloading the granular material is a kind
of material from the banker.

Taking into accountthe physical and mechanical
properties of wood cuttings, as well as the form, design

options, and frictional properties of walls of possible
hoppers the hydraulic motion is unlikely. The normal
movement of the flow, when the material over the slit
window is uploaded first and then the material from the
inclined walls of the hopper (fig. 3). As a result, on the
surface of the material a funnel, or in our case a wedge
is formed.

x
M

C D

Fig. 3. The diagram of the normal motion of the material in the
hopper.

The appropriate nature of cuttings flow, was confirmed
by research conducted in State Agrarian and Technical
University in Podilia, where the motion of energy willow
cuttings in the track hopper with wooden walls [1; 2].

The detailed analysis of cuttings movement made it
possible to characterize the features of their flow. So, if
you unload such material from the hopper with one ver-
tical wall the first cuttings that are above the discharging
window and along a vertical wall (fig. 2-1 and 2). On a
sloping wall angled at 40° the cuttings form the inactive
layer. As a result of cuttings flow a wedge like hole visible
from the second frame is formed in the upper layers which
is clearly visible from picture 2 (fig. 2-2). In a period of
time, the material falls down into the emptiness (fig. 2-4
and 5). We should mention that the material was non-mo-
bile before (upper layers above the sloping wall). As a re-
sult, a collision between the layers is formed (fig. 2-4) that
“strike” with layers of normal pouring out that have not
yet had time to leave the hole. From our point of view, it
is the moment when the static arch and delay of unloading
(or even stop) take place. The hopper leaves the last layer
of cuttings that were near the sloping wall (fig. 2-5).

It can be stated that the cuttings in the hopper move
erratically: first of all, the cuttings over the unloading win-
dow move, and in the end the cuttings on the sloping wall
move. Respectively, the speed of cuttings movement of
the over the unloading window is always the biggest and
speed of cuttings over the sloping wall is smaller and de-
pends on the angle of its inclination. It can be concluded
that the cuttings flow follows the normal rules of material
flow when the pillar falls over the hole at the beginning,
and then the layers from the sides start to move. Continu-
ing the experiments different angles of installation at o
and P half-planes, it is possible to determine approximate-
ly the same patterns (fig. 4).
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Fig. 4. .The normal character of energy willow cuttings flow inSAE-

UP research.

For the theoretical substantiation of the specified
processes, we propose to review the mechanics of cuttings
motion in terms of the gravitational unloading from the
point of view of dynamics of multiphase systems [10, 13].
The set of cuttings is regarded as the double phase pseudo
liquid, where the cuttings form the discrete phase and the
second phase is the gaseous medium that fills the spaces
between the cuttings. Taking into account the fact that
the volume concentration of cuttings (discrete phase) is
significantly larger than the similar values of continuous
phase, the movement ofthe discrete components (aggregate
cuttings) can be logically modelled as a movement of
viscous incompressible pseudo liquid, velocity field of
which satisfies the Navier-Stokes equation [12].

I11. CONCLUSIONS

It follows from the above that the process of grain
materials flow from the hopper is the natural process of
frequent in time formation and destruction of dynamic
arches over the entire height of the moving discrete
stream. This process is stochastic according to both the
time of formation and destruction of arched structures
and the location of their formation and destruction in the
volume of boundary conditions (e.g., the volume of the

hopper).

The analysis of the unloading process and the form
of the arches shows that such material as woody crops
cuttings, besides the common causes of arches formation
and patterns of their origin have some more peculiarities.
One of the features of these cuttings is their rod-like
form that makes the bridging difficult and invokes such
additional conditions and factors as distortions of cuttings
in the layer, the irregular shape of the cuttings, their
uneven pinching in length, etc.

It is possible to analyze the patterns of cuttings
unloading from the hopper if we create the conditions
when there is no occurrence of static arches. In this case,
the flow follows the principles of normal flow.

We are able to theoretically justify the results with the

help of modelling the mechanics of cuttings movement
based on the dynamics of multiphase systems. The
material is supposed to be a two-phase incompressible
pseudo liquid, the flow of which would correspond to the
Navier-Stokes equation.

Using the received data in further research will make
it possible to take into account all the factors involved in
unloading and formation of arches that is important in
examining and improving this process.
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Abstract—The integration of Ukraine into the European
community is impossible without changes in the education
sphere. The implementation of such projects of the European
Union as “Horizon 2020” provides the collaboration
between experts in Agriculture and Engineering. The
results of the questionnaire conducted by “Agro Survey”
agency showed the lack of student’s practical knowledge in
Ukrainian Engineering and Agricultural universities. It is
obvious that the quality of education in Ukrainian technical
universities doesn’t meet the requirements of the European
labour market. Getting theoretical knowledge has no value
until students can apply it for practical purposes. We suggest
that a subject like Physics should be practice-oriented. If
the Physics course at technical universities integrates theory
with practice, students will be better prepared for their
future career.

The purpose of the study is to define the basic principles
of professional competence as the key factor for improving
the quality of future engineer’s training in the process of
studying Physics.

To select and interpret the factual material, concepts
and theories the theoretical analysis of philosophical,
psychological and pedagogical literature on research was
used in the paper. The pedagogical experiment was carried
out on the basis of 4 universities in different regions of
Ukraine and involved 159 respondents (151 students and
8 university teachers). To determine the strategies for
implementation of the profession-based tasks in Physics
course we carried out specially designed questionnaires for
students majoring in Agrarian Engineering and university
teachers.

One of the necessary conditions for future engineer
training is professional orientation in studying. We suppose
that to consider the relationship between a comprehensive
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Physics course and the disciplines of professional and
practical training the in-depth analysis should be performed.
First of all, it will help to determine Physics knowledge,
abilities and skills that should be used in student’s further
professional training. Second of all, it will enable the most
effective use of engineering-based tasks in Physics classes.
However, knowledge of basic Engineering and General
Theoretical subjects is not applied by the students of
Technical High School for a long-period of university study.
The results of the survey have shown that studying major
subjects at a later stage doesn’t motivate students to learn
Natural Science and Engineering disciplines.

We can conclude that profession-based tasks in Physics
class contribute to the formation of a system of natural
knowledge, practical skills and abilities. They stimulate the
students’ cognitive interest in Physics as a science, help to
better absorb material of other disciplines, develop creative
abilities and influence the formation of persistent motifs for
obtaining knowledge of professional disciplines.

Keywords— professional competence, practice-oriented,
Physics, professional training, agrarian engineering.

1. INTRODUCTION

High School is a background to the future of most
students. Yet many students finish universities unprepared
for a career. Professional competence training of graduates
should be one of the priorities in Higher Education that
provides a perfect final result, i.e. an expert who has
mastered the necessary knowledge, abilities, has higher
order of creative skills, the appropriate worldview and
erudition, intellectual level, who acquired the skills of
self-study and formed the professional qualities and
moral, aesthetic, ecological culture. Consequently, the
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development of the professional competence model for

High School is one of the most urgent issues today.

The academics examined the characteristics of
specialist professional training in international affairs
[16], medicine [1], the border guard servicing [18] on
the basis of an interdisciplinary approach [13], [14].
Some studies on the professional competence training,
its basic principles and the impact on the career of a
future engineer [15] [2], [4], [5], [9], have been done by
Ukrainian [3], [11], [12] and foreign academics [6], [7],
[8], [10], [17]. However, there is a number of questions
that was not discussed at all. Moreover, the research on
the development of profession-based Physics teaching
methods with the students of Agricultural and Technical
High Schools is still lacking.

The review of regulatory literature, plans and
curriculum, standards for engineering training, educational
characteristics of experts in agriculture engineering
allowed us to state that:

— there is a disagreement between the content of new
standards of education and outdated teaching-
methodological, instructive and normative support
and pedagogical strategies;

— the principle of professional orientation in teaching
Physics with the students of Agricultural and Technical
Universities is not fully implemented;

— there is a tendency for student mastering a vast amount
of educational material and for systematical reducing
the hours for in-class studying Physics;

As a result, a significant number of students doesn’t
realize the goal of studying Physics. During the period
of their learning, they don’t fully acquire the basic
knowledge in Physics and have no experience of its
applying to perform the tasks associated with the future
professional activity [12].

To develop the profession-based model for teaching
Physics in High School the authors identified the
following tasks: to determine the basic principles of
professional competence and to identify the most effective
professional competence strategies for preparing experts
in engineering; to describe the specifics of implementing
the vocational-oriented technologies in Physics for
students majoring in agricultural engineering; to test the
effectiveness of implementation of profession-based tasks
in Physics course.

1L MATERIALS AND METHODS

The pedagogical experiment was aimed at testing
the effectiveness of professional competence approach
for the systematization of Physics course learning in
Agricultural and Technical High School, at improving the
content and forms of education, at developing means for
intensification of the educational process and the complex
of knowledge diagnostics.

The research was carried out on the basis of State
Agrarian and Engineering University in Podillia, National
University of Life and Environmental Sciences of Ukraine
and Nizhyn Agrotechnical Institute. The study involved
151 students majoring in Agrarian Engineering. The
pedagogical experiment also included the questionnaire
for 8 lecturers who teach Physics for students majoring
in Agrarian Engineering at Lviv National Agrarian

University and State Agrarian and Engineering University
in Podillia.

The experiment had the following stages:

— the organization of experimental and research
training;

— the analysis of organizational, structural and
contextual changes in the process of studying
Physics and their influence on the level of
student’s knowledge in Agricultural and
Technical High School;

— the evaluation of teaching activity. Physics
teachers who participated in the pedagogical
experiment followed the original Physics
guides, recommendations and  other
educational and teaching materials in their
teaching practice.

A testing system for learning achievements that
performed diagnostic, control, motivational and
educational functions was designed in the process of
pedagogical experiment. The pedagogical monitoring
was carried out on the basis of standard tools (tests,
reference works, surveys, etc.). We should admit, it was
simple, convenient and effective. On the one hand, the
pedagogical control determined the level of students’
progress in Physics, and, on the other hand, the results
of the monitoring showed the effectiveness of discipline
teaching and studying.

During the pedagogical experiment the following
methods were used:

— the observation of the educational process
and the analysis of Physics and Engineering
disciplines  teaching methods  during
attending the classes;

— the questionnaire and the interview.

I1I. RESULTS AND DISCUSSION

The observation showed low student participation
in the Physics classroom, the absence of motivation and
interest in the training material, low grades.

The questionnaires contained several survey questions
focused on expressing the idea according to certain
supposition.

The following questions were used in the survey:

1. What is the role of Physics in your future profession?

2. Does Physics lay the groundwork for studying the
professional disciplines?

3. What is the role of Physics in completing professional
tasks?

. Does Physics help you to write a Diploma Thesis?

Does Physics help to improve your intellectual

potential?

. Does Physics help to form logical thinking?

. Does Physics help to form creative thinking?

. Does Physics assist the training of agrarian engineer?

IS

[cBEN )

9. Is it possible to do profession-based teaching and
research work without the knowledge and skills in
Physics?

Almost 95% of the students stated that Physics in

Agricultural and Technical University doesn’t influence
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the study of professional disciplines. More than 60% of

the respondents associate Physics with such Engineering

disciplines as “Electronics”, “Theoretical mechanics”,

“Machine Parts”. However, the students agree that

“Theory of Mechanisms and Machinery», «Mechanics of

Materials and Structures” have no relationship to Physics.
The exam grades in professional disciplines showed

that the students don’t use the issues and the laws of

Physics in the process of studying the disciplines of

professional and practical training. What is more, about

87% of the students don’t associate Physics with the

disciplines of professional and practical training.

The student’s answers to the question “What should be
done to increase the level of student professional training
in the process of studying Physics” were the following:

— to improve the financial and logistical support of
the educational process (the percentage index of
all interviewed students is 15.2%, where 19.3% of
students are from National University of Life and
Environmental Sciences of Ukraine, 3.7% of students
are from Nizhyn Agrotechnical Institute and 6.7%
of students are from State Agrarian and Engineering
University in Podillia.

— To improve teaching methodology of Physics (the
percentage index of all interviewed students is 23.85%,
where 15.6% of students are from National University
of Life and Environmental Sciences of Ukraine,
48.2% of students are from Nizhyn Agrotechnical
Institute and 40% are students from State Agrarian and
Engineering University in Podillia;

— to provide profession-based tasks in different types
of training activities in Physics (the percentage index
of all interviewed students is 21,9%, where 25.7%
of students are from National University of Life and
Environmental Sciences of Ukraine, 11.1% of students
are from Nizhyn Agrotechnical Institute and 13.3%
are students from State Agrarian and Engineering
University in Podillia);

— To increase the hours for Physics classes (the
percentage index of all interviewed students is 17.9%,
where 16.5% of students are from National University
of Life and Environmental Sciences of Ukraine,
25.9% of students are from Nizhyn Agrotechnical
Institute and 13.3% are students from State Agrarian
and Engineering University in Podillia);

— To increase the level of teacher professional training
(the percentage index of all interviewed students is
13.9%, where 13.8% of students are from National
University of Life and Environmental Sciences
of Ukraine, 11.1% of students are from Nizhyn
Agrotechnical Institute and 20% of students are from
State Agrarian and Engineering University in Podillia);

— to create the conditions for the development of
students’ ability to self-study (the percentage index
of all interviewed students is 3.3%, where 3.7% of
students are from National University of Life and
Environmental Sciences of Ukraine, 6.7% of students
are from State Agrarian and Engineering University in
Podillia and no respondents have chosen this variant
of answer in Nizhyn Agrotechnical Institute);

— Six students have offered their own answer: the

implementation of new information technologies in

studying the profession-based material.

Physics teachers had to determine the strategies for
the implementation of profession-based principle in the
educational and methodical supply of Physics course. The
results of teachers’ survev auestions are shown in Fio_ 1.

100%
20%
80%
T0%

s B0% o -Ves
§ - T 12 o
5 e 7}[7 _T:_
~ S H A b
elel lalelelsllals

s
3

4
number of questions

5

Fig. 1. The diagram of teachers’ questionnaire results

More than 50% of the teachers answered that
Physics course content is not connected with the future
engineering specialization of students. In addition,
teaching Physics with the students of Agricultural and
Technical Universities doesn’t differ from the content of
the Physics course in Technical High School, except the
number of curriculum hours.

The teachers-respondents confirm that laboratory
workshops in Physics and practical training are not
related to the future profession. Teachers of professional
disciplines highlight that students don’t have the skills to
apply Physics knowledge in disciplines of professional
and practical training.

The obtained results make it possible to confirm that:
— the majority of students doesn’t experience the close

relationship between Physics, General Technical

disciplines and disciplines of professional and
practical training;

— the content of the lectures and practical classes
sometimes contains abstract material and laboratory
classes don’t differ from Physics classes at Pedagogical
Universities.

The analysis of the research results proves the fact that
Physics curriculum in Ukrainian Technical High Schools
doesn’t integrate disciplines of professional and practical
training. The traditional system of teaching Physics in
Agricultural and Technical Universities doesn’t benefit
from the implementation of professional orientation in
teaching Physics and doesn’t allow to significantly affect
the professional development of the students.

Iv. CONCLUSIONS

To sum up, the use of interdisciplinary links and
applied Physics tasks in the educational process will allow
forming the student’s perceptual unity in Physics structure
and content of Physics. The integration of Physics and
profession-based disciplines will help students to realize
the importance of Physics for their future career and to
form the basic professional knowledge and skills.

The implementation of the gradation system of
professional education in Ukraine determines the need
for further research on the teaching strategies for the
profession based learning in Agricultural and Engineering
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High Schools. It’s very important to adopt the most
appropriate scheme for implementation of profession-
based learning. It will help to coordinate the teaching, to
avoid the duplication of educational material, to reduce
inefficient time costs, to provide future experts with
deeper and stronger knowledge.
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Construction of Piston Outer Profile for Rotary
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Abstract—The article discusses methods for construct-
ing piston outer profile for the rotary type expansion ma-
chine in order to reduce unwanted (parasitic) volumes and
offers options for constructing outer profile of piston using
analytical and geometric methods.

Keywords—lever-cam motion converter, power genera-
tion system, rotary engine.

I. INTRODUCTION

The subject of this article is the rotary expansion ma-
chine (patent RU2619391) published by the authors in
2017 [1].

The machine contains four pistons, forming an equi-
lateral four-link mechanism in the form of a mobile rhom-
boid. The ends of pistons are in full sliding contact with
inner surface of chamber, the profile of which is the exter-
nal equidistant, spaced by a distance of radius R, of ends
of piston from reference curve, described in polar coordi-
nates p and o with equation

p(a)ZLsin[a+bc0520(L 0
where L is the distance between the axes of the piston
hinges; a=w4; b=nw4-y_ /2, and where y__is the mini-
mum angle between the pistons.

The optimal value of this angle is v =1.221 rad, at
which a = 0.7854 rad, b = 0.1749 rad. The outer surface
of each piston has the shape of an arc of a circle of radi-
us R, the value of which is chosen in such a way that in
the position a=w4=45°, in which the four-link mechanism
is square, the surface of piston touches internal cavity of
chamber at three points. Therefore, in this position, two
working volumes are formed, isolated from the rest of
chamber space.

The task is to determine outer surface of the piston, in
which in the position o=m4, the working volumes will be
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absent, i.e. piston profile will coincide completely with
inner surface of chamber, which is equidistant.

II. FIRST OPTION

The initial position of piston AB with a=mw4 is shown
in Fig. 1.

L
¢
/3
- 7]
& P X
\ a=45 ¥
g

Fig. 1. Initial position of piston

Point E belongs to equidistant, and point M coinciding
with it belongs to piston. We introduce a fixed coordinate
system xOy with the beginning at the point O of the worker
in the center of the cylinder. We introduce the following
notation: AB = L, OC = L/2, yE = L sin(a+b)+R,. When
a=10,7854,b=0.1749, we getyE = 0.573L+R,. Then the
segment CE = h, =y, —0.5L, or h,= 0.079L +R,.

Fasten with the piston the moving coordinate system
C¢n with the origin at point C (Fig. 2).

‘ 7y

g a

Fig. 2. Arbitrary position of piston
In moving axes, point M will have coordinates
¢, ~h,n,=0. Determine the trajectory of point M when

the piston moves from the position a = /4. That the angle
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o decreases by the value determined by the angle y, i.e. a
= 1/4 —y. Then the coordinates of the point M are defined
as

xn = xc+ Eycos(z,E)+ 7y cos (x,7) =

%cos @2+ hpsin @,

Y = Yo+ Encos(y, &)+ pucos(y,7) =

L .
5 sing, — hicos ¢,
2)
where ¢_1 is the angle between axes nx; ¢, is the an-
gle between axes &x.
Express the angles ¢, and ¢, through the angle y:
@ =m-y+b sin2y;
@, =m/2-y-b sin2y. 3)
Then the trajectory of the point M in a parametric form
18 2, =X, ()Y, =V ()
For known coordinates of the point MX, and ¥, in a
fixed coordinate system, wefind the coordinates¢, 7, inthe

moving coordinate system. Using equation (2) we get

N,,COS @, +&,,SINQ,=X,,— X .
My SINQ; =&, COS P, =Yy — Y
“4)
Solving the system of equations (4) with respect to & .7,
and taking into account that x.=L/2 cos ¢,, y .=L/2 sin ¢,,
@,~¢,=n/2 2b sin2y we get.
+yy cos(y bsin2y) %cos(Zb sin 2y)
v =

+yy sin(y bsin2y) + %sin(Zb sin 2y)

xycos(y bsin2y)+

©)

The solution of this system of equations has a para-
metric form: ¢, =¢, (v) . n,=n,, (7)

In the position a=w4-y the point M of the piston must
coincide with the point £ of the equidistants having the
coordinates x,=x, =0, y,=y, =0.573L+R,.

Then, by expression (5) the point A must have coor-
dinates

&y = ygcos(y bsin2y) %cos(Zb sin 2y)

Ny = Ygsin(y bsin2y) + %sin(Zb sin 2y) . ©)

The system of equations (6) gives the coordinate
values ¢, =¢,, (v).n,~=n,,(y) with decreasing angle a, i.e.
when a=m/(4-y), where it is considered y>0.

In the case of increasing a, i.e. when a=w(4+y), in
the formula (6) it is necessary to change the sign of y to
the opposite taking y<0. Given the parity of trigonometric
functions, the equation for £, remains unchanged and in
the equation forn,, both terms will change sign. Therefore,
equation (6) is valid in the range of the angle -y <y<y |
where the value of y _should correspond to the contact of
the obtained curve with the circle of the end curve of the
piston of radius R,. Obviously, this tangency is possible
wheny =m4.

Computer simulation made in SolidWorks has shown
that if the piston profile is given exactly the profile of the
equidistant chamber in the position 0=45°. This will jam
when moving from this position. Obviously, the profile
synthesis problem is multivariate.Second option

Fig. 3 shows the piston in an arbitrary position.

7
y Vi)
7 —

7y z
V7l
A
/OA a ~—
X
0 X Ky

Fig. 3. Arbitrary position of piston

The current position of the piston AB in the fixed
coordinate system Oxy is determined by the coordinates

x,and y, of the hinge 4, as well as by the angle ¢, of the
inclination of the axis of the piston AB to the axis Ox.

Where: x,=p, cosa,y,=p,cosa, p,=p(a)=L sin(a+tb

3
cos2a ), @l=——cos2a.

Let us introduce the moving coordinate system &n
fixed to the piston with the beginning at point 4. We
choose an arbitrary point M on the piston profile, which
has coordinates &, and n,, in the moving coordinate
system Aé&n. The coordinates of this point in the fixed
coordinate system Oxy are determined by the coordinate
transformation formulas:

{xM = x4 + &y cos(x, &) + ny cos(F7)
Yu = Ya + & cos(y,€) + ny cos(7,7)
or

{XM = x4 + &y Sin @ + 1y COS @y 7

Yu=Ya EmCOS®;+nysing;’

Consider the same piston in the position a=45° (Fig. 4)

“ X 1
£ M
£ £
/‘; 0
T (% T s Y
XE A
\‘{
= 5 e o
X
0

Fig. 4. Position of the piston at 0=45°
In this position, the three points of the piston profile D,
D1, D2 touch the equidistants of the chamber at points F,
El, E2. The highest point of the piston profile D has the

following coordinates
Xp = Xg = O,

yo=ys=p(5)+ R =Lsin(a b)+Ry. (8)
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When the piston moves from the position to the position
a=45°+4a, the points D, E, and D, E, change their
position, but the contact between them remains. The
upper point of the piston D will also leave the point of
the chamber E£. We will find such a profile of the piston,
at which the contact of the points of the profile M and
the point E of the chamber will remain in a certain range
of the increment of the angle Aa. This means that it is
necessary to determine the coordinates ¢, and #,, of the
point M so that in the position a=45°+4q, the coordinates
of this point x, and y, are equal to the coordinates x, and
v, of point E.
xy(45°+ a) = xg,

b) + R,.

yu(45°+ a) = yp = Lsin(a 9

As a result, we arrive at the following system of equa-
tions for §  andn,,

Eusingy (B) +ny cospi(B) = x4(B)
émcos@i(B) +nysing,(B) = (10)
¥a(B) + Lsin(a b) +R;
where B =45+ q, x4(B) = pa(B) cos B,

Ya(B) =pa(B)sinfB, pa(B) = Lsin(a + bcos 2f),
o(B) =P +%"+ bsin 2.

Solving system (10) according to Kramer's rule &,=

& ,mu= n/ weget:
N
cos 91 (B) sing,(p) '
| () s B 1
1 ya® +Lsin(@ b)+R, sing; (B
| sinon®) x4
K cosp1(B)  ya(B)+Lsin(a b)+ Ryl
Then
¢u = x2(B)singi(B)
[ 4@ +Lsin(a D) +RiJeosgu(®)
nu = x4(B)cosei(B) +
[ va(B) +Lsin(a b)+ Ry]lsing;(B)

Varying the value of the increment of the angle a in
the range 0 < a < 45°, or the same as the angle § =
45° + «aintherange 45° < a < 90°, from equation
(12) we obtain the desired piston profile.

In the process of movement each point M(éum, num)
of the synthesized piston profile will move along its
own trajectory of the form x, = xy(a) and y, =
yu (@), defined by equation (7). It is important to check
the absence of the intersection of these trajectories with
the equidistant curve defined by the equations x; =
xg(@) and y; = yg(a). Otherwise, the piston will jam
in the housing.

If there is an intersection of the trajectories with
equidistant, the wording of the problem should be
changed. We require that in the position a = 45° +

a, the coordinates x,, and y,, of the point M should
be equal to the coordinates of xs and ygs of point £’
(Fig. 5, a) located on the axis Oy below point £ at some
distance = ( a). Then we have

xy(45° + @) = xg,
(a)=
( ).

a b c
offset £ h h

ym(45° + a) =y =y

Lsin(a b)+ R,

4 Ly T pa O g

14 4 4 ;AH
Fig. 5. Types of functions
In this case equation (12) is somewhat

modified and takes the form

v = xa(B)sing,(B)
[ ya(B)+Lsin(a b)+R; ( a)lcose,(B)
nu = xa(B)cose,(B)+ ’

[ ya(B) + Lsin(a ( @)]sing,(B)

The type of the function h(Aa), which varies in the
range 0<Aa<45°, should be specified. It is known that this
function should be equal to zero at two extreme points
Ao=0 and Ao=45°. It can be offered two types of this
function:

b) + R,

sinusoidal (Fig. 5, b): (@) = ,0xsSin4( a)
cosine (Fig. 5,¢): ( a) = h";l(l cos 8( a)).

In both cases it is possible by varying the value of &
to achieve the absence of jamming of the piston in the
housing. The decision on which option is preferable can
be made based on the results of calculations.
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