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Preface

Terotechnology is the technology of installation, commissioning, maintenance, replacement, and
removal of plant machinery and equipment, feedback on operation and design, and related
subjects and practices.

It has been twenty years since the first Conference on Terotechnology was held. The conference
is still a venture of Kielce University of Technology and the Polish Maintenance Society. The
first conference was born in 2001, and subsequent meetings were held from 2005 to 2009 in the
annual cycle. In 2011, a biannual conference cycle was established.

Unfortunately, due to the COVID-19 pandemic, we were forced to cancel the traditional form of
the meeting. However, not wanting to deprive the participants of the opportunity to inform their
colleagues about the work results, we decided to enable the publication of conference articles.

The 12™ International Conference on Terotechnology was held virtually at the Kielce University
of Technology, Kielce, POLAND, on 20-21 September 2021, situated halfway between Krakow
and Warsaw. We hope that in the future, the pandemic will only be a historical footnote and that
we will be able to return to the formula of a face-to-face meeting.

The selected papers from the 12" Conference have been reviewed by at least two experts and
prepared for this volume of Materials Research Proceedings. The articles were chosen based on
their quality and relevance to the conference. The volume represents the recent advances in
materials, technologies, and methods.

The present Conference coincides with the celebration of the 25th anniversary of the Centre for
Laser Technologies of Metals of Kielce University of Technology, established in 1996.

The Organizing Committee is grateful to the deans and workers of the Centre for Laser
Technologies of Metals of the Kielce University of Technology, Department of Applied
Computer Science of the Cracow University of Technology, who helped with the organization
of the 12" Conference and the edition of this volume. The Committee would also like to express
their gratitude to all who have updated and reviewed the papers submitted to the conference, the
scientific secretary for her editing work, and Materials Research Forum LLC for producing the
volume.

Conference Organizers

Kielce University of Technology,
Polish Maintenance Society
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The Influence of Oil Contamination on
Flow Control Valve Operation

DOMAGALA Mariusz'?’, MOMENI Hassan?®
and FABIS-DOMAGALA Joanna'°

' Cracow University of Technology, Faculty of Mechanical Engineering, Al. Jana Pawla Il 37
31-841 Cracow, Poland

2 Department of Mechanical and Marine Engineering, Western Norway University of Applied
Sciences, N5020 Bergen, Norway

amariusz.domagala@pk.edu.pl, ® Hassan.Momeni@hvl.no, ¢ joanna.fabis-domagala@pk.edu.
Keywords: Flow Control Valve, Solid Particle Simulation, CFD Simulation

Abstract. This study presents CFD simulations of the flow of contaminated oil inside a control
valve to investigate the influence of solid contaminants on the valve operational features. The
Euler-Lagrange approach has been used to simulate the flow of oil contaminated with solid
particles. The CFD simulations allowed determining the effect of solid contamination on the
value of hydrodynamic force and a pressure drop for different contamination levels and valve
opening.

Introduction
Fluid power systems are widely used in industrial applications due to their high power density,
dynamic load dissipation possibilities and flexibility unattainable for other systems. They use
pressure energy created by pumps, which further transfers accumulated energy to receivers. Fluid
power systems have been used for decades and use hydro-mechanical components, which are
often complemented with electronic control systems recently, making them still competitive
among other drive systems. The complexity level of fluid power systems depends on realized
tasks and may include from a few to hundreds of components. Despite the undoubted progress in
fluid power systems reliability, some problems are still not solved and are objects of many recent
studies. One of the main problems of these systems is the contamination of working fluid, which
is recognized as a leading cause of failures [1, 2]. The recent efforts in preventing hydraulic
systems against the negative influence of contaminants is mainly focused on monitoring
contamination levels [3, 4]. However, the practice shows that fully prevention of hydraulic fluid
against contamination is nearly impossible even by using sophisticated filtration systems.
Contaminants might have different natures and sources. They can occur due to wear or
ingression (solid particles) or effects of chemical agents (air and water). One of the primary
contamination sources is the one generated by the hydraulic system during normal operation due
to wear, erosion or corrosion. The component recognized as the primary source of solid (metal)
contaminants are pumps, where relative motion and high structural load may intensify factors
responsible for wear, erosion, cavitation or fatigue. In particular, the vane pumps are found to be
the significant sources of oil contamination, and industrial standards use them as a reference
component for testing oil contamination levels [5-7].

During operation, the solid contaminants gather momentum from working fluid and may
affect surfaces, causing their erosion, what may lead to failure, malfunction or reduce the
lifetime of critical components of the system. Such components are valves, which malfunction or

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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failures may lead to severe damages and catastrophic events. The wear caused by solid
contaminants on valves can be evaluated by experimental tests or numerical simulations in which
computational fluid dynamics (CFD) tools are implemented [8, 9]. As the contamination of
working fluid is inevitable, the industrial standards [10] defines the cleanliness class of fluid as a
rate of particle size in specified oil capacity.

The failure or wear caused by solid contaminants is a long term process, and symptoms can be
relatively easy to identify. However, their influence on the operational characteristics of crucial
components of fluid power systems is unknown. This study attempts to evaluate oil
contamination on flow control valve functional features achieved by implementing the Euler-
Lagrange flow simulation approach.

The obtained results may be useful both for researchers using similar modeling methods [11-
14] and industries with machines and devices equipped with valve hydraulics, such as
biotechnological engineering [15], wastewater treatment [16, 17], and internal combustion
engine accessories [18]. It should also be a guideline for the use of special coatings [19, 20],
including modified ones [21, 22] in similar situations, to avoid disfunction. The schema of
analysis itself can be inspiring both for similar modeling techniques [23-25] and for production
management systems [26] and quality management systems [27-30].

Methodology

The flow simulation of fluid with solid particles has been performed by Euler-Lagrange
multiphase flow in which hydraulic oil is considered as continuous Euler phase while particles as
Lagrange phase. The CFD method employs RANS (Reynolds Averaged Navier-Stokes)
equations which define scalars as mean values and fluctuations over this value. RANS defines
fluid velocity as:

U = ﬁi + U{ (1)
where: U; — is the mean velocity, u; — is the fluctuating velocity, i — stands for velocity
component.

Thus the RANS equations have the following form:

ap ap

T oo (pu) =0 @
ot = 0xj

% cou) + 22 (puiu) = =22 4 O] (O 99 25 W)l 9 (o

ot (pu;) + 0xj (pulu]) Ty + 0] " (ax,- + ox; 3 8 6xi)] + 0xj ( pulu]) ®)

where: p — is the fluid density, u — is the fluid velocity, p — is pressure, p — is the dynamic
viscosity, 0 — is the Kronecker function.

The term —pu,u; represents the effects of turbulence (Reynolds stress) and makes the set of
Eq. (2) and Eq. (3) to be open. The RANS equations can be closed by the use of the Boussinesq
hypothesis:

- du; duy; 2 7]
—pU Ty = p (a—u + —’) — 285 (pk + e %X‘;) (4)

X; 0xi

and employing the turbulence model.
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Solid particles are represented as discreet phases and are tracked into the fluid domain during
fluid flow. The equation of motion for a single particle according to Basset, Boussinesq and
Oseen is as follows:

d
mp%=FD+FB+FR+FVM+FP+FBA (5)

where: Fp — drag force, Fg — buoyancy force, Fg — Coriolis force, Fyy is inertia force of fluid
occupied by a particle (Virtual Mass), Fp — pressure force, Fg, — Basset force

The following equation expresses the inertia force of fluid occupied by a particle (Virtual
Mass):

Fym = 2 mF(dt T (6)

Combining Eq. 5 and Eq. 6, we have:

du 1 ’
= = <—cVM ) (Fp + Fg + Fp + Fyy + Fp + Fpa) ™)
mp+TmF
where:
, ¢
Fym = =5+ mp(UgVUg) (8)

mp = gdgpp is particle mass, mg = gdgpp is fluid mass, dj, is the particle diameter, pp, pg is

the density of particle and fluid, respectively.
Introducing Rywm as:

mp Pp
Rym = C = C €C))
mP*’%mF Plﬁ%PF

we will get Eq. 5 in the following form:

= (‘:—:) (Fp + Fg + Fr + Fyy + Fp + Fga) (10)
Case Study

The valve presented in Fig. 1 is a proportional solenoid controlled flow control valve whose
primary purpose is to maintain a constant flow rate independently on a pressure difference
between the valve supply and receiver lines.

The valve consists of two spools (2,3) assembled in the body (1) inside the sleeve (4). The
value of flow rate is controlled by a solenoid, which directly acts on the spool (3). The position
of the second spool (2) depends on the pressure at the entry flow ducts (valve supply line) and
outlet flow ducts (receiver line) and is determined by the force balance on the spool (2).
Hydrodynamic reactions are among those forces that play the leading role in valve proper
operation.

Materials Research Forum LLC
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Fig. 1. Flow control valve: 1 —valve body, 2,3 — spools, 4 — sleeve, 5 — non return valve,
6 —nozzle, 7 — entry flow ducts, 8 — flow duct inside spools, 9 — outlet flow duct.

CFD Simulation

The main purpose of CFD simulation was to evaluate flow forces and pressure drops during the

flow of contaminated oil inside the valve. The simulation was conducted with Euler-Lagrange

approach in Ansys CFX code for both spools fixed position and steady state conditions. The

following assumptions have been used:

Continous phase:

- fluid (hydraulic oil) has a constant properties: density 880 [kg/m?], viscosity v=40 [mm?/s];

- flow is turbulent: the k-@ turbulence has been applied;

- heat transfer is neglected;

- cell type: hybrid, tetrahedral with prism.

Lagrangian phase:

- particles have spheres shape with a diameter of 1 [um] and constant properties (steel), with
2.5% and 5% of fluid mass flow rate;

- interaction between particles and fluid is fully coupled;

- particles are uniformly injected over the valve inlet.

CFD model is presented in Fig. 2. The grid in gaps in which fluids flow has been refined to

increase simulation accuracy. Due to the symmetry of flow ducts, half of the geometry was

used, and symmetry boundary condition has been applied.
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Fig. 2. CFD model: 1 — inlet, 2 — outlet,3-symmetry plane.

Numerical simulation has been performed for constant mass flow rate with a different
contribution of solid contaminants. Two oil contamination levels have been checked: 4000 and
8000 particles per 1 [ml], which gives approximately 2.5% and 5% mass flow rates, respectively.
It has to be mentioned that particle size used in the simulation, if far below the minimal value, is
recognized as a contaminant by the relevant standard [10] and equals 4 [um]. Results of CFD
simulation have been presented in Fig. 3 as a fluid velocity on the symmetry plane and solid
particle tracks and velocity.

20.000
18.000
16.000
14.000
12.000
10.000
8.000
6.000
4.000
2.000

0.000
[m s"-1]

20.000

15.000

10.000

5.000

0.000
[m st-1]

Fig. 3a. Fluid velocity at normalized opening Fig. 3b. Solid particle tracks at normalized
0.1 in [m/s], 1 —inlet, 2 — outlet opening 0.1 in [m/s], 1 — inlet, 2 — outlet

The simulations have been performed for the constant flow rate (15 dm?®/min) and fixed
position of spools (2,3). Figure 4 shows the value of the hydrodynamic force (flow force) on the
spool (2) and total pressure drop for different spool (2) positions (valve opening).
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The above results indicate that solid contaminants affect the hydrodynamic force for small
valve openings (up to 0.15) while differences are almost undistinguishable for larger openings.
Less than minor pressure drop differences were recorded even for small valve openings.

Summary

Protection of hydraulic oil in fluid power systems against contamination is almost impossible in
a real world application. Therefore, this study attempts to evaluate the influence of the level of
solid contamination on the flow control valve feature, which is critical for valve operation. The
proposed method uses computational fluid dynamics (CFD) tools and Euler-Lagrange approach
to simulate contaminated fluid flow inside the flow control valve. The simulations have been
conducted for two different contamination levels. The working fluid included metal particles.
Obtained results show that the presented contamination levels (2.5% and 5% of fluid mass flow
rate) affect flow forces while pressure drop changes are almost negligible. However, it has to be
added that presented results correspond to the idealized situation in which metal particles have a
uniform shape and size. In real world applications, the particle size and distribution may strongly
depend on system complexity, implemented components or even working conditions. Despite
this, the CFD tools seem to be effective for investigating solid particles' influence on fluid power
components.
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Abstract. In the article, heat transfer during boiling of two liquids: water and ethanol was
described and test results were shown. Two samples of pin-fins were researched — of different
heights of the microfins (namely 0.3 and 0.6 mm) made of pure copper. The higher fins performed
better than the lower for both the liquids used in the experiments. It must be caused by larger
surfaces and better heat exchange conditions during this phase change process. The results can be
used in the industry for the production of heat exchangers.

Introduction

Pin—fins provide surface extension and can be thought of as successful heat exchangers that can
exchange big amounts of heat during phase-change and not phase-change processes. In the case of
boiling any structures that change the morphology of the heaters might cause the increase of heat
fluxes as presented by Piasecka et al. [1, 2] regarding e.g. laser texturing used in the flow boiling
mode. Kaniowski and Pastuszko [3] presented data on water boiling on the surfaces with
microchannels (that created long fins 0.2 - 0.5 mm deep). It was presented that the maximal heat
flux was even almost 2.5 times higher in comparison to the sample without such structure. On the
other hand, the average diameter of the departing vapor bubbles rose and the departing frequency
fell with the increasing heat flux values. Another paper by these authors [4] refers to the application
of FC-72 as the boiling agent on such microstructures. Also in this case an improvement over the
surface without any modifications was very clear. The heat transfer coefficient rose by over 500%
and the values were comparable to those obtained in the case of using nanotubes. The authors also
concluded at the end of the paper that the boiling process depends on surface wettability, its
roughness, and contact angle. Orman et al. [5] investigated laser treatment for the development of
longitudal microfins on horizontal copper substrates. The height of the fins was 0.25 mm and 0.55
mm, their widths 0.5 mm and 1.1 mm, and the groove’s widths 0.60 mm and 1.15 mm. The results
indicate significant possibilities of increasing the heat fluxes during boiling of water and ethyl
alcohol if such microfins are used. In particular, a shift to the lower values of temperature
differences was seen. Moreover, a modified correlation has been proposed for such structures
based on the model presented in the literature for meshed heaters. Radek et al. [6-8] considered
the laser treatment for the development of other types of surfaces with modified morphology for
the improvement of tribological parameters.

The application of microstructures can be most favorable for heat pipes as their internal
coatings. In this case, elevated heat fluxes can also be achieved as presented by Hrabovsky et al.
[9] and Nemec [10]. Such structures might also find applications in ventilation systems and air
handling units for heat recovery. Thus, higher thermal comfort for room users could be achieved
as discussed by Kolkova et al. [11] and Majewski et al. [12].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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The present manuscript discusses the potential of pin—fins for heat transfer during the boiling
of water and ethanol. The obtained data can also be used for the design applications of such heaters
in the industry.

Samples and Experiment

The experiments were done on micropins whose height was 0.3 mm and 0.6 mm, while other
parameters (copper as the material, distance between the fins of 0.4 mm) were kept the same for
both the specimens. The samples were made with micromachining. Thus, the spaces between the
fins had increased roughness, which was not measured due to the fact that the roughness height
was still much lower than the microfins. Fig. 1 presents the example photo of the specimen of the
pin’s height of 0.3 mm.

Fig. 1. Sample with pin — fins (height 0.3 mm).

Boiling heat transfer performance was determined with the sample acting like a heater located
in the pool of water and ethanol. During the testing temperatures were recorded and, as a
consequence, heat flux values could be calculated. The consecutive values of the heat fluxes were
determined for the rising heat flux.

Results and Discussion

The tests were done under atmospheric pressure with vapor being returned to the vessel. The data
obtained during the boiling of water have been presented in the form of boiling curves. Fig. 2
shows the test results for distilled water for both the specimens.

442
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Fig. 2. Boiling performance of the pin — fins: distilled water
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It is very clear from the figure above that the higher microstructural sample performed better
during the whole experiment and exchanged more heat flux (q) at the same temperature differences
(AT). The curve for the micropin of 0.6 mm height was always higher than the curve for the 0.3
mm height. But at big temperatures, these differences were not so large. Maybe if more heat was
provided to the samples from the electric heater those two curves could eventually meet, if film
boiling conditions did not start first. Otherwise, the experimental procedure would need to be
quickly stopped so that the experimental stand would not be burnt and destroyed (film boiling
leads to very high temperatures under the specimens due to the problem of heat removal via the
vapor blanket that acts as an insulator).

The same phenomenon of both these curves meeting at the end of the experimental procedure
could be observed when the boiling agent was ethyl alcohol (which happened after water was
removed from the vessel and the alcohol was provided there). The data for this liquid have been
shown in Fig. 3 below.

NE 163
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Fig. 3. Boiling performance of the pin — fins: ethanol

Here the results for the sample of 0.6 mm height were very close to the curve of 0.3 mm height
at the largest heat fluxes (although the heat fluxes for water were higher than for ethanol). The fact
that the longer microfins are better can be easily explained just by the bigger surface area that can
exchange more heat and provide better cooling as a consequence. But when the heat flux increases
and more vapor bubbles are made on the surface, the process undergoes a transformation into a
different mode of heat transfer.

The improvement of heat transfer with the longer fins has the same character for both the liquids
used in the experiments. Fig. 4 presents the enhancement ratio denoted as (k), which is a heat flux
value from longer fins divided by a heat flux value from shorter fins. The changes for water and
ethanol are of a similar type as evidenced by the figure below.
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Fig. 4. Enhancement ratio (k) for both boiling liquids.

The performance of the samples can be determined with some models. Their development is
important for all engineering sciences and various techniques are used in terms of mathematical
modeling [13-15]. In the present paper, Smirnov et al. [ 16] model will be first used, because it was
made for the regular geometry microstructures and can be applied here. The comparison of the test
results generated with the above-mentioned model and the experimental data for the pin—fins has
been presented in Fig. 5 and Fig. 6. It needs to be mentioned that the model required porosity,
height, and other parameters and due to the fact that it was developed for the meshes, some
modifications had to be made in order to generate the calculation results presented below.
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Fig. 5. Comparison of the experimental results and the selected model (h = 0.3 mm).
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Fig. 6. Comparison of the experimental results and the selected model (h = 0.6 mm).

In the case of both kinds of microstructures, the model was only successful for water and it was
only in the low range of temperature differences (up to 3 K). For larger ones (in the case of water)
and generally for ethanol, the differences were quite large. Maybe a new model can be developed
based on the existing one and modified — that will be able to provide better results for the pool
boiling conditions of pin—fins boiling.

Summary and Conclusions

The paper presented the test results of boiling water and ethanol under atmospheric pressure
conditions. Two specimens of different heights of the microfins were tested under the pool boiling
conditions of heat transfer mode. It was clearly observed that higher pin—fins dissipated more heat
than lower ones. The easiest explanation might be that the surface area is larger for convection
(boiling) heat transfer mode. Thus, their performance will be better. Both the samples generate
similar results at high-temperature differences, which can be explained by the dominant role of
bubbles’ movement and the creation of vapor film from the generated bubbles. In this case, the
morphology of the microstructure might play a smaller role. In future research work, the
experiments should be extended to other liquids used more commonly in the industry, for example,
ammonia or commercially available fluids typically applied to refrigeration systems, where such
structures can be used.
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Abstract. The article is focused on the heat transfer phenomenon during the boiling of specimens
produced with the laser beam. The study discusses the enhancement of heat flux values, which is
possible thanks to the use of surface extension with the laser treatment process. The visualization
of the boiling process with the high-speed camera enables us to better understand the phenomenon
of boiling. The paper also discusses the application of a selected model to determine heat flux
values of the laser-treated sample during the process of distilled water and ethyl alcohol boiling
under atmospheric pressure.

Introduction

Treatment of various materials with the laser beam alters the morphology of the surfaces, on which
it is applied. The introduction of this technology into the heat transfer area has led to the discovery
of significant possibilities that this technique has for improving heat transfer during phase change
processes.

In fact, any change in the surface morphology might have a larger or smaller influence on the
heat transfer phenomenon during pool boiling as well as flow boiling (where significant
enhancement is possible as pointed out by Piasecka et al. [1, 2], who used laser texturing as a tool
for surface modifications). In the case of pool boiling Kaniowski and Pastuszko [3] investigated
the boiling of water on samples made in the form of microchannels, whose depth was from 0.2 to
0.5 mm. The maximal value of the heat flux was even two and a half times larger than in the case
of the sample without such grooves. The authors also measured the average diameters of the
departing vapor bubbles. These values increased and the departing frequency decreased as the heat
flux rose. In their next paper [4] the authors tested FC — 72 as the boiling fluid. In this case, they
also observed that there was an improvement caused by the modification of the surface. The values
of the heat transfer coefficient increased by over five times and were considered to be similar to
those generated with the nanotubes. The final remarks in the paper state that the boiling
phenomenon is influenced by specimens’ roughness, contact angle as well as wettability. In the
paper [5] laser treatment was applied to produce samples of longitudinal fins on copper circular
samples. The depth of the grooves was 0.25 mm and 0.55 mm, while their width was 0.60 mm and
1.15 mm. Such specimens were tested in water and ethanol and proved to be very efficient in
dissipating heat. In the paper, a modification of the model was developed for these kinds of
microstructures. It needs to be mentioned that the improvement of heat flux values can also be
additionally obtained if nanofluids are used [6, 7]. In the case of using both nanofluids and laser
treatment of samples, a significant enhancement might be obtained. Although in this case tests
should also cover the long-term impact of the nanoparticles on the microstructure on the bottom
of the grooves, which offers additional nucleation sites for further boiling enhancement.

Generally, many types of microstructures are produced and used for heat exchanger design,
both on the laboratory scale as well as commercially. Some are part of heat pipes, which are very
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efficient and widely used devices for heat transfer in various applications as pointed out by
Hrabovsky et al. [8] and Nemec [9]. They might also be applied in HVAC systems. A paper by
Zender-Swiercz [10] is focused on the issues of air and its quality considering the outdoor air
properties.

The laser treatment is characterized by the production of grooves of regular and repeatable
microgeometry. At their bottom, the morphology is altered, which might lead to increased heat
fluxes, especially in the range of low-temperature differences. The current paper analyses the
phenomenon of pool boiling on such microstructures during water and ethanol nucleate boiling
conditions under ambient pressure.

Material and Method

Laser treatment of copper samples of 3 cm diameter enables the generation of various geometrical
shapes and sizes of the microstructure. The precise design of samples enables a generation of
specimens of optimal dimensions. Fig. 1 presents example samples produced with the SPT G3.1
SP20P pulsed fiber laser with an impulse frequency of 60 Hz and scanning velocity of 200 mm/s.
The laser pulse during the fabrication of the specimens lasted 60 ns and the focal spot size was 35

pm.

Fig. 1. Examples of laser-treated samples of various groove depths and widths.

The experimental determination of boiling of the laser-treated samples was done on the stand
equipped with an electric heater, whose aim was to provide heat so that boiling could be sustained.
The heat flux was changed using an autotransformer to generate high temperatures for nucleate
boiling tests. Distilled water and ethyl alcohol were boiled and their vapor was recovered with the
cooling coils. Before the actual tests both the liquid had to be degassed so that dissolved gases
would not influence the experiment.

Results and Discussion

The performance of microstructure-covered samples can be done by determining how much
heat is dissipated. However, it is also important to know how the physical process occurs. In order
to do this, a high-speed camera can be applied. This device enables one to take a sequence of
photos at extremely short time intervals. Fig. 2 presents example photos of the boiling phenomenon
of distilled water at high heat flux values.
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Fig. 2. Pictures of boiling of water with the high speed camera — time between each frame: 0.02
S.

As can be seen, the whole sample participates in the process of bubble generation and release.
The convective forces seem to be quite strong at this stage of the developed nucleate boiling mode.

The study of the performance of the laser-treated samples indicates that some are more efficient
than others. Fig. 3. presents the ratio of the heat flux dissipated by sample 1 (of 0.55 mm groove
depth and its width of 1.15 mm) to the heat flux values dissipated by sample 2 (of 0.25 mm groove
depth and its width of 0.60 mm) — based on data presented by the authors in [5].
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Fig. 3. Enhancement ratio for two samples at water and ethanol boiling.

Here we can see that sample 1, whose grooves are bigger and their width larger than sample 2,
performs better during the boiling of both liquids. In the case of ethyl alcohol this enhancement is
stable over various temperature differences and amounts to about 1.4. A different situation occurs
for water. Here, sample number 1 outperformed number 2 to a larger degree, especially in the area
of low-temperature differences. The different character of those changes for both the analyzed
liquids might result from their different wetting characteristics. Surface tension for ethanol is
smaller, while for water it is much larger.

The design of heat exchangers requires that their performance should be quite precisely
determined with models or correlations. Different techniques can be applied in terms of
mathematical modeling as the discussed example in [11 - 13], but their aim is to properly determine
a certain quality. In the present paper, Nishikava et al. [14] model will be used. The experimental
data taken from the paper by the authors [5] regarding samples 1 and 2 (mentioned earlier) have
been compared with the calculation results according to the above-mentioned model and presented
in Fig. 4 for distilled water and Fig. 5 for ethyl alcohol.
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Fig. 4. Comparison of the experimental and model calculated data for distilled water.
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Fig. 5. Comparison of the experimental and model calculated data for ethyl alcohol.

The Nishikava et al. [14] model is quite simple among all the boiling models. It is the main
assumption is that heat transfer within the microstructural element (in the analyses case
longitudinal fins) occurs due to the conduction mode in the two-phase system composed of the
boiling liquid and the solid material (in this case copper fins). The proposed correlation requires
the calculation of the effective (substitute) thermal conductivity value as the product of the
conductivity values of the liquid and solid phases as well as the volumetric porosity of the whole
system. On the other hand, the heat flux values are calculated based on the already determined
conductivity as well as the temperature difference between the heater and the saturation
temperature. The height of the structure is also considered in the model.

The experimental and model data points differ significantly as can be seen in Fig. 4 and 5 for
both the boiling liquids considered in the study. Undoubtedly, the simplicity of the model that was
selected for calculations might be responsible for such results. The Nishikava et al. [14] model
does not take the movement of vapor bubbles and the convection forces into account. It also needs
to be noted that the structure generated by the laser beam is non-uniform and significant surface
roughness is produced at the bottom of the grooves. Thus, additional nucleation sites are produced,
which might lead to elevated heat flux and heat transfer coefficient values. The model adopted
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from literature does not take it into account either. Moreover, the laser-generated fins do not have
the same width along with the height. It is reduced at the top and is larger at the bottom, which
results from the laser treatment technique itself. While the calculations according to the considered
model did not take this fact into account, the impact of this simplification might not be large
enough to be visible in the graphs above.

Summary and Conclusions

Laser treatment is a modern and efficient method used to alter the morphology of various surfaces
and can be effectively applied for boiling heat transfer enhancement. The various shapes and sizes
that can be designed enable the production of highly efficient heaters that can considerably
improve boiling conditions and lead to more heat being exchanged in such phase—change heat
exchangers at the same temperature differences.

The differences between various samples with regard to heat flux values might be significant
and depend on the temperature differences (as in the case of water), or be independent of it (as for
ethyl alcohol). However, the proper design of such a heater can lead to higher values of heat
transfer coefficient for such surfaces.

The comparison of the experimental data with the model calculations according to the
calculation adopted from the literature has shown major differences. They might be related to the
fact that the model is quite simple and does not consider the specific features of the laser-treated
metal surfaces as those presented in the paper. However, a proper modification of the presented
model, with the alternations mentioned earlier in the paper, could provide more accuracy for laser-
treated heat exchanging surfaces [15-17]. It is a very interesting issue worth an in-depth study with
the use of various computational and analytical tools [18-20].
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Abstract. The presented method was developed for laser micromachining of material surfaces.
The method allows to the creation of a spatial structure (2.5D) with the usage of a laser beam. The
method presented in the article should be classified as removal techniques using the phenomenon
of cold ablation. The method can be successfully used for pico- and femtosecond lasers equipped
with a galvo scanning head. The advantage of the method is that it generates trajectories and
modulates beam power based on the spatial geometry of the structure contained in the 3D data
exchange file. The method uses proprietary solutions allowing for proper modulation of the laser
beam power depending on the required geometry. The control application for the laser device and
galvo head was developed based on the National Instruments LabView environment.

Introduction

Developing spatial micro textures with a controlled geometry is a technologically difficult task.
This is mainly due to the texture dimension not exceeding one millimeter. At present, there is a
narrow set of technologies capable of carrying out such a task, for example, classic milling, EDM
machining, or laser processing [1]. Another issue during micro texturing is the need to maintain a
proper surface condition near the machining area. The occurrence of cracks, melting or degradation
of material near the micro-texture is unacceptable for almost all applications [2]. It is also
necessary to control the occurrence of a heat-affected zone when using methods in which thermal
exposure can occur. One of the supreme methods for manufacturing micro textures is laser
processing. Laser forming a microstructure that is a vertical projection of a given shape onto a
surface is a simple and well-known process. The task of creating spatial structures is definitely
more difficult and complex.

Laser machining involves exposing the material to a concentrated, coherent, and focused beam
of light [3]. The effects of the exposure depend on the length of the emitted light wave, the method
of laser work, the pulse duration, and the frequency of pulses. The positioning accuracy of the laser
beam is around 1-1.5 [um] when using a galvanometric head. Depending on the beam mode and
the length of the emitted beam, the trace of the beam can be circular with a diameter of 10 [pum].
For galvanometric heads, the beam feed rate can be close to 10 [m/s]. A significant difference
between laser removal of material and the conventional methods used so far is the much better
repeatability and speed of the process. As a result of the phenomenon of cold ablation in the process
of laser machining of the surface, the influence of thermal exposures is reduced [4]. There is also
no influence of mechanical forces in the process in question. Furthermore, it is possible to make a
precise surface structure on thin-walled elements, as opposed to the precision milling process.
Laser technology is also applicable in machining susceptible materials, including soft plastics. The
so-far known and developed methods of making microstructures, with the use of laser technology,
allow only perform cavities of the assumed flat geometry. There are only a few commercial full
3D laser machining methods.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Outline of the Method

Despite the numerous advantages mentioned above, laser processing technology also has its
limitations. According to the author, the most important limitation of the method is the possibility
of making micro textures with a fixed outline in the cross-section. This is mainly due to the method
of programming the laser equipment derived from the welding and cutting technology. Most
commercial systems provide the possibility of programming the laser beam trajectory on a certain
plane. The spatial effect of the structure is achieved through repeated execution of the indicated
contours of the prepared program. It is an inefficient and tedious method. Laser beam guidance is
usually provided by specialized galvanometric heads or, less frequently, by Cartesian robots [4].
The geometry of structures is the result of extruded cutting of certain flat shapes along the third
dimension. A graphical interpretation of the limitations of the methods used is shown in Fig. 1.

Fig. 1. An example of spatial textures that can be obtained
using the classic laser micromachining method.

The presented method allows obtaining spatial micro textures using a laser device emitting a
concentrated beam of optical radiation with a wavelength of 343 [nm] and a pulse duration of 6.2
[ps]. The use of such a laser allows for ablative material removal, significantly eliminating the area
of the heat-affected zone. The main property of the described technology is a new way of planning
the laser beam trajectory that is different from that used so far. The planned micro texture was
assumed to be processed in layers from top to bottom. The 3D geometry of the planned micro-
texture is transferred in the form of a three-dimensional data exchange file, e.g. STL. The input
3D file containing the spatial geometry was divided into layers of thickness corresponding to the
depth of the cavity after a single laser scanning process. The concept of dividing into layers is
shown in Fig. 2.

Fig. 2. Stages of geometry conversion for the developed technology.

The division of the STL file into layers was developed with the use of the LabView
environment. The final quality of laser machining will depend on the number of intermediate layers
created. Each of obtained layers was transformed into a raster image containing a set of pixels with
coordinates in a flat arrangement. The size of a single pixel corresponds to the size of the laser dot
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and is controlled depending on the laser device and optics used. Each pixel created will become
the point of exposure of the beam on the workpiece. Pixel coordinates in the created raster were
transformed into a three-dimensional matrix containing also the layer number. It can be stated that
the final result of the procedure is the development of a set of ““voxels”, i.e. the smallest indivisible
three-dimensional elements corresponding to pixels in raster graphics. A single "voxel" has a
volume equal to the volume of the cavity after a single exposure to the laser beam. Based on the
developed matrix, flat trajectories were generated each for the layer.

Method Implementation — Test Stand

For the development of the control application responsible for geometry division, the NI LabView
environment was used. Laboratory Virtual Instrument Engineering Workbench LabView is a
system-design platform and development environment for a visual programming language from
National Instruments [5]. LabView is commonly used for data acquisition, instrument control, and
industrial automation in a variety of operating systems. The programming language used in
LabView, sometimes called G, is based on data availability. The structure code and front panel of
the developed application are shown in Fig. 3 and Fig. 4 respectively.
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Fig.3. LabView application source code.
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The presented code has been synthetically divided into three logical sections (Fig. 3). The first
section (1) is responsible for uploading the proper STL file into the system. This section presents
geometry in space also. The second section (2) is responsible for geometry slicing according to the
input parameters such as the number and thickness of layers. The third section (3) contains
procedures that create raster temporary layers and builds a three-dimensional power table for laser
processing. In case the average RGB index of some pixel in the raster is not equal to 0 (not black),
then at corresponding coordinates in power table system inputs max power of the laser. In other
cases, the system enters the value 0. The obtained power matrix is transmitted successively to the
laser device.

The presented laser station (Fig. 5) is part of the equipment of the Department of
Terotechnology and Industrial Laser Systems of Kielce University of Technology. Experimental
laser TruMicro series 5000 is a solid-state laser, based on mono crystal disk Nd:Yb pumped by the
laser diodes, with the basic wavelength of 1060 [nm]. The laser generates a third harmonic with
a wavelength of 343 [nm]. It is an ultrashort pulse laser with a pulse duration of about 6.2 [ps] and
a nominal frequency of 400 kHz. The frequency can be divided by a natural number in the range
of 1-10000. The single pulse energy is in the range of 0.5 - 12.6 pJ and the maximum pulse power
is 2.032 MW. The average continuous power is 5 W.

Fig.5. Experimental Trumpf TruMicro laser station. '

The presented laser stand is used for drilling micro holes, surface texturing, and other laser
micromachining technologies. The stand is equipped with a two-axis Scanlab galvo head enabling
scanning at a speed of 3 [m/s]. The working area of the head is a square with a side length of 90
mm. The software provided with the laser has limited capabilities and is difficult to use, because
of the experimental laser destination. The laser is fully integrated with the head using the control
RTC4 PC interface board, with implemented real-time system.
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Fig.6. Reference and microscopic image of obtained microstructure (4 - truncated cone, B-
sphere, C- step pyramid).

Three preliminary experiments were conducted to verify the developed multi-layer laser
machining method [6-8]. The samples of PMMA material were used in the research process.
Machining parameters are listed in Table 1.

Table 1. Laser machining parameters

Pulse Energy [uJ] Beam Velocity Repetitions per layer | Pulse Duration [ps]
[mm/s]
6 200 300 6.2

A CAD SolidWorks graphic program was used to create spatial geometries in STL files. The
geometries in the form of a step pyramid, a sphere, and a truncated cone were made. The goal of
the experiment was to obtain structures compatible with assumed and uploaded geometries. No
specific depth of texture was assumed. Preliminary observations and microscopic photographs
were made with the usage of a confocal microscope Hirox KH-8700. The comparison of the
geometries and created structures uploaded is presented in Fig. 6 (A, B, and C respectively).

Summary

The results of the experiments confirm the effectiveness of the presented method for making micro
textures with strictly assumed shapes and geometrical dimensions. With quite simple algebra
manipulations it is possible to perform very complex micro textures (2.5D). The method can be
easily used for most commercial, and industrial laser devices and their control systems. A hardware
limitation of the presented method is the maximum depth of microstructure. It is caused by the
length of the laser beam focus waist, which is different from the wavelength and focal length of
the lens used. This problem can be easily solved by synchronization the head movement along the
Z-axis during the machining process. A certain disadvantage of the solution is the inability to
process the surface remaining in the shade. For this reason, this kind of machining is classified as
2.5D, not full 3D. The dimensional accuracy of the method requires proper resolution adjusting of
the generated power and trajectory maps with the knowledge of the spot size of the beam. The
obtained depth of microstructures depends on the number of programmed scan repetitions for each
layer. The exact solution to these problems requires further development work.
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Abstract. The method for increasing the shearing strength of adhesive joints in plastics was
investigated. This method uses laser micropatterning of different construction materials to extend
adhesive surfaces. In investigations, Polyethylene Terephthalate (PET) was used. TruMicro 5325¢
ultra-short pulse (picosecond pulse) laser and the SCANLAB GALVO scanning head applied in
the research enable ablative removal of the material without the heat-affected zone (HAZ) in the
rest of it. Ultra-short laser pulses (such as picosecond pulses) remove material without melting the
rest of it. The presented method significantly increases the shearing strength of the formed joints
in investigated materials made from plastics, which was proved in the results of laboratory tests.
The laser device parameters used, which are described in this article, have not produced cracks in
the microtreated materials. The research shows that bondings between elements with the
appropriately machined microstructure are characterized by a severalfold increase in the strength
of joints in relation to materials devoid of the microstructure. In addition, this study addresses
practical solutions to the adhesive method used for joining of the polymers used for tests. This
study could be helpful for each application where we have to connect these types of polymers.

Introduction
Over the last two decades, industrial technologies using laser machines were frequently addressed
in many papers from different scientific fields [1-5]. The lasers have greatly facilitated the
production in the automotive, aerospace, and electronics industry. Thanks to the rapid development
of lasers, different modifications in the surface layers and in materials, which were previously
considered difficult for machining for various reasons, are now possible. Currently, laser micro-
treatment is an increasingly common method for modifying the surface properties of different
construction materials [6-9]. The continuous improvement of the existing design solutions results
in applying the latest achievements from materials engineering, especially in the above-mentioned
industry branches. The use of lasers for this purpose seems to be justified. The impact of a laser
beam on the surface of different materials was the subject of many scientific manuscripts presented
in numerous publications [10,11]. In these publications was discussed the influence of laser
parameters (such as light wavelength, frequency of impulses, duration of the impulse, etc.) on the
surface of the material being machined. The use of different laser surface modification techniques
of polymers was elaborated on in detail in papers [12,13].

Mechanical fasteners and welding belong to traditional joining techniques, with which many
manufacturers feel comfortable. However, it has to be taken into consideration that these methods

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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are not the most practical solutions to perform a modern assembly. The application of some
mechanical fasteners can lead to an increase in production costs, and structure weight; and it can
limit the material options to choose from or result in their fatigue, strain, or even tear. Strong
adhesives or tapes can outperform mechanical fasteners in many structural applications ensuring
a clean and durable structure. That is why a growing number of manufacturers from various
industry branches are searching for industrial adhesives as an alternative to traditional joining
techniques. Thanks to achieving high reliability of objects, more and more products are made as
permanent assemblies, in which a bonding technology is widely used.

This manuscript is dedicated to the possibilities of using a laser micropatterning of a surface to
obtain a stronger adhesive joint of the selected construction materials. In the tests, polyethylene
terephthalate (PET) was used and joined with the Multibond 1101 epoxy glue. The surface of both
sides of the material was micropatterned with a picosecond laser in order to obtain a better
mechanical joint. The aim of this study was to offer an innovative joining solution that can reduce
the power/pressure requirement for joining and provide a better joint. For this study, the effect of
a pre-patterned surface of PET for joining will be demonstrated, and the strength tests of the joining
process with and without micropatterning will be discussed. The research shows that bondings
between elements with the appropriately machined microstructure are characterized by a
severalfold increase in the strength of joints in relation to materials devoid of the microstructure.

This manuscript aims to present the impact of the type of laser-machined micro-texture on the
material’s surface on increasing the adhesive force in adhesive joints. In addition, this study
addresses practical solutions to the adhesive method used for joining of the polymers used for tests.
This study could be helpful for each application where we have to connect these types of polymers.

Materials and Methods

Polyethylene Terephthalate (PET), has special physical properties, and is ideal for the production
of very precise parts and mechanical components, which are expected to be distinguished by
resistance to very high loads and abrasion resistance. It is also used in electrical insulating
components applied in electrical engineering, dimensionally stable and very precise mechanical
parts (such as sleeves, guides, gear wheels, rolls, pump elements, etc.), heavily loaded bearings,
sleeves, guides, and thrust washers. It is also widely applied in the automotive industry and the
construction of yachts and ship vessels.

The MULTIBOND-1101 is a cold-hardened two-component epoxy adhesive with a fluid, semi-
fluid, and gel-type consistency. It contains a colorless epoxy resin (component A) and yellow
hardener (component B). MULTIBOND-1101 wets and even saturates porous materials and is
easy to apply (mixing 1:1 by volume). The hardening process is homogeneous in the entire resin
mass during the average time. It is applied for joining metals, stones, ceramics, and other hard
materials except for polyolefins (PE, PP, PTFE). Typical applications include automotive elements
and machine parts, elements of railway carriages, buses, and yachts. This adhesive has high
resistance to water, oils, and petrol.

Micropatterning of tested materials was made on a laboratory stand equipped with a picosecond
TRUMPF 5325c¢ laser generating UV laser beam with a wavelength of 343 nm. The SNANLAB
intelliSCAN 14 scanning head was used for positioning laser beams in the working area. Before
laser micropatterning, the surface of the samples was cleaned with ethanol. The exemplary results
of the conducted micro-treatment were shown in the images, which were taken with the use of the
HIROX KH-8700 optical microscope (Fig. 1). After laser micropatterning samples were rinsed
sequentially in an ultrasound bath with ethanol and deionized water. Next, an overlap joint between
materials was formed using Multibond 1101 epoxy adhesive. The diagram of joining elements was
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presented and described below (Fig. 2). Subsequently, the INSTRON 4502 testing machine was
used to perform strength tests, which enabled us to determine to what extent the micro-treatment
of the selected geometric shape affected the increase in force needed to break the joint.

Results and Discussion

The main aspect of our work is to obtain a type of microstructure that improves the strength of the
glued joints and at the same time doesn't destroy the surface properties of the material. The
microstructure should change the properties of the material surface that will allow it to better
penetrate by glue and increase the adhesive strength. Improper micropatterning may change the
surface properties to hydrophobic, which will significantly impede the spread of the adhesive on
the surface. The authors selected two common shapes parallel-line and circles which are presented
in Fig. 1.

The effect of micro-treatment was obtained by ablative removal of material from the sample
surface [10] by linear beam movement. This is one of the available options to perform microtexture
measurements on this laboratory stand. Further research will be focused on other variants of shape,
density, and depth of laser machined microtexture of other polymers. The parameters of the
TruMicro 5325c¢ laser machine, which was used to carry out microtexture measurements are
following. Pulse energy — 12.6 uJ. Pulse repetition rate — 200 kHz. Laser scanning speed — 1000
mm/s. Type of shield gas — air.

According to the procedure described above, microstructures showing parallel lines
perpendicular to the direction of the peeling force with a distance of approximately 50 pm and an
average depth of 30 um were performed on the surface of machined materials intended for
bonding. They can be found in the following images. The microtexture that revealed circles
covered 50% of the area intended for bonding. A diameter of a singular element was approximately
1 mm, and its average depth was 70 um. The distribution and density of these elements were
selected based on experimental tests conducted by the authors of this manuscript. Both parallel-
line and circles textures were performed on both joined sample surfaces.
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Fig. 1. General view of the lateral profile of micropattern like parallel lines
and circles made on the sample surface.

Irrespective of the type of the applied adhesive, surface preparation is of key importance for
ensuring a durable and stable adhesive joint due to the fact that the joint strength is determined to
a large extent by the adhesion rate between the surface and the adhesive. Dirty surfaces inhibit
adhesion and require cleaning to ensure an optimal joint. Some adhesives can bond by surface
impurities, and others can require pre-cleaning before bonding. Each sample was cleaned with
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isopropanol to remove impurities before conducting the laser micro-treatment process. After that,
the samples were purified with compressed air in order to remove any material residues. The
samples prepared in this way were bonded in specially designed equipment, which enabled a
constant and reproducible thickness of the 1 mm adhesive joint. This ensured a visual inspection
of the bond. No additional pressure was necessary. Samples were left to fully dry for 24 hours.
Then, the samples were placed in the INSTRON 4502 testing machine jaws and strength tests were
performed.

During the tensile test, the sample was subjected to uniaxial strain. Measurements of forces
were recorded. Such investigation is one of the fundamental sources that can provide information
on the mechanical properties of plastics and adhesive joints. The values measured in these samples
include strain (elongation) and strain force (fracture connection). Thus, tensile strength is the
maximum stress that the material transfers during static tension. Tests were conducted for five
samples with microstructure and five samples without microstructure.

Diagrams below show the tensile force of the formed joint. The plastic flow of the sample was
not observed due to brittle cracking both in the applied binder and the examined material. The
diagram of bonded elements was presented in Fig. 2, where 1 is texturing zone and 2 is the sample
gripping section. Texture measurements were performed on the 12 mm x 12 mm surface on one
side of bonded elements. Texturing zone was coated with adhesive, and an overlap joint was
created, which was marked on a diagram. Samples for the static tensile test were prepared
according to the requirements of PN-EN ISO 6892-1 standard.

1 7

200

Fig. 2. Diagram of the lap joint.

Table 1 presents a comparison of the average results of the breaking strength of the joint made
and the value of the increase in strength of the joint with the texture in relation to the joint without
texture.

Diagrams in Figs. 3 and 4 illustrate the relationship between sample displacement and tensile
force.

Table 1. Summary of the results of strength tests.

PET without |PET with micropattern| PET with micropattern like
micropattern like circle perpendicular lines
Measurement 1 [N] 176.7 519.9 393.9
Measurement 2 [N] 188.2 532 386.4
Measurement 3 [N] 119.4 540.9 454.8
Measurement 4 [N] 216.6 555.8 347.4
Measurement 5 [N] 143 553 "X
Average [N] 168.78 540.32 395.62
Standard deviation [N] 38.18 14.89 44.40
Min [N] 119.4 519.9 3474
Max [N] 216.6 555.8 454.8
The average increase in strength [%] - 320.13 2344

*X — sample accidentally destroyed during mounting in the testing machine holder
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PET without micropattern

Forc

Displacemen t, mm

Fig. 3. PET samples joined without laser micro-treatment.

PET with micropattern like circle PET with micropattern like perpendicular lines

Force, N

Displacement, mm Displacement, mm

Fig. 4. PET — PET joints with laser micro-treatment.

Adhesively-bonded samples without micro-texturing were fractured with an average tensile
force of 168.78 N. Specimens that were adhesively bonded with the structure in the form of circles
were damaged with an average force of 540.32 N. The average force needed to destroy a sample,
which is adhesively bonded with the structure in the shape of circles is higher by 320%. Specimens
that were adhesively bonded with the structure in the form of parallel lines were damaged with an
average force of 395.62 N. The average force needed to fracture a sample, which is adhesively
bonded with the structure in the shape of circles is higher by 234%.

Most polymers are inherently either hydrophobic or only mildly hydrophilic, but they can be
made at least temporarily hydrophilic by exposure to a laser beam. The laser treatment method is
satisfactory to achieve superhydrophilic patterned surfaces. The implementation of the appropriate
geometric shapes of the pattern increases the hydrophilic properties of the surface. The created
micro-texture also increases the surface area of the bonded material, which has a considerable
impact on the force needed to break the bonding. Unfortunately, improper fabrication of micro-
textures affects changes in contact angle values and thus, changes in surface energy of the material.
Due to the above, an additional series of tests, which would provide a more in-depth analysis of
the obtained results, should be performed. Despite slight divergencies, the authors of the paper
received satisfactory results in the perspective of conducting further research on the modification
of shape and density parameters of the micro patterns. The authors of the paper noted that the
appropriate modification of both the laser parameters and the texture itself will allow for obtaining
even more durable connections. Both changing the operating parameters of the laser device and
changing the properties of the pattern are of great importance for the properties of the resulting
adhesive joint. These properties are closely correlated with each other. A slight change in one
parameter can have a big impact on the end result of the process [13].
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Conclusions

Ultrashort laser surface micropatterning is a very promising method for creating more
advantageous hydrophilic conditions for better adhesives wetting. Many studies have shown their
excellent properties for the ablative removal of thin layers of materials. Many methods have been
developed for fabricating micro-pattern on the surface with the aim of industrial production. The
studies that were conducted prove that the micro-texture type has a significant impact on creating
a more durable adhesive bonding using laser micropatterning on the surface of bonded material.
As regards PET material, the bonding between surfaces with the micro-texture exhibit much higher
tear resistance during the static tensile test than the same bonding without surface patterning.
Micropattern-like circles for PET are higher by 320% and it is a very promising result that gives
hope of conducting future research on the modification of the shape and density of the microtexture
distribution and the possibilities of its implementation on the processed material. Each of these
factors contains one or more elements that must also be evaluated. Further strength tests of
adhesive joints for other material pairs are also planned: metal - plastic; ceramics - plastic and
metal - ceramics, with or without a textured surface, as well as with the use of another type of
adhesive agent or without the use of additional adhesive.
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Abstract. The main objective of the present work was to determine the influence of laser beam
processing (LBP) on the microstructure, microhardness, roughness, and corrosion resistance of
coatings produced on C45 carbon steel by the electro-spark deposition (ESD) process. The studies
were conducted using WC-Co electrodes produced by the Pulse Plasma Sintering method (PPS)
of nanostructural powders. The coatings were deposited by means of the EIL-8A and they were
laser treated with the Nd:YAG, BLS 720 model.

Introduction

Carbide coatings have numerous industrial applications. Characterized by high abrasion, sliding,

and erosion resistance, they can be used as a substitute for hard chrome plating. Cemented carbides

are cermets containing between 70 and 97 wt.% of refractory metal carbides (e.g. WC, TiC, TaC)

and a metal binder which is most often cobalt, sometimes nicke,l and occasionally an iron-base

alloy. At present, cemented carbides find numerous applications as wear parts as well as in all

kinds of machining operations outperforming the conventional high-speed steel tools [1].
Cemented carbides are classified into categories depending on their chemical composition and

WC grain/particle size. The latter parameter can vary widely, therefore cemented carbides are

divided into four main groups [2]:

e coarse-grained - 3+30 um,

e standard - 1.5+3 um,

e fine-grained - 0.5+1.5 um,

e ultrafine-grained - < 0.5 pm.

ESD technology can be an alternative to other techniques for the production of engineering

materials, e.g. sinters [3-5]

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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We can produce carbide-based coatings using various technologies. Among the beam
techniques, we observe a dynamic development of laser processing [6] and a well-established
position among surface treatments using the ESD method [7].

To date, a number of alternative ESD techniques have been developed to suit various coating
deposition conditions and meet surface topography requirements. ESD coatings may serve as both
technological and functional surface layers and can be deposited using portable, manually operated
equipment or fully automated systems.

ESD coatings have some disadvantages, such as high roughness and the presence of porosity
and discontinuities but these can be eliminated by laser treatment. The laser beam is used for
surface sealing, removing surface irregularities, homogenizing the chemical composition of the
coating, and changing its phase composition [8]. Therefore laser-treated ESD coatings show lower
porosity, better adhesion to the substrate, higher resistance to wear and seizure, higher fatigue
strength due to the presence of compressive stress, and good resistance to corrosion. Analysis of
properties of WC-Co coating systems requires many methods [9, 10].

This paper reports on the effects of laser treatment on microstructure, microhardness,
roughness, and corrosion resistance of electro-spark WC-Co coatings.

Experimental Procedure

The coatings were deposited on the C45 grade plain-carbon steel by the ESD method. The
electrodes, of composition 95% WC and 5% Co, were produced using the Pulse Plasma Sintering
method.

The powders were mixed together in the right proportions and consolidated by means of a
pressure-assisted, pulse-plasma sintering (PPS) method at the Faculty of Material Engineering,
Warsaw University of Technology (Poland). The powder mix was held for 5 minutes at 1100°C
and 50 MPa. PPS uses high-current pulses generated through continual discharging of a capacitor
battery of 300 uF, thereby inducing several tens of kA current which flows through the
consolidated powder within each millisecond pulse.

To deposit the WC-Co coatings the EIL-8A apparatus was operated at voltage, current, and
capacitance of 230 V, 2.1 A, 300 uF, and 2 min/cm?, respectively. The coatings were afterward
treated with the Baasel Lasertechnik 720 Nd:Y AG laser run in pulsed mode at a power level of 25
W, a spot size of 1 mm, and pulse duration of 0.5 ms and a pulse repetition frequency of 45 Hz.
The sample movement rate and beam shift jump were set to 230 mm/min and 0.35 mm,
respectively.

Results and Discussion

The morphology of WC-Co coatings was analyzed before and after laser treatment by means of
the Quanta 3D FEG (SEM/FIB) scanning electron microscope, equipped with an integrated
EDS/WDS/EBSD system (energy dispersion spectrometer EDS, wavelength dispersion
spectrometer WDS and electron backscattered diffraction EBSD). The microstructures of ESD
WC-Co coatings in both as-deposited and laser-treated conditions were observed by SEM.
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Fig. 1. Microstructure of the WC-Co coating.  Fig. 2. Microstructure of the WC-Co coating
after laser treatment.

A typical microstructure of the WC-Co coating is illustrated in Fig. 1. From the SEM analysis,
it is evident that the as-deposited coating is porous and cracked, and has a thickness of between 25
and 35 um. The heat-affected zone (HAZ) within the substrate ranges from 14 to 21 um beneath
the clearly seen coating-substrate interface. The ESD treatment homogenizes the chemical
composition of the coatings and refines their microstructure. As seen in Fig. 2, the laser-modified
outer layer is free from cracks and porosity The coating is 30-40 um thick and perfectly adheres
to the substrate, wherein the carbon-enriched HAZ extends from 25 down to 31 pum beneath the
coating.

The roughness of the WC-Cu coatings was quantitatively assessed using the Talysurf CCI
optical profiler and was measured in two perpendicular directions. The first measurement was
made parallel to the electrode movement direction, while the second measurement was
perpendicular to the scanning stitches. The average value of the Ra parameter for a given coating
was calculated from these two measurements. Measurements of WC-Co coatings subjected to LBP
were made in perpendicular and parallel directions to the path of a laser beam, and then the mean
value of roughness was calculated. In most research studies, the measurements of surface
roughness are measured along the path of the laser beam. The obtained results do not reflect the
actual surface micro-geometry because the maximum height of irregularities occurs in the
perpendicular direction.

WC-Co coatings were characterized by the value of the parameter Ra = 2.64+3.16 um, while
after laser beam machining the arithmetic mean value of the profile ordinates was from 9.87+10.57
um. C45 steel substrates to which coatings were applied were characterized by Ra = 0.38+0.42
um. Selected profiles of the tested samples are presented in Fig. 3.
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Fig. 3. Examples of surface profiles of WC-Co coatings. a) before LBP, b) after LBP.
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Microhardness measurements were performed using the Vickers method. The microhardness
was measured using the Microtech MX3 tester at a load of 0.4 N applied for 15 seconds.
Indentations were made on perpendicular sections in three zones: in the coating (before and after
LBP), in the heat-affected zone (HAZ) and in the substrate material. Each sample was subjected
to 10 measurements. It was found that LBP caused a slight decrease in microhardness of the tested
coatings. The microhardness of the WC-Co coating prior to LBP was ranging from 968 to 1065
HVO0.4 and slightly decreased to between 937 and 995 HV0.4 after LBP. The C45 steel substrate
of was not much affected by the laser treatment and its microhardness was ranging from between
461 and 528 HV0.4 in the HAZ to between 271 and 279 HV0.4 in the underlying substrate.

Corrosion resistance tests were carried out by the computerized Atlas'99 electrochemical
analysis system using the potentiodynamic method. The cathodic and anodic polarization curves
were acquired by polarizing the tested specimens at 0.2 mV/s (within the area of £200 mV from
the corrosion potential) and 0.4 mV/s (within the area of higher potentials). Specimens with a 10
mm diameter separated area were polarized to 500 mV. In order to establish the corrosion potential
the polarization curves were acquired 24 hours after exposure to the test solution (0.5M NaCl). All
tests were carried out at 21£1°C. The corrosion resistance results are shown in Fig. 4.

After laser treatment of C45 carbon steel a martensitic structure was obtained, which has a
higher resistance to corrosion as compared to the ferritic-pearlitic structure. LBP improved the
corrosion resistance of ESD coatings by about 21% due to the sealing effect. As a result of laser
processing a decrease in the corrosion current density, from 11.6 to 9.2 pA/cm?, and increase in
the corrosion potential, from -595 mV to -585 mV, were observed.
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Fig. 4. Polarization curves of WC-Co coatings in as-deposited and laser treated condition.

Summary

1. The process of creating technological surface layers by the ESD method is associated with the

transfer of mass and energy and the phenomenon of the formation of low-temperature plasma.

The laser beam can effectively modify ESD coatings and their functional properties.

Laser irradiation of coatings resulted in the healing of micro-cracks and pores.

The roughness of the ESD WC-Co coatings are more than tripled by the laser treatment.

The laser processed of electro-spark WC-Co coatings show improved resistance to corrosion

(by ~21%) and slightly decreased microhardness (of ~6%).

6. The obtained results may of interests for industry branches using responsible parts of devices
e.g. turbines [11], superheaters [12] or military equipment [13, 14].
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Abstract. The paper presents the results of the research on the tribological properties of the DLC
coating. The coating was applied using plasma-assisted chemical vapour deposition (PACVD).
The obtained coating was determined to be a DLC coating using a Raman spectroscope. Friction
tests were performed using a tribometer working in a ball-disc friction configuration at various
loads applied. For the tests, a disc with a DLC coating was used as a sample, and a ball made of
100Cr6 steel was used as a counter-sample. The friction tests were carried out in the conditions of
technically dry friction. Examination of the coating was done using a scanning microscope.
Analysis of the geometric structure of the sample before and after the friction test was performed
using a confocal microscope with an interferometric mode. The obtained test results indicated that
the properties of DLC coatings are influenced by the deposition process conditions: the argon and
methane flow ratio. Whereas the deposition time influences the tribological properties.

Introduction

DLC coatings have aroused great scientific and industrial interest since the beginning of the 70s
due to their very good mechanical, physical [1], tribological and anti-corrosion properties [2]. The
coatings have a very smooth surface [3—5], high hardness [1,3—6], low friction coefficient, high
wear resistance [1,3,4,7,8], good thermal conductivity, high transparency [1,5], good chemical
inertness [1,4-6] and biocompatibility [1,4,7,9]. In addition, the coatings can be applied for
protective purposes, e.g. to protect other surfaces against corrosion [10,11].

Thanks to all these properties, DLC coatings have been widely used in the production of
magnetic disks [5], cutting tools [3,5], mechanical parts, biomedical and optics devices etc. [5].

The DLC coating consists of hybridised bonds of sp1 type (acetylene-like), sp2 type (graphite)
and sp3 type (diamond) [1,5,12]. The content of sp2 and sp3 bonds affects the optical, electrical
and mechanical properties of the coating [1,5]. It is believed that sp2 and sp3 bonds also have an
influence on some biomedical properties [1]. The relatively high content of sp3 hybridisation
guarantees very good mechanical properties: Young's modulus of about 300 GPa, hardness above
17 GPa and the friction coefficient lower than 0.05. The physical and mechanical properties of the
resulting (modified) surface depend on the type of substrate, method of deposition, layer thickness,
applied precursors, etc. [4].

Currently, various methods of DLC coating deposition are used. Essentially, the methods can
be divided into two groups: chemical vapour deposition (CVD) and physical vapour deposition
(PVD) [3].

Raman spectroscopy is used to examine DLC coating. This method is widely used due to its
comparability and non-destructive testing process [5].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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When analysing DLC coatings using Raman spectroscopy, a characteristic band is visible in the
area of 1000-1700 cm™!, which is band D and band G. The sp2 carbon atoms are centred in around
1355 cm™ to 1550 cm™ 1. The G band is called the graphite band and the D band is the "disorder"
band from which useful information can be derived about DLC coating binding characterised by
hardness and chemical composition. Raman spectra are used to determine sp2 bonds and the
sp2/sp3 bonds ratio [6].

1zak et al. [6], during their research, applied DLC coatings using the physical vapour deposition
method with a pulsed arc system at various flow rates Ar and/or N2, various numbers of pulses
and polarization voltage. The resulting coatings were tested with Raman spectroscopy. Changes
in the number of pulses and the number of carbon atoms on the samples deposited in the vacuum
chamber reflect the thickness and morphology of the DLC layers.

The paper describes a carbon coating tested with a Raman spectrometer to check if DLC was
formed. Additionally, selected tribological properties of the deposited layer were examined.

Material and Method

The coating was deposited using the physical vapour deposition method (PVD) and plasma-
assisted chemical vapour deposition method (PACVD). A Nanomaster NPE-4000 device was used
for this purpose.

The sample was initially cleaned and then put into the chamber of the NPE-4000 device. A
vacuum of approx. 3.5 - 10 Torr was generated for this test. Then the sample was cleaned in a
vacuum using argon. The cleaning procedure was continued for 15 minutes. Chromium interlayer
was deposited between the substrate and the DLC coating, to ensure adhesion of the coating to the
substrate. The chromium deposition process took 30 minutes. The chromium interlayer was
applied using the PVD method. A chrome target was used for the chromium application. DLC
coating was applied using the PACVD method with the parameters given in Table 1.

Tabele 1. The coating application parameters

Cleaning Interlayer Coating
Ar [CHs4| time RF Ar | CH4 | time DC | Ar | CHs | time RF
30| 0 | 15min| 200W 30| O |30min.|200W | 50 10 | 2godz. | 150 W

The resulting coating was tested to check if the obtained coating is a diamond-like coating. A
Raman spectrometer was used for the test.
While using a scanning electron microscope Phenom XL equipped with an EDS microanalyser,
the elements contained in the sample used were observed and identified
Tribological tests were conducted on a TRB? working in the ball-on-disk pair in a reciprocating
motion. The tests were conducted with the parameters summarized below:
e loadP=10N1iIN,
e sliding speed v =10.02 m/s,
e number of cycles = 10 000,
e moisture content 24 + 2%,
e ambient temperature To =25 + 2°C,
e friction combination: steel ball (100Cr6, 6 mm) — discs with DLC coating.
e technically dry friction.
After the tribological tests the linear wear, friction coefficient and wear area were analysed. The
wear area were observed using a confocal microscope with Leica DCMS interferometric mode.
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Results and Discussion
The obtained coating was examined using a Raman spectrometer. Figure 1 shows the obtained
examination results.

The obtained test results proved that the coating produced is a DLC coating. The spectrum
obtained is typical for this kind of coating, namely the G and D bands are in the spectral range of
1200 to 1700 cm™'. This is a characteristic feature of carbon structures containing graphite-like
phases.
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Fig. 1. Raman spectrum for the resulting coating.

Additionally, the deposited layer was examined using a scanning electron microscope equipped
with an EDS analyser to check its chemical composition (Fig. 2).

D
| Element |Weight

Symbol |Conc.
C 71.23
Cr 28.56
Si 021
@

@ le

Fig. 2. SEM: a) view of the coating and b) the X-ray spectrum together with the chemical
composition in the micro-area.
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The resulting coating is a DLC coating as a high carbon content was identified. Chromium was
also observed as it was deposited in the interlayer. The coating obtained was as intended. Figure 3
shows isometric images and primary profiles of the disc before friction tests.

When analysing the maximum wear depth and areas of the discs, it was observed that the
abrasion marks found on the disc with the a-C:H coating after technically dry friction were larger
for the load of 10 N than for the load of 1 N. The maximum depth was more than half as large, and
the worn area was 3.5 times larger. The abrasion mark on the disk was also wider for the higher

load case.

Figure 4 shows isometric images and primary profiles of the discs after tribological tests.

Fig. 3. Surface textures before the tribological tests:
isometric views and primary profiles the a-C:H coating.
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Fig. 4. Isometric views and primary profiles of the discs

and balls after the tribological tests.
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Table 2. Surface texture parameters for the disc with coating
DLC and before and after the tribological tests.

Surface texture Before test Past test

parameters 1N 10N
Sa [nm] 12.38 32.07 30.44
Sq [nm] 15.39 38.77 37.48
Sp [nm] 46.05 109.1 114.7
Sv [nm] 53.18 1154 121.5
Sz [nm] 99.22 224.5 236.1
Ssk [-] -0.30 0.65 0.39
Sku [-] 2.83 2.54 2.70

Table 2 presents the roughness of the discs before and after the tribological tests. When
comparing the obtained parameters of the geometric structure of the disc surface, lower values of
Sp, Sv, Sz, and Sku were found after technically dry friction for the lower load case (1 N). The
value of the Sku parameter in all tested cases of the discs was close to 3, which is close to normal
distribution. The distribution of unevenness on the measured surfaces was even [13]. Figure 5
shows results after the tribological tests.
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Fig. 5. a) Coefficient of friction and b) linear wear.

The wear process causes degradation of the material's strength properties. It occurs due to the
interaction of load, such as pressure, thermal and chemical processes [14].

When analysing the results of tribological tests, it was found that lower values of the friction
coefficient and linear wear were obtained during the test with a load of 1 N than the test with a
load of 10 N. The values were lower by approx. 8% and 67%, respectively.

Summary

To sum up, the following conclusions were drawn from the research results obtained:

1. The tribological properties of the resulting coatings are influenced by the deposition conditions,
such as the time and the substrate on which the coatings are deposited.

2. Raman spectroscopy is necessary to determine the type of coating formed. The results of these
tests confirmed that diamond-like coatings were produced. A typical spectrum for DLC
coatings was obtained. Bands G and D in the spectral range of 1200 to 1700 cm™! were observed.
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3. Based on the analysis of the chemical composition performed with a scanning electron
microscope equipped with EDS, it was determined that the coating consisted of carbon and
chromium. Carbon came from the coating and chromium from the interlayer.

4. When analysing the results of tribological tests, it was found that higher loads translate into a
higher friction coefficient and greater linear wear.
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Abstract. This paper presents the results of the selection of parameters for the DLC coatings laser
texturing process using a picosecond laser with a wavelength of 343 nm. It also shows the level of
precision with which it is possible to generate a texture with this technology and examples of
possible shapes created using TruTOPS PFO software with their selection for the best texture
quality.

Introduction

Forming the micro-geometry of friction surfaces is a very common issue in modern machine
constructions. Technological progress, including in the field of laser techniques, enables very high
precision surface modification. Laser texturing allows for making micro-cavities on the surface of
a given material in a quick and repeatable way.

Laser texturing is a type of subtractive micromachining process. The size of the material to be
removed is in the range of micro and millimeters. The energy of the laser beam is used to remove
material. Laser micromachining is a method commonly used when high and repeatable
dimensional accuracy is required and for materials that are difficult to process by other methods.
Laser texturing involves forming a desired geometric structure and/or distribution of
physicochemical and mechanical properties on the surface of a processed material [1, 2].

The area of the beam impact on the material is determined by the size of the laser spot in focus.
The time of the beam pulse is particularly important since different mechanisms of interaction with
the material can be used depending on the intensity of the radiation and the exposure time. Pulses
longer than 1 nanosecond are called long pulses. Pulses with durations between 1 picosecond and
1 nanosecond are called short pulses, and those with durations less than 1 picosecond are referred
to as ultrashort pulses [3].

The crucial aspect is the proper selection of process parameters to obtain texture elements with
desired and reproducible geometries and physicochemical properties. The size of the heat-affected
zone, or lack of it, depends on the duration of the laser pulses. Treatment with long pulses leaves
distinct remelting marks and heat-affected material alterations. Laser ablation induced by

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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picosecond and femtosecond laser pulses is called cold ablation because no heat-affected zone, in
its traditional sense, is observed in the material [4].

In recent years there has been great progress in the development of research and application
topics related to carbon materials. It includes obtaining diamond-like coatings, DLC (Diamond-
Like Carbon), and applying them by PVD and CVD methods [5-7]. DLC coatings can be used in
a variety of tribological pairs [8].

The choice of using UV wavelength laser is because DLC coatings are mainly transparent to
the visible and IR spectrum of light but can absorb UV radiation.

Experimental
The test specimens were 4H13 steel samples with antiwear a-C:H DLC coating containing
vanadium and chromium interlayers. The coating was applied using PVD technology. The
thickness of the coating was approximately 1.5 um. DLC coatings are characterized by very good
mechanical properties (including low coefficient of friction and high hardness). These properties
make DLC coatings widely used for machine parts that are subjected to high loads and increased
wear and subjected to increased wear. The composition of the steel used was as follows (wt.%):
C: 0.36-0.45, Mn: 0.50-0.80, Cr: 12.0-14.0, Si: 0.60-0.80, Mo: 0.5-0.7, V: 0.2-0.3, Ni: 0.1-0.60, P:
max 0.04, S: max 0.03, and the remainder is iron.

The process of PVD deposition of antiwear thin coatings is carried out at increased temperature.
The coating was obtained by the following processes and temperatures:

¢ a-C:H by physical vapor deposition PVD sputtering at < 300°C;
e substrate material temperature 350°C.

Laser texturing of coatings is used to create a reservoir effect on the surface of interacting coatings.
This phenomenon occurs when wear particles or a lubricant are stored in the cavities created by
the texturing. This results in better distribution of the lubricant and also has a significant effect on
reducing wear. The implementation of the experimental plan was divided into two stages. In the
first stage, the selection of appropriate laser operating parameters was made in order to obtain a
texture of optimal quality. The cavity quality, its width, and depth were taken into consideration.
The depth was measured on a Talysurf CCI Lite optical profilometer. Six texture shapes were then
designed using TruTops PFO software. A ring-shaped specimen of 4H13 steel with a DLC coating
was sketched in the software along with different textures, and then its surface was divided into 6
regions to create texture on the surface of one specimen. The texture shapes were then examined
for surface quality on a Hirox KH-8700 digital microscope.

Results and Discussion

Parameter selection began by determining the optimal laser power in terms of the highest fluence
value and the quality of the groove produced on the surface of the specimen by laser. In order to
find the optimal laser texturing conditions, an experiment was conducted. It consisted of evaluating
the effect of the laser pulses on the coating surface while changing the scanning speed, with
constant pulse frequency and laser power. A test was performed for 14 scanning speeds varied by
5 mm/s. The selection of the laser beam parameters was evaluated by observing the laser beam
impact trace. Geometry evaluation was done using Mountains®8 software for surface topography.
The evaluation took into account:

e groove depth,
e the presence and shape of the flotation,
e the shape of the groove.
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The diameter of the laser spot in focus was determined to be 18.2 um, and the area of interaction
of the focused laser beam according to the specifications of the TruMicro 5000 laser was
259.2um?. Calculations from [4] were used to determine the other resulting parameters.

In order to select the optimal parameters for the laser texturing process, a preliminary test was
carried out on one of the samples. The following laser parameters were used to perform the test:

e 70% laser power - adjustable power of 3.5 W;
e frequency 66.6 kHz;

¢ pulse divider - 2.

The examination of microstructure was performed using the Talysurf CCI optical profilometer for
surface geometry structure investigation. The system enables the analysis of the geometric
structure of the surface with a vertical resolution of up to 0.01 nm. Data analysis was performed
using TalyMap Platinum 6.2.7200 software.

Considering the results from the optical measuring machine, sample No. 6 was selected at a
beam speed of 110 mm/s with a maximum groove depth of 2.219 um and a horizontal distance of
43.022 um. Table 1 shows the parameter selection along with the calculated parameters.

Table 1. Selecting the scanning speed of the TruMicro 5000 picosecond laser head

No. [m:‘ /] [‘;] f [kHz] [33] le % | lo |y F . Mdae"i:';al S::f:ac ) :llnitr::scle
um o e [am?2] | [pm]

1 85 35 | 6666 | 058 | 875 | 085 | 128 | 14 3.14 254 83.051 | 55.941
2 90 35 | 6666 | 058 | 875 | 085 | 135 | 13 3.13 3.331 93.975 | 48.19
3 95 35 | 6666 | 058 | 875 | 084 | 143 | 13 3.11 3.068 91.693 | 48.19
4 100 35 | 6666 | 058 | 875 | 0.83 | 150 | 12 3.10 3.493 132.308 | 48.19
5 105 35 | 6666 | 058 | 875 | 082 | 158 | 12 3.08 2.721 66.113 | 48.19

>>6 | 110 35 | 66.66 | 058 | 875 | 0.81 | 1.65 | 11 3.07 2.219 54.217 | 43.022
7 115 35 | 6666 | 058 | 875 | 0.80 | 173 | 11 3.06 2.714 79329 | 67.759
8 120 35 | 6666 | 058 | 875 | 079 | 1.80 | 10 3.04 2.838 46.727 | 55.885
9 125 35 | 6666 | 058 | 875 | 079 | 188 | 10 3.03 2.919 59.424 | 43.13
10 130 35 | 6666 | 058 | 875 | 078 | 195 9 3.01 2.595 50.224 | 35.116
11 135 35 | 6666 | 058 | 875 | 0.77 | 203 9 3.00 2.724 5568 | 56.892
12 140 35 | 6666 | 058 | 875 | 076 | 210 | 9 2.99 2.315 42.193 | 31.666
13 145 35 | 6666 | 058 | 875 | 075 | 218 | 8 2.97 2.547 50.034 | 42.954
14 150 35 | 6666 | 058 | 875 | 074 | 2.25 8 2.96 3.39 68.69 | 37.383

where:

v — laser head scanning speed [mm/s];
P — laser power [W];
Pa — average laser radiation power [W];
f — laser pulse frequency [kHz];
Ie — single pulse energy [uJ];
Io — the distance between pulse centers [um];
Ln — Number of pulses per workpiece point;
F — fluence of laser radiation [J/cm?];
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Fig. 1. Surface structure after treatment with the selected laser
parameters — 110 mm/s laser head scanning speed.

Fig. 1 shows the surface structure analysis after a single laser beam passage with the selected
parameters.

Once the laser processing parameters were selected, the second stage of the experiment was started
— texture shape selection. The texture shapes generated using TruTops PFO software were as
follows:

grit with 150 pm distance between beam passes;

spiral with 100 pm distance between beam passes;

lines with a distance between beam passes of 400 pum;

circles 60 um in diameter with a distance between centers of 100 pum;

crescents - an arc with a radius of 60 um and an angle of 180°;

points with a diameter of 30 pm and a distance of 100 pm.

Fig. 2 shows the shapes of textures taken into consideration.

Fig. 2. Different shapes of the texture with given magnification:
a) Grid x2000 b) Spiral x35 c¢) Lines x35 d) Half circles x2000

e) Points x2000 f) Circles x2000.

The quality of the coating after texture generation did not deteriorate. The best texture quality
(in terms of groove quality) is shown by the grid and spiral texture. The lines are clearly outlined,
and their shape is regular. The point-shaped texture with a diameter of 30 pm shows some shape
irregularity. The points do not have a uniform character. The circle-shaped texture also does not
show the required repeatability of the cavity depth. The semi-circle-shaped texture like other non-
orthogonal textures does not achieve the required coating depth uniformity. The areas where the
texture was not made to the required depth are visible. Fig. 3 shows an example of the surface
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geometric texture results using a Hirox optical microscope. It can be seen that the groove depth is
approximately 2 um. This value matches the values achieved in the first stage of the experiment
on the selection of laser texturing parameters.

Fig. 3. DLC coating surface microstructure
after applying one type of texture.

Summary

The aim of this work was to demonstrate the technological capabilities of texturing DLC coatings
using a picosecond laser with a wavelength in the UV spectrum at which DLC coatings exhibit
light absorption, making it possible to perform texturing on them. This laser is available at the
Centre for Laser Technologies of Metals at the Kielce University of Technology. This paper
presents the selection of parameters of the laser texturing process on the DLC coating applied on
the substrate made of 4H13 steel. The parameters were chosen to produce grooves on the coating
with a depth of about 2.13 um. After selecting different texture shapes and examining them using
microscopy, it was found that the best texture quality in terms of groove shape occurred for
orthogonal shapes, i.¢e., shapes such as a grid or straight lines.

The presented results may be useful for people interested in significantly increasing the wear
resistance of parts of machines and devices, e.g. biotechnological apparatus [9], chemical
accessories [10-12], internal combustion engine accessories [13], or highly responsible elements
of weapons [14, 15]. The analyzed process can also be an interesting experimental example for the
analysis of adjustment calculus [16] and non-parametric methods [17-19].
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Abstract. The paper presents the results of research on the surface texture, adhesion, and the
results of tribological tests of TiO> coatings obtained with the ALD technique. The geometric
structure of the surface before and after the tribological tests was assessed using a confocal
microscope with an interferometric mode. Model tribological tests were carried out for a
reciprocating motion under the conditions of technically dry friction and friction lubricated with
Ringer's solution. The tests showed that the TiO> coating has better tribological characteristics
compared to Til3Nb13Zr. The study of the geometric structure of the surface after tribological
tests showed that the use of the lubricant resulted in a 3-times reduction in wear.

Introduction

Biomaterials consist of a number of materials with different compositions, structures, and
properties. Regardless of whether they are made of a metal alloy, ceramic, or polymer, high
biocompatibility, i.e. biological compatibility with a living organism, is required from them. After
implantation, all biomaterials shouldn’t cause allergic reactions and inflammation of the tissues
surrounding the implant. They shouldn’t also lead to implant rejection. Metallic materials account
for the largest share of the global biomedical market. They are characterized by very good strength
parameters, corrosion resistance, and well-mastered manufacturing techniques. Despite the
continuous improvement of metallic materials, there is still the problem of their stabilization in the
human body environment. Harmful products of their wear, including metal ions, entering the
bloodstream may cause inflammatory processes and accumulate in tissues and organs [1].
Therefore, for many years, research has been conducted on surface modification of biomaterials
to protect metal ions from entering the patient's body. The most commonly considered are various
types of surface layers and coatings produced by physical and chemical methods [2-6].

The atomic thin film deposition (ALD) technique is used to produce nanoscale coatings. The
system was invented by V. Aleskovsky and his associates in the 1960s. At the turn of the century,
the technique was modified and applied mainly in electronics. The first publication using the ALD
technique in corrosion protection was published in 1999 [7-9]. Then, there were further
publications and patents on the application of the above technique in biomedical materials [10-
12]. Previous research on thin coatings has focused on ceramic materials including Al,O3
aluminum oxide [13,14]. Although the coatings have very good properties, such as high hardness,
and mechanical and thermal strength, they have some disadvantages which should be subject to
extensive analysis. Aluminum oxide, Al,O3, has very excellent barrier properties, but can be
chemically unstable and even dissolve in body fluid environments [15,16]. Therefore, the authors

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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of this paper proposed the use of TiO coating as a barrier/antiwear layer deposited on Ti13Nb13Zr
titanium alloy.

Materials and Methods
The test substrate was titanium alloy Til3Nb13Zr with the elemental composition shown in Table
1. The choice of material was dictated by its biocompatibility, mechanical properties, and high
resistance to dissolution in body fluids [2]. In order to improve the functional and operational
properties, a TiO> coating was applied to the Ti13Nb13Zr alloy using the atomic thin film chemical
deposition (ALD) technique.

Table 1. Chemical composition of the Til3Nb13Zr, [wag. %]

C H 0 N Fe Nb Zr Ti
<0.08 <0.015 <0.016 <0.05 <0.25 12.5-14.0 | 12.5-14.0 rest

The TiO2 coating was deposited by means of the method of atomic layers deposition from a
gaseous phase - ALD, using the Beneq system. Two precursors, Titanium Tetrachloride (TiCls)
and water (H20) were used during the process, which was alternately introduced to the chamber.
The process temperature was 130 °C, and 700 cycles have been applied. The assumed thickness
of the deposited TiO: layer was 110 nm.

The surface texture before and after tribological tests was analyzed using a confocal microscope
with Leica DCMS interferometric mode. Axonometric images along with surface profiles on the
cross-section are shown in Figure 1.

The tribological tests were carried out using an Anton Paar NTR? nanotribometer. Tests were
carried out in a reciprocating motion under conditions of technically dry friction and friction in a
Ringer solution environment. The applied loading force was 5 mN, the frequency was 1 Hz,
cycle number was 10000. The counter-sample in the tested friction pairs was a ball 2 mm in
diameter made of Al2O3. The lubricant with pH 5.5 and a volume of 1000 ml consisted of NaCl -
8.6 g, KC10.3 g, and CaCl» 0.48 g. The tests were repeated five times for each friction pair with
the given parameters.

The adhesion of the coating to the Til3Nb13Zr substrate was investigated using a scratch
test. The test was carried out using an Anton Paar NHT? The test consisted in scratching the
surface of the specimen with a Sphero-conical diamond indenter with a rounded radius of 2 um
at a load linearly increasing from 0.03 to 5 mN, a loading rate of 20 mN/min and a scratch length
of 3 mm.

Results

The functional properties of a material determine the surface roughness. The geometric structure
of the surface, especially of the mating elements, should be analyzed in 3D. Fig. 1 and Table 2
show axonometric (3D) images with surface profiles and amplitude parameters of the tested
elements. The pink color indicates the average profile.

The analysis of the results of the geometric structure of the surface revealed that the values of
all the analyzed amplitude parameters — Sp, Sv, Sz, Sa, Sq were lower for the TiO2 coating. The
positive value of the Ssk parameter for the reference sample informs about the presence of steep
hills with sharp tops. The negative value of Ssk of the Ti13Nb13Zr TiO; sample proves its plateau
surface formation — gentle slopes and rounded peaks.

The results of friction tests were summarized on a graph of the friction coefficient — p
(Fig. 2) of test elements depending on the types of materials, friction pairs and lubricants used.
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The results of the friction tests carried out indicate that the TiO; coating has the best tribological
characteristics. The observed friction coefficients were comparable for both materials studied.
Tests conducted with a lubricant indicate that resistance to the motion was 4-fold lower compared
to values obtained from technically dry friction.

Table. 2. Parameters of the surface texture

Parameter Sp Sv Sz Sa Sq

- Ssk Sku
Unit [wm] | [um] | [um] | [um] | [um]
Til13Nb13Zr 1.42 0.5 1.93 0.06 0.09 1.97 12.27
Ti13Nb13Zr TiO; 1.24 0.4 1.65 0.05 0.06 -0.02 3.45

um

1.5

05

0.0 4

-0.5

-1.04 E
T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 mm

1484
-0.7712

b)

Fig. 1. Axonometric images and surface profiles
of the reference sample Til3Nb13Zr (a) and TiO: coating (b).

The measure of adhesion of the coating to the substrate is the critical force. This force first
causes cracking of the coating L Ft 1 - L Ft 4, and then its destruction - L Ft 5. Fig. 3 shows the
results of the scratch test. The critical force was assessed on the basis of the registered changes in
the coefficient of friction and frictional force and the indenter penetration depth.
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Fig. 2. Average friction coefficient obtained under dry friction (TDF)
and with the use of Ringer’s solution (RS) as a lubricant.

TDF

Tests of adhesion of the TiO: coating to the substrate showed that the coating was completely
delaminated as a result of the applied load. On the friction force and friction coefficient diagrams,
characteristic changes proving that the deposited layer was breaking off were registered. These
points are marked as L Ft 1 - L Ft 5. At the point L Ft 5, the coating has completely failed. The
maximum indenter depth was approximately 160 nm.
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Fig. 3. Scratch test results of the TiO: coating a) graph of variation of friction force,
normal force and coefficient of friction, b) graph of penetration depth of the indenter.
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Fig. 4. Axonometric views of sample wear track (a), mean the wear profile

on transverse cross-section (b) volume of the wear track after the RS-lubricated sliding of

Ti13Nb13Zr-Al>Os friction pair.

After tribological tests, the samples were subjected to wear trace measurements. The average
depth and average area of wear of the samples after friction in Ringer's solution environment are
shown in Fig. 4 and Fig. 5.

Fig. 4 and Fig. 5 show axonometric images of wear traces (a) wear profiles on a cross-section
with the average profile marked (b), and the volume of the abrasion trace on the average profile
(c) after friction with the use of Ringer's solution as a lubricant. It can be seen from the figure that
the TiO coating shows less wear compared to Til3Nb13Zr. In the case of technically dry friction,
the wear trace volume was 90.9 um? for the titanium alloy and 49.5 um? for the TiO; coating. The
results of the geometric structure of the surface after tribological tests clearly indicate that the
application of the coating favorably affects the functional properties of the Ti13Nb13Zr titanium
alloy.
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Fig. 5. Axonometric views of sample wear track (a), mean the wear profile
on transverse cross-section (b) volume of the wear track after the RS—lubricated sliding of
Til3Nb13Zr TiO>-Al20:s friction pair.
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Conclusions

The results of tribological tests indicated that both materials tested had similar coefficients of
friction. In the case of technically dry friction, it amounted on average to 0.84, and in the case of
friction in the environment of Ringer's solution to 0.2. Microscopic analysis of abrasion traces
showed that the TiO, coating wore less, regardless of the environmental conditions of the tests
conducted. Adhesion tests of the coating revealed that the deposited layer delaminated after
reaching a critical force of about 4.4 mN. This is indicated by both the friction coefficient and
force diagram as well as the indenter penetration change diagram. When the critical force of 4.5
mN was reached, the indenter was at a depth of about 120 nm and the coating thickness was 110
nm.
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Abstract. This paper evaluates the results of selected mechanical properties of outdoor painting
systems used in the railway industry and the influence of laboratory weathering (simulation of
outdoor conditions) with sunlight, temperature, and moisture on the change of these properties.
The impact of the above-mentioned weather parameters, particularly solar radiation, was briefly
described on the degradation of coating systems of weathering on selected mechanical properties
such as hardness, resistance to gradual deformation (cupping test), and adhesion (fracture strength)
was evaluated. The tests were carried out at the Railway Institute, Materials and Construction
Laboratory, using two weathering methods: ISO 16474-2 [1] and the in-house method described
in DN 001/08/A2/16 paragraph 4.1.8 [2].

Introduction

The primary purpose of using organic coating systems in rail transport is to protect the metal from
damaging factors such as rust, salt, and dirt and improve the vehicle’s aesthetics. Multi-layer
solvent-based products, increasingly replaced by water-based ones, are used to protect metal
surfaces in rolling stock. This is dictated by the European Union regulations being established to
reduce organic compound emissions caused by organic solvents [3].

The application of organic coatings in rolling stock can cover many areas, including car bodies,
undercarriages, roofs, axles and wheels, and the interior of train equipment. Depending on the
application site, different properties and requirements are expected from the paint system used.
The most exposed to the negative effects of weathering are the external coating locations - mainly
the car bodies. Such coatings are affected by several factors that cause their degradation over time,
ranging from environmental pollution (chemical and biological), through aggressive media used
in the form of cleaning agents (often incompetently and contrary to the recommendations of the
agent manufacturers), to harmful solar radiation with high temperature and humidity, which are
the leading cause of weakening the functional and decorative properties of the systems discussed.
The radiation mainly affects the top layers of the applied protective system. Currently,
polyurethane and acrylic products are used as the last layer of protection in rail transport. They are
available in the form of a topcoat or base paint finish with a clear varnish, which provides the
desired decorative properties, weather resistance, and protection against graffiti [4].

Degradation factor: UV radiation

The process of coatings degradation by solar radiation begins with photolysis. By absorbing
ultraviolet (UV) radiation, the polymer enters an excitation state (to a higher energy state), which
contributes to the breaking of covalent chemical bonds in its structure and the formation of reactive

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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free radicals that initiate further chemical transformations. The ease with which the covalent bonds
break depends on the energy of these bonds. The next step in the photochemical degradation of
the polymer is self-oxidation, which occurs due to the reaction of free radicals with oxygen - with
the simultaneous formation of peroxyl radicals. Further reactions follow the general scheme of
free radical reactions. Peroxyl radicals react with the polymer molecules, attacking the hydrogen
atoms in the polymer chains, resulting in the formation of hydroperoxides and other free radicals.
The hydroperoxides (which are highly susceptible to photolysis) are broken down and the free
radicals formed during the entire process of coating material destruction damage the polymer
molecules. Free radicals can cause depolymerisation of macromolecular compounds, chain
scission and oxidation of smaller molecules [5].

It should be emphasised that if a polymer does not absorb radiation, it does not degrade but may
nevertheless be susceptible to attack by free radicals from the absorption and excitation of other
film-forming materials (e.g. fillers). Aliphatic polymers are UV-resistant as they do not absorb
ultraviolet radiation and are permeable. These polymers include acrylates, polyvinyl acetate and
aliphatic polyurethanes. Aromatic organics such as epoxies and phenolic resins, on the other hand,
have high UV absorption and are subject to photolysis and photo-oxidation. UV radiation can also
"attack" the UV-sensitive layers beneath transparent topcoats. When using such transparent
varnishes, care must be taken to ensure that light-sensitive primers and base surfaces are
adequately protected from ultraviolet radiation [6].

Many methods can be used to protect paint systems against UV radiation. One of these, known
as selective absorption, involves the appropriate modification of non-light-resistant top coats with
pigments, other absorbers, or UV reflectors. Selective absorption of ultraviolet light by pigments
protects the binder and increases the durability of the paint film. Materials such as zinc oxide, zinc
sulfide, red iron oxide, carbon black and rutile titanium dioxide are effective absorbers of
ultraviolet light and provide good protection for sensitive polymers. Other methods of radiation
protection for coatings include:

— use of reflective pigments which act as a mirror and reflect light (e.g. aluminum flake pigments),

— use of luminescent pigments, which absorb the energy of near-ultraviolet radiation and re-emit
it as a longer wavelength to produce colors with a much higher saturation or intensity in the
red, orange, yellow and green wavelengths,

— the use of organic additives that selectively absorb ultraviolet light and are essentially similar
to those used in suntan lotions. Like pigments, they absorb short-wave ultraviolet light and

convert it into heat energy without degrading it when exposed to ultraviolet light [6].

Degradation factor: temperature and humidity

In addition to destructive radiation, a factor contributing to the destruction of the polymer is the
effect of thermal radiation, known as thermal degradation. The temperature of the material is
influenced by many factors: air temperature (depending on latitude, prevailing climatic conditions,
and season), the dose of infrared radiation, airflow within the specimen (thermal exchange of the
material with the environment) and the properties of the material itself (color and thermal
conductivity coefficient). The absorption of radiation is closely correlated with the color of the
material exposed. Lighter materials reflect more radiation than darker ones, which absorb it. Also,
in this case, the surface and structure of the material (e.g. its polishing) are of great importance.
The actual temperature of a material is often up to 30°C higher than the measured ambient
temperature. It is important to realize that temperature significantly affects the properties of a
material by increasing the rate and number of chemical and photochemical reactions in the material
caused by UV radiation. It also increases the rate of diffusion of fillers (e.g. stabilizers, plasticizers)
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as well as additional components in the form of impurities from the atmosphere. Rapid temperature
changes (cooling and heating) result in shrinkage and stretching of the material, with consequent
cracking and peeling. The degradation of the material can be further increased by water absorption
and desorption (hydrolytic degradation), so these two elements must be considered as a parameter
that together increases the degradation of the material. In addition, rainwater can provide pollutants
from the atmosphere and thus accelerate material degradation [7].

Other degradation factors

In addition to the factors mentioned above, factors contributing to the degradation of paint systems
are mechanical degradation (under mechanical stress), oxidative degradation (under the influence
of oxygen), hydrolytic degradation under the influence of an agent other than water, such as acids
and alkalis, and biological degradation. In nature, we most often deal with a synergic correlation
of all factors [8].

The above-mentioned degradation processes occurring in the polymer deteriorate the coating's
physical, chemical, and mechanical properties, which in particular leads to a decrease in corrosion
resistance and susceptibility to stretching and bending, while abrasion and scratch resistance
(hardness) brittleness increase. Exploitation factors affecting the paint coating mainly increase the
roughness of its surface and consequently its decorative properties, causing it to deteriorate, e.g.
by loss of gloss, color change, fading, or local discoloration. External factors, coming into contact
with polymeric coatings, generate their physical degradation in the form of silver cracks (their
name derives from the characteristic silvery reflections visible in the reflected light of a
microscope), etching and craters, blistering, inter-layer delamination, loss of adhesion between the
coating and the substrate. There is also an increase in the roughness of the surface and a decrease
in the resistance to chemicals used for cleaning or the effectiveness of anti-graffiti protection due
to an increase in the adhesion of the coating. Consequently, the coating material degradation leads
to a reduction in its service life [5,8].

Research methodology and research material:

The performance of a paint system under natural conditions can and should be checked by
conducting accelerated laboratory tests simulating sunlight and other laboratory weather
conditions such as temperature and humidity. Accelerated laboratory tests should simulate and
approximate the conditions under which the materials are used as closely as possible. A large body
of scientific literature on organic coatings shows that the best correlation between laboratory test
results and results obtained under natural conditions is obtained by combining different
degradation mechanisms. When only the effects of radiation, temperature, and humidity (including
rain) are considered to simulate these conditions in the laboratory, many test methods have been
developed worldwide, including standardized ones. One of such methods, which is the most
commonly used globally for testing paints and varnishes, is the series of standards PN-EN ISO
16474, which collects (contains) the basic and most important information on carrying out such
tests in laboratories [7].

Weathering tests in IK were carried out according to the second part of the standard mentioned
above, which assumes the use of apparatuses equipped with xenon arc lamps for this purpose. The
total irradiance was 324 MJ/m?, theoretically about 1.5 years under natural conditions for a
temperate latitude climate [9].

In addition, this paper presents similar test results for simulated varying atmospheric conditions
according to the procedure developed at IK in which cyclic irradiation is used with a table lamp
with a filament (heating function) and an ultraviolet radiator of 400W with a reflector made of
varnished aluminum sheet. The light used has no UV filter and emits a discrete spectrum (range
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from 238 nm). Short wavelengths transmit higher energy, which can be the initiator of
photochemical reactions and thus lead to faster destruction of coatings. Weathering in the climatic
chamber has a different degradation mechanism than that carried out in chambers with xenon
lamps; namely, high positive and negative temperatures and their rapid changes are simulated in
the climatic chamber. Under the influence of the temperature shock, coatings undergo shrinkage
and stretching of the material, which consequently causes cracks and peeling and a decrease in
selected physical properties of the coating, such as elasticity or adhesion.

The exact weathering methodologies and assessment methods after aging and information on
the testing apparatus used are shown in Table 1.

The research material consisted of exterior painting systems commonly used on Poland’s
railway car bodies and roofs. The tested systems were composed of two-component and multi-
component systems, depending on their application place, while the base was different grades of
structural steel. The compositions of the systems numbered 1V, VI, and XI, which include train
roofs as their primary application place, consisted of epoxy primers and polyurethane and acrylic
topcoats or their mixtures. The remaining systems consisted of epoxy primers, epoxy or polyester
putties, polyurethane, acrylic, and mixed filling primers and finishing coats of the topcoat type
(systems I, I, IV, VI, VII, XI) or basecoat + clearcoat type (systems III, V, VIII, IX, X), also based
on polyurethane, acrylic resins and their mixtures. The average thickness of the tested multi-
component systems was within the range of (200 + 300) um, except for system number III (a thick
putty layer was used here, and the average thickness was about 700 pm). In contrast, the average
thickness of the two-component systems was about 150 pm.

Table 1. Research methodology along with the apparatus used for this purpose.

N Reference
Type of test document Apparatus Remarks:
0- (method)
Weathering methods:
methodology: PN-EN ISO 16474-2, point 7.3
Light test table 3 method A; filters simulating daylight
Resistance to UV chamber, with BST surface temperature control (65°C)
1 radiation 1SO 16474-2 [1] Atlas GmbH and radiation control in the wavelength range
(standardized Xenotest 440, (300 + 400) nm; irradiance: 60W/ m?; chamber
method) XENOSENSIV | temperature 38°C, relative humidity 50%, test
RC 34 BST periods: 102 min dry, 18 min rain; total
irradiation dose: 324 MJ/m? (approx.. 1500h).
N Cyclic exposure to varying weather conditions:
Climatic chamber 1)y T+ 60r<)>c, RH: 95(Vroy, time 12 h;
Resistance to UV |\ 061/08/42/16 sws%%??osFIMH 2) T: - 20°C, time 6 h;
2 radiation 2] lamp Famed-1 3) T: + 60°C, RH: 65%, time 6 h;
(in-house method) P 4) UV irradiation for 4 h every 48 h (Famed-1
type L8/59 (UV- 1 /59
) amp typfe L8/59).
Testing time: 1500 h.
Assessment methods after aging:
Konig's pendulum was used for the
3 Determination of 1SO 1522 [10] TQC Sheen TI SP | measurements; the measured hardness was
hardness 0500 related to the hardness against the glass
(calibration)
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Determination of minimum depth of indentation to cause failure
4 resistance to ISO 1520 [11] Erichsen 202 EM | to be determined (steady rate 0,2 mm/s); to be
indentation assessed with the normal corrected vision
Hand-held multi-
blade cutting tool
Deter.mlnatlon .Of by Erichsen (type method dependent on coating thickness, above
adhesion/cohesion B, C) or cutter )
5 | (fracture strength ISO 2409 [12] with a rigid blade 250 wm an X-shgped cut was used; 'Tesa tape
ISO 16276-2 [13] . used with adhesion strength according to the
- Cross-cut test or by Erichsen van standard
X-cut test) Laar (with a V-
shaped cutting
edge)

Evaluation of results and conclusions
Table 2. Summary of results of adhesion, indentation, and hardness measurements before and
after weathering test according to ISO 16474-2 [1] and DN 001/08/42/16 [2].

. Fracture strength — ISO 2409 Hardness — ISO 1522 [10]
Z° [12] / 16276-2 [13], [degree of Indentation — ISO 1520 [11], [mm]. [absolute value related to the hardness
% adhesion]. P=95%, k=2, + 0,4 mm) of the glass].
E (P=95%, k=2, + 1 s.p.) Konig (P=95%, k=2, + 0,04)
b7 DN DN
% ;2?5;?:1 1 61457(4)1-2 001 /?E/Az/ rlrllralftlegg;il 1 6?791-2 001 /?E/AZ/ rlrllralftlegg;il 1 61457(31-2 001/ 0[;}12/ 16
| 1 2 2 11.4 3.7 5.3 0.33 0.44 0.43
II 1 2 2 9.0 1.1 1.0 0.35 0.45 0.48
I 1 1 1 0.8 0.4 0.7 0.33 0.58 0.72
v 1 2 1 7.6 23 1.7 0.51 0.73 0.80
\% 0 0 0 8.7 1.9 2.0 0.26 0.59 0.62
VI 0 0 1 10.0 7.8 7.9 0.41 0.48 0.55
VII 0 0 0 6.6 5.7 53 0.08 0.12 0.12
VIII 1 1 1 7.2 6.5 6.0 0.07 0.08 0.11
IX 1 2 - - - - 0.17 0.35 -
X 1 1 - - - - 0.41 0.53 -
XI 1 0 - - - - 0.52 0.53 -

* bold indicates systems with topcoat: basecoat + clearcoat, all other cases topcoat.

The adhesion test carried out using the cross-cut method or X-cut method (depending on the
thickness of the system) did not show any significant deterioration of this parameter after the aging
tests. The most significant difference achieved in pre-aging and post-aging results for both aging
methods was, in each case, only 1 degree of adhesion. In each case, only a decrease in adhesion
was observed between the layers of the system (no delamination from the base).

In the case of tests on resistance to indentation, in most cases, relatively large drops of this
parameter after aging were observed; however, some of the systems tested retained their properties
at a satisfactory level (systems VI, VII, VIII). Also, in this case, similar results were obtained for
both aging methods used, where the average drops in adhesion for all tested systems were 4.0 mm
for the ISO 16474-2 method [1] and 3.9 mm for the method according to DN 001/08/A2/16 [2],
respectively.

When evaluating hardness, an increase in this parameter was observed in every specimen tested.
A more significant increase was observed in the case of aging according to an in-house aging
method.
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Fig. 1. Graphical summary of the minimum indentation depth causing damage to the coating
[mm] according to ISO 1520 [11] and hardness (about the glass constant) determined by the
Konig pendulum damping method according to 1SO 1522 [10] for selected tested paint systems.

There is noticeable a certain correlation between an increase in hardness (and therefore
brittleness) and a decrease in such parameters as adhesion or resistance to indentation — the more
significant the increase in hardness, the greater the negative change in such parameters as adhesion
or resistance to indentation. A high hardness value is a recommended parameter due to the increase
of, among others, scratch resistance. However, other properties of coatings related to their elastic
properties to be complete cannot be neglected — as in every case, a compromise solution has to be
found.

Summary

As aresult of selected mechanical tests carried out for complete paint systems used in rolling stock,
it is concluded that, as a result of environmental tests conducted in the laboratory with a synergistic
combination of light radiation, temperature, and moisture, there is a significant deterioration of
mechanical properties such as resistance to indentation and, to a lesser extent, a decrease in the
adhesion of the paint system (interlayer), while the hardness (brittleness) of the paint systems
increases.

Although two different aging methods were used to evaluate the selected mechanical properties,
differing primarily in the type of radiation (full light spectrum for the xenon UV-VIS-IR lamps
consistent with natural light vs. UV including UV-C in the form of discrete radiation for the table
lamp for the own method) and the different cycles of varying temperature and humidity, the similar
character of changes were obtained and the results in specific cases were practically convergent,
which allows the conclusion that the intensity of the contribution of individual aging factors on
the mechanical properties is of secondary importance here and it is only essential that each of these
factors is taken into account in the chosen aging method (interconnection of degradation
mechanisms).

When evaluating the selected mechanical parameters of the painting systems, no clear
advantage of the paint systems in the combination of base paint + clear coat over the surface paint
finish was found. Based on the conducted research, it can be concluded that the paint systems used
in the railway industry are characterized by high mechanical properties, which, however,
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deteriorate considerably as a result of environmental stress. The average decrease in adhesion for
all 11 tested paint systems was approximately 0.3 adhesion units. In contrast, the reduction in
resistance to indentation reached the value of a 50% decrease (the results were the same for both
aging methods and referred to the average values determined before aging). The average increase
in hardness was 42% for the aging method according to ISO 16474-2 [1], while for the aging
method described in DN 001/08/A2/16 [2], the hardness increase was 54%. Considering the above
data, it is reasonable to consider conducting selected tests of coatings after aging tests to fully
assess their quality, allowing to estimate the time of their satisfactory use until the required
repainting. In the railway industry, this is quite important because the downtime of trains in
painting shops and the renovation of the system itself incur high financial expenses.
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Abstract. The article presents a method of designing and assessing the camouflage effectiveness
of a novel camouflage pattern used in military uniforms. “Artificial intelligence”, namely cellular
automata, which, based on terrain imaging, allowed the authors to obtain dedicated, tailor-made,
or universal camouflage patterns, was used as the design method. On the other hand, the study on
camouflage effectiveness was based on tests with the participation of observers in a virtual
environment using a personal computer.

Introduction

Camouflage is one of the most effective and, simultaneously, more economical methods of
concealing the forces, and thus gaining an offensive and defensive advantage over the enemy, both
in defense and in an attack [i] Given the technological progress, especially in the field of sensors,
on today's battlefield the reconnaissance can conducted via hyperspectral imaging, i.e. from a wide
range of the electromagnetic spectrum, covering not only the visible spectrum but also near- and
far-infrared (thermal vision) and microwave (radar) radiation wavebands.

On the other hand, multispectral methods are also employed for this purpose. These are based
on the acquisition of data from selected characteristic frequencies (channels), e.g. where spectral
characteristics of live flora include the minimum locally 670 nm (VIS red) and maximum 800 nm
(NIR). So a good battle dress uniform (BDU), an effective camouflage coating, or proper vehicle
camouflage painting should fit into the background in a wide range of electromagnetic spectra.

The Eye as a Tool

However, the human eye remains the essential reconnaissance instrument. It is equipped with a
retina, on the surface of which two types of sensors are located: rod cells responsible for
monochromatic and night vision (scotopic vision) and cone cells[ii] responsible for color vision
and functioning in daylight (photopic vision). The former (amounting to about 120 million), due
to their location outside of the central part of the retina, do not provide acute vision but are about
100 times more sensitive to light than the cone cells and react well to movement. On the other
hand, the cone cells (about 6 million), thanks to their huge concentration — mainly in the central
part of the retina[iii], near the macula (macula lutea) — ensure sharp vision, especially up to 20
degrees in the visual axis of the human eye.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Moreover, due to their sensory characteristics, the cone cells have a particularly good but
selective color sensitivity[iv]. Hence, there are cone receptors sensitized to visible shortwave
radiation (short-preferring (S), with peak spectral sensitivity at approx. 420 nm) responsible for
the perception of blue color, those sensitive to colors with medium wavelengths, such as green
(mid-preferring (M), with the peak at approx. 530 nm)) and the ones sensitive to colors with long
wavelengths (long-preferring (L), with the peak at around 565 nm)), such as red.

Stimulating these three types of cones in the right proportions allows the eye to perceive
(trichromatism). In the case of sufficiently intense and balance stimulation of all three types of
cone cells, humans are capable of seeing the color white (white light).

Considering the limitations and inadequacies of the human sense of sight — trichromatism, and
not detecting a continuous signal in the visible range (400-700 nm), the CIE 1931 XYZ color space
was developed to correspond to human perception. To obtain a perceptually uniform space, one in
which the colors could be compared easily, the CIE XYZ model underwent mathematical
transformations, resulting in the CIELAB model, where “L” is light, “a” is a color from green to
crimson, and “b” corresponds to the colors blue to yellow. This model is used as the primary
device-independent model for describing and comparing colors.

Camouflage Patterns

We can therefore distinguish central and peripheral vision. In terms of the camouflage itself, its

goal is to neutralize distinctive features of the object to be camouflaged. These physical properties

make the object stand out from the background and focus the observer’s attention. They include,
among others, the color, shape, size, gloss (shine), contrast, and interrupted continuity of the

background. Three main types of patterns can be distinguished (Fig. 1):

— the mimetic pattern, whose function is to cause the object to blend into its background of the
terrain (crypsis). Detection is minimized while the observer makes an eye sweep;

— the disruptive (dazzle) pattern is to break the shape of the given object so that the observer has
greater difficulty focusing their attention on the given object and, what follows, recognizing
or even identifying this object.

— the mixed pattern, i.e., mimetic-disruptive pattern, where the mimetic camouflage is obtained
by applying intricate details referring to the terrain background, and the disruptive element is
its proper aggregation.

.

on [vi];

== 5 c) R .
Fig 1. Types of camouflage: a) mimetic — bird [v]; b) dazzle — USS Hobs
¢) mixed — Danish M84 [vii]

Camouflage patterns are usually dedicated to a selected environment: forest, desert, an
agricultural area, urban surroundings, etc. One extreme case is the photorealistic camouflage used
by nature observers or hunters. Attempts were also made to design and implement a universal
camouflage pattern to provide adequate protection in diverse environments, e.g., forests and rocky
areas. However, their universality was revealed to be questionable.
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Currently, in several research centers worldwide, including WITI (Fig. 2), work is underway
on technologies that would enable the creation of adaptive camouflage, which would automatically
adjust itself to its background.

Fig. 2. Electrochromic cells change their color with the i)oltage applied

Generation of Camouflage Pattern

The main goal of the camouflage pattern designed by the authors was its effectiveness and
applicability, which meant the possibility of using it in specific military applications (uniforms,
camouflage nets, mobile camouflage, camouflage painting of vehicles). However, several
limitations have been imposed on the design, including the guidelines on the nature of camouflage
and the technological requirements resulting from the assumed perceptual model of the human
eye. These included:

— reduction of the number of colors to only a few;

— creating a micro-pattern with mimetic functions;

— obtaining a macro-pattern disrupting the silhouette outline;

— avoidance of a noticeably repetitive pattern;

— the pattern has to blend well with the given environment.

To meet the above requirements, the authors chose a method based on processing representative
images of the selected environment. The work used only images that meet the above requirements.
At least five photographs were selected for a given type of environment (such as a Central
European forest) and season (e.g., summer). Only the areas that could serve as the proper
background were cut out of these images for further processing, and so, for example, forest areas,
sky, or ground were discarded. In contrast, fragments showing forest vegetation were left (Fig. 3).

Fig. 3. Fragment of the photograph selected for further processing

The next step was to reduce the color palette too, but a few — in the works, it was decided to use
4, as this is the most common number of colors for uniforms and camouflage covers. After
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analyzing various methods, the global algorithm with the minimal variance (the so-called Otsu
method of automatic image thresholding) was selected and tested, which enabled the selection of
colors representative for the entire set of representative frames. The method is based on dividing
the color space into areas with a minimum variance inside each area and with maximum variance
between the areas. Afterward, a color representative for each area is indicated. This can be done,
among others, using the median or weighted average method to obtain the colors that are most
different from one another and with the greatest possible optical contrast between them.

This method yielded not only four representative color coordinates in the CIELAB color space
model but also the percentage share of individual colors, and the processed images with a reduced
number of colors assumed the form of textures containing a large number of fine spots
(micropattern) and no macro pattern (Fig. 4).

Fig. 4. Image with the colors reduced to four

To obtain the macro pattern, the authors reviewed the techniques of grouping pixels and decided
that cellular automata (CA)would be employed for further investigations.

Similarly, as artificial neural networks, cellular automata facilitate replacing complex
descriptions of complicated circuits with a system of numerous simple circuits with simple rules
[viii] Cellular automata are constructed of neighboring cells, forming a network of d-dimensions,
where each cell at a given moment (cycle) can assume one of the defined states at a given moment
(cycle). The way states alter between successive cycles is determined by simple rules relating to
the state of the cell and its neighbors (Fig. 5).

Cell

Al

Neighborhood —

Fig. 5. Cellular automata system model

In the adopted camouflage design methodology, what follows the stage of reducing the number of

colors is graphics described as pairs of two-dimensional arrays:

— acolor matrix with dimensions of nx3, where n specifies the number of colors used; in the
authors’ case, it was 4, and the number 3 corresponds to the color coordinates of the CIELAB
color space model, where L can assume the values from 0-100, and a and b — from 128 to
127,

— pixel matrix with dimensions xxy, where x and y are the width and height of the graphic
expressed in pixels, respectively, the colors of the graphic are described by the color index
from the color matrix; in the authors’ case, there were four colors, from 0 to 3.

The image model adopted in this manner made it possible to directly translate them into the cellular

automata model, in which a 2-dimensional network of cellular automata was incorporated. The

network corresponded to the pixel matrix, with states defined by the index from the color matrix.
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Among the distinct types of neighborhoods (Fig. 6a and Fig. 6b), the von Neumann neighborhood
was selected (Fig. 6¢), and in the case of cells at the margins, they were supplemented with cells
from the opposite side of the network that was to surround them.
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Fig. 6. a) the Moor and b) von Neumann neighborhood, c) surrounding the cells at the margins

As the result of the review and testing of diverse types of CA, the majority-vote CE type, with r =
1, and 4 states, was used in work. The transition rule (function) determined the new state as the
one which obtained the highest number (sum) of states in the previous cycle for the cell and its

neighborhood (Fig. 7).
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a) Random image b) Image after two cycles

Fig. 7. Operation of the majority vote-type cellular automata

Further image processing using CA, involved an averaged image created out of n (min. 5)
images with a reduced number of colors & (kK = 4). The images were unified in terms of the scale
of the elements in the photo so that in each image, 1 px corresponds to the same dimension in each
image (px/cm = constant). All images have also been cropped to one size xxy.

Then, a 3-dimensional array with dimensions [yxxxn] was created from those layers, and it
corresponded to the size of the frame and the number of images and contained images (pixels) in
the form of successive layers (Fig. 8a). To obtain an averaged image, the 3-dimension array
[yxxxn] was reduced to a 2-dimension matrix [y*x], taking the value for the [y, x] cell as the most
frequent value for all the layers n of the array for this index in the matrix (Fig. 8b).
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b) EES
Fig. 8. 3-dimensional table created out of several images and a) its averaged version b)

After several cycles of cellular automata operation, the authors received a macro pattern. CA
operation was stopped when the size of the larger macro pattern spots reached the intended
maximum size for a given application. Per the defensive standard [ix], this threshold was set at 0.3
of the dimension of the camouflaged object. For example, for uniforms — 0.3x200 cm = 60 cm,
and for medium-sized armed personnel carrier — 0.3x800 cm = 240 cm. The generated pattern is
shown in Figure 9.

] ! ' 9
il A BEY W
Fig. 9. Camouflage pattern generated using CA

The next step was to verify the camouflage effectiveness of the newly created pattern. For this
purpose, the camouflage had to be applied to the military facility/object for which it was intended
(e.g., auniform, camouflage net, etc.) and then assessed. Initial tests could be conducted in a virtual
environment using camouflage patterns and 3D models of military objects (Fig. 10), and the final
tests, once verifying the camouflage on real objects during field tests using observers.

Fig. 10. Application of the camouflage pattern onto a 3D object
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Virtual Environment

Bearing in mind the constraints of human vision, the concepts of a virtual environment [x] were
presented to assess camouflage effectiveness of the newly designed camouflage patterns, which,
based on modern computer systems and displays, could largely replace the onerous and quite
expensive field research (Fig. 11), in particular at the initial stage of designing camouflage patterns

Fig. 11. Graphic representation of field tests

Virtual environment studies are based on presenting the observers with images containing the
background (most often real images) from a given distance with a model of a camouflage pattern
on the background (Fig. 12) and performing a typical detection-recognition-identification (DRI)
assessment during which the observer states, whether the object has been detected (D), recognized
(R) or identified (I). Detection is understood to mean the presence of an object, recognition — the
ability to determine the type of object spotted (e.g., a tank), and identification, where the observer
can provide details of the kind of object spotted (e.g., an M1 Abrams main battle tank).

Fig. 12. Typical virtual test display

Additionally, the time measurement for each observer from the start of the observation to the
occurrence of either D, R, or I, for each image under observation.

One of the measures of central tendencies is taken as the test results. Usually, it is the average,
or in the case of a large spread — the median of the distance, and the average or median of the
detection, recognition and identification times for a given pattern against a given background. This
is recorded for at least 6 observers.

To ensure the conditions for virtual tests resemble those in the natural environment the most,
quite a few conditions have to be met and the researchers have to have at their disposal the
following:
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— 1images that have to meet most of the requirements [xi] in terms of quality — appropriate
spatial and tonal resolution, correct model and color space, good sharpness, lighting, white
balance, and be with the attached metadata on the environmental and atmospheric conditions,
location (geographical), direction (NSEW) and time of when the image was taken, distance
from the background (observation border), as well as its photographic parameters (focal
length of the lens, size of the matrix, shutter, diaphragm);

— models of objects with the tested camouflage applied to them, and the camouflage colors are
in a tightly controlled color scheme;

— atest station ensuring the correct colors representation (calibration and color management
system) and appropriate simulation of the observation distance, which results from the image
geometry and which in virtual testing means the distance from the display to the observer, and
one which will also enable testing in accordance with selected methodologies and registration
of test parameters.

In addition, it is also necessary to visually synchronize the model and the background to ensure

that their sizes, lighting, and color space are consistent. The benefits of research studies performed

in virtual environments include, first of all:

— becoming independent from the availability of training areas (proving grounds) with the
required background, for which the camouflage pattern is dedicated. The desired terrain may
not be accessible due to e.g., military operations and weather conditions.

— independence from weather conditions and the season;

— allowing research to be conducted in safe and comfortable conditions where observers can
focus on reconnaissance;

— access to a convenient and immediate preview of the test results, thanks to the analytical
module, which is a part of the virtual research management system;

— availability of military equipment and soldiers necessary to carry out field research is no
longer an issue.

Summary

The proposed method of generating and testing camouflage patterns enables the design of novel
patterns containing both the micro-pattern responsible for blending the camouflaged object into
the background, thus reducing the likelihood of detection and the macro-pattern, which disrupts
the silhouette outline and makes the object recognition challenging. The discussed methods can be
used to design camouflages for various military objects: uniforms, camouflage covers, mobile
camouflages, or vehicles with camouflage painting. The investigated pattern-generating method
allows obtaining patterns both strictly dedicated to specific environments and seasons, as well as
more universal patterns, depending on the provided initial images.

Together with the virtual testing method, which enables economic and quick testing, several
individual solutions can be evaluated, not only limited to different types of cellular automata but
also using morphological transformations, genetic algorithms, or artificial neural networks to find
the most optimal solutions. In the future, it would be worthwhile to perform further cognitive
science research in the field of image perception and recognition to replace human observers with
their artificial counterparts, which would reduce the testing costs even further and which would
lead to obtaining even more effective camouflage solutions using various camouflage patterns.
The presented methods do not have to be constrained to the visible spectrum, and if the researchers
had at their disposal an appropriate library of images from other electromagnetic spectra, that
would allow them to design and examine solutions for the different ranges as well.
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Abstract. The paper presents numerical analysis methods of High-Strength Concrete (HSC)
beams prestressed with unbonded tendons. Furthermore, it compares obtained results with
experimental data from the literature. Prestressing tendons have been modelled in a discrete form,
using one-dimensional finite elements. A temperature drop inflicted prestress force. Contact issues
have been considered, i.e. friction and pressure at the interface between the cable and the duct wall.
In the work, it was found that it is possible to obtain satisfactory accuracy of results with the model
in use. Accurate P-A (load-deflection) curves were achieved matching experimental data.

Introduction
Main objective of this research was to test the possibility and the feasibility of nonlinear concrete
modelling for beams made of High Strength Concrete (HSC), prestressed with unbonded tendons.
A damage-plasticity model of concrete and a bilinear elastoplastic model for prestressing tendons
were utilized. Both these models proved their accuracy for reinforced concrete structural elements
modelling, yet there are no tests of these models, known to the author, performed for prestressed
structures.

The experimental data have been taken from [1]. A scheme of used test setup is shown in Fig.
1. The tested beams were subjected to 4-point bending. This allows obtaining a section free from
transversal forces due to external load.

Steel plate
.9 Steel beam o,
Loading Frame

Hydraulic jackj—

Test specimen

- i - 'iLVDTsi
1000 1000
4000

Load Cell

[Rigid base]

Fig. 1. Scheme of test set-up of beams.

From a variety of beams presented in [1], two of them have been chosen (namely B8 and B9 in
original paper). The results were then compared with the results for the respective beams with
bonded tendons (B2 and B5 in source paper). The results for bonded tendons were invoked from
[2]. All the beams were partially prestressed and contained, except for the tendon, also passive

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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reinforcement. The difference between pair of beams B2&B8 and the pair BS&B9 was a concrete
class. Compressive strength of the former pair is ~73 MPa while the latter pair was made of ~96
MPa concrete. Basic geometrical data of investigated beams are presented in Fig. 2.
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Fig. 2. Scheme of analyzed beams.

The values of concrete parameters not mentioned in the respective article were calculated based
on [3]. The biaxial compressive strength of concrete was determined concerning uniaxial strength,
according to [4]. The essential factors were gathered in Table 1.

Table 1. Basic concrete parameters

) L Intersection point abscissa
Young’s Uniaxial . . :
. Biaxial compressive . , |between compression cap and
modulus, Ecn, | compressive Poisson’s )
Sample strength, . Drucker-Prager yield
[GPa] strength, ratio, v .

frer [MPa] Joe, [MPa] function,

‘o o, [MPa]
B2 40.27 75 86.25 0.2 -57.5
BS 43.50 97 111.55 0.2 -74.4
B8 39.78 72 82.8 0.2 -55.2
B9 43.23 95 109.25 0.2 -72.8

Methods

Finite element model. Both concrete matrix and steel plates were modelled using 8-node
hexahedron (brick) finite elements with 3 DOFs (degrees of freedom) in each node. Due to
symmetry, only half of the beam has been modelled (see Fig.3). Based on Timoshenko's theory,
the prestressing tendons were modeled like sets of 1-dimensional 2-node beam elements. In the
case of unbonded tendons, a simplified rectangle-shaped channel was assumed (see Fig.4). This is
due to microplane formulation requirement for regular-shaped finite elements of the concrete
matrix. Passive reinforcement has been modelled using simple 1-dimensional 2-node link elements
having 1 DOF at each node, associated with longitudinal stiffness.

Prestress force in the cables was applied to the tendon in the form of a temperature drop,
according to Eq. 1.
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At — temperature drop in the cables during prestressing,

F — prestressing force,

o — thermal expansion coefficient,

E — Young's modulus,

A — cable cross-sectional area.
Prestress force has been taken as 0.9 of the values given in the paper [1]. It was established based
on many trial-and-error simulations on models created for all the prestressed beams described in
this research.

Fig. 4. Unbonded tendon model in the square channel.

Concrete model. A state-of-the-art concrete model was utilized and implemented in ANSYS
Mechanical software; namely, the microplane coupled damage-plasticity (widely described in
many papers: before the year 2000 [5-9], after the year 2000 [10-17] and the last five years [18-
24]) with enhanced gradient regularization. The regularization uses 2 additional degrees of
freedom per node, though it reduces solution sensitivity to finite element mesh size. Parameters
for the model were taken by trial and error simulations and sensitivity analyses.

Reinforcing steel model. A bilinear model of material, elastoplastic, with kinematic hardening,
was adopted. The kinematic hardening takes account of the Bauschinger effect. Fig. 5 presents a
finite element model of reinforced bars and prestressing tendons.

Contact parameters. As mentioned above, the tendon channel has been modeled as simplified
rectangular in transversal cross-section. Contact has been defined as fully nonlinear, with stiffness
updates every load step. The friction coefficient between tendon and concrete surface was taken
to equal 0.2.
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Fig. 5. Finite elements model of active (prestressed)
and passive (non-prestressed) steel reinforcement.
Results

Fig. 4 presents load — mid-span displacement curves of all four tested beams. An excellent
agreement of the simulation results with experimental data was achieved. This proves the
usefulness of the applied model for nonlinear simulations of prestressed concrete structures,
including HSC. A typical map of plastic strains is depicted in Fig. 6. It reflects cracks distribution
over the concrete matrix.
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Fig. 6. Comparison of numerical and experimental load-deflection
curves of beams B2 (a), B5 (b), BS (c) and B9 (d).
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Fig. 7. Typical cracks distribution in tested beam (expressed by means of plastic strains).

Summary

The presented analysis is, of course, critical primarily in the area of concrete applications [25, 26]
but also for all predictive analyzes [27-29], also in other scientific areas like materials science [30-
33]. It may also creatively influence production engineering [34] when analyzing heavy-duty
materials exposed to many factors, including exposure to corrosion [35-37], bio-corrosion in
biotechnology [38-40] and agriculture [41-43], or high loads in superheaters [44, 45] and turbines
[46, 47].

The paper presents the results of a nonlinear analysis of beams made of High Strength Concrete
(HSC), prestressed with unbonded tendons and compares them to the available experimental and
numerical data. The comparison shows that the curves match very well for bonded tendons, where
there are no contact issues involved. On the other hand, the differences become slightly more
significant when unbonded tendons are engaged. A possible reason for this might be modeling the
tendons with I1-dimensional finite elements and associated with its contact formulation.
Nevertheless, the accuracy, in this case, is still satisfying. However, further research is needed
directed towards more accurate tendon modeling.
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Abstract. The paper presents a short literature review related to the possibility of using various
types of post-production or post-use waste in concrete technology. The main focus was on polymer
waste, namely polyethylene terephthalate, polyethylene and polypropylene, and rubber waste.

Introduction

In modern construction, concrete, a composite material with a cement matrix, is used on a large
scale. Its use allows for the construction of durable and aesthetic objects. The concrete mix
components, i.e. cement, aggregate and water, are environmentally friendly. Unfortunately, the
growing demand for this type of material causes enormous exploitation of the above-mentioned
natural resources, which in turn causes a heavy burden on the surrounding environment. Over the
past few decades, there has been a growing interest in reusing by-products from various industries.
The range of used mineral additives for concrete has been extended with new raw materials and
waste types. It takes into account the components that make up the concrete mix. According to the
literature review, domestic and industrial waste [1], fly ash, silica dust, ground blast furnace slag,
biofuel ash [2-8], sanitary waste and ceramics [9, 10], CRT glass is used for the production of
concrete mix. [11, 12], recycled glass sand [13] and slag aggregate [14]. The article focuses on
using various types of polymer recyclates in the production of concrete.

Polyethylene terephthalate materials

The literature reports show that polyethylene terephthalate (PET) is one of the most studied waste
management [15-22]. The use of polyethylene terephthalate waste in concrete is presented in Table
1. The recyclate obtained from PET waste was used for concrete as a replacement for aggregate or
in the form of fibers as reinforcement. The method of PET recyclate preparation and shape
significantly impacts the produced concrete's parameters. Recycling with a smooth, spherical
surface has a lesser effect on concrete workability than recycling with a non-uniform shape. The
addition of PET waste material to concrete, as demonstrated by most authors, reduces the
compressive strength, tensile and bending strength of concrete and the modulus of elasticity,
regardless of the tested consistency and water-cement ratio. Research on polymer recyclates
utilization as substrates involved in the production technology of mortars and concrete mixtures is
significant in the ecological aspect.

Materials Made of Polyethylene and Polypropylene

For over fifty years, modifiers in the form of polymers have been used in concrete to improve its
quality. The plastic fibers added to the fresh concrete mix act as micro-reinforcement, reducing
plastic shrinkage and limiting the formation of shrinkage cracks in the hardened concrete.
However, after the concrete has achieved the designed strength and the appropriate modulus of
elasticity, these fibers cease to function, then the stress is transferred by the concrete itself or the
main reinforcement. The research was also conducted on using waste recyclate made of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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polyethylene and polypropylene as a replacement for aggregate or concrete reinforcement (Table
2).
Table 1. Utilization of polyethylene terephthalate waste in concrete

. . properties of .
recycling methods size, shape recyclate recyclate dosing ref.
shredded PET bottles round and smooth PD = 1390 kg/m3 round and [15]
combined at 250°C particles < 0.15 cm smooth particles
with powdered GBFS blast <0.15cm
furnace slag
PET bottles shredded in the fibers of length 30 SG = 1.34 g/cm® fiber [16]
melting process and 40mm TS =450 0.3-1.5% by
volume
mechanically shredded PET round and smooth PD = 1390 kg/m? fine aggregate [17]
bottles combined at 250°C particles 0.15-4.75 BD = 840 kg/m? 25-75% by
with powdered river sand mm FM =4, volume
3 types of artificial aggregates | Pc < 11.2 mm P.: BD =261 kg/m® Pc - coarse [18]
Pc, Pf - shredded, Pf<4 mm SG=1.3 g/lem® grained
Pp - thermal treatment Pf, Pc - scaly shape P BD = 438 kg/m? and fine
Pp <4 mm - irregular | SG = 1.28g/cm’ aggregate 7.5%
granules P,: BD = 739 kg/m* | by volume
SG =1.31g/cm? Pf, Pp - fine
aggregate 7.5
and 15% by
volume
3 types of artificial aggregates | Pc <11.2 mm P.: BD =351 kg/m® Pc - coarse [19]
Pc, Pf - shredded, Pf<4 mm SG = 1.34 g/cm® grained
Pp - thermal treatment Pf, Pc - scaly shape P BD = 555 kg/m? and fine
Pp <4 mm - irregular | SG = 1.34 g/cm? aggregate
granules P,: BD =827 kg/m* | 5, 10 and 15%
SG = 1.34 g/cm® by volume
Pf, Pp - fine
aggregate
5,10 and 15%
by volume
shredded PET bottles fibers SG = 1.34 g/cm® fiber [20]
length 25 mm 0.5-3% by
weight of
cement
shredded PET particles <7 mm PD=464 kg/m? fine aggregate [21]
SG=1.11 g/cm? (sand) 5, 10 and
15%
shredded PET bottles (melted | fibers A, length 40 A: SG = 1.34 g/cm® fiber [22]
and extruded fibers) mm (straight, smooth | TS =550 1% by volume
profile) B: SG = 1.34 g/cm’®
B fibers 52 mm long | TS =274
(crimped, notched
profile)

Explanations: PD - density (kg / m*); BD - bulk density (kg / m3); SG - specific weight (g / cm?); FM - accuracy
module; TS - tensile strength (MPa); MP - melting point (°C); MoE - modulus of elasticity (GPa)
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Recycling mixtures of this material are characterized by different quality and mechanical
properties [23, 24]. Because the properties of fibers made of pure synthetic material differ
significantly from the properties of fibers obtained from recycled material, fibers made of pure
polypropylene or polyethylene were used much more frequently in the research [25-27]. Concretes
containing polypropylene fibers in an amount up to 1% show higher compressive, splitting, or
bending strength compared to concrete without the addition of plastic (normal concrete).
Increasing the content of synthetic fibers above this level deteriorates the mechanical properties of
modified concretes.

Table 2. The use of PE and PP waste in concrete

recycling methods size, shape recyclate pr:e[;;rctll:tseof dosing ref.
industrial waste PP and nylon fibers - fiber in quantity [28]
from mechanically fiber I, length 12-25mm 1 and 2% by
shredded carpets fiber II, length 3-25mm volume
shredded HDPE waste small particles - 0.5 - 5% for fine [29]
aggregate of the
total weight
industrial waste of PP and nylon fibers - 0.07 — 1.4% volume | [30]
carpets, shredded 12 -25 mm
mechanically
mix of HDPE, PP waste grain size <10 mm HDPE: too thick aggregate | [31]
and PVC recycling by irregular shape BD = 534 kg/m? in a ratio of
grinding SG = 1.0 g/cm® 1: 0.274 by volume
PVC:
BD = 684 kg/m?
SG =1.0 g/cm®
ground HDPE waste grain size < 2.36 mm BD =945 - 962 modifier was added | [32]
heated coarse-grained g/em? in an amount of 2, 4
aggregate combined SG = 1.04 g/em® and 6% to replace
with HDPE powder the same amount of
cement and sand
fibers from HDPE waste | fiber length 20 - 100 SG=0.9 g/lcm3 0.6% by volume [33]
from pots, buckets, cans, | mm, the ratio of the
kitchen utensils fiber length to its
diameter 20 - 100
LDPE waste - bags grain size <2.36 mm SG =0.93 g/cm® for fine aggregate [34]
FM =592 0.4 - 1% of the total
weight

Explanations: PD - density (kg / m®); BD - bulk density (kg / m?); SG - specific weight (g/ cm?®); FM - accuracy
module; TS - tensile strength (MPa); MP - melting point (°C); MoE - modulus of elasticity (GPa)

Rubber Waste

There have also been reports on the utilization of rubber waste in concrete production [35-44].
With the increase in the content of rubber waste used as a sand substitute, concrete mixes were
characterized by lower [40, 41] or higher [36] workability. Concrete containing the addition of
rubber recyclate showed lower values of mechanical parameters than concretes produced without
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the addition of waste [37, 44]. Such an approach may be inspiring for other industrial branches
struggling with the problem of recyclates, e.g. packaging [45], steel industry [46],

Summary

Limiting the consumption of mineral resources is particularly important in the construction sector,
which consumes large amounts of mineral resources, especially felt and aggregate. The
consumption of these raw materials can be reduced by replacing them with, for example, recycled
materials. Such activities are consistent with the idea of sustainable development, which is defined
as development that meets the needs of the present generation without reducing the ability of future
generations to meet their needs. However, replacing mineral materials with recyclates from various
types of waste in producing new building materials has several technical and technological
limitations, so a series of laboratory tests must precede it. Numerous researchers have attempted
to determine the possibilities of using various types of waste, including dust from biomass
combustion, ceramics, glass cullet, and some synthetic materials to produce concrete. In the case
of plastics, as shown in the literature review, due to their different physicochemical properties
(diversified composition of modifying additives and a diverse chemical structure of the primary
polymer), their use is tough and it requires each time separate tests for a selected group of plastics.
The cited review of the literature presents both research carried out with the use of polymer
recyclates produced for the needs of the study and with the use of materials derived from the
recycling process. Most studies using recycled plastics concern polyethylene terephthalate and
polypropylene. At the same time, there are few reports on the use of other plastics (e.g. PC, PUR)
or mixtures of various synthetic materials in the production of concrete.
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Abstract. Currently, thermal comfort is becoming one of the most important aspects of human
life. It is related to the time people spend in a closed environment. That is why it is so important
to study this issue in terms of their actual thermal sensations, in order to better understand and
clarify the scope of the relevant parameters, in particular by looking for such data for buildings
built with a view to sustainable development. They are to meet all standards, ensuring thermal
comfort for people staying in them. The article discusses thermal sensations, thermal preferences,
and humidity for the group aged 21-25 in the winter in the Energis building belonging to the Kielce
University of Technology. The methods that were used for this purpose include an environmental
measure that takes microclimate parameters and questionnaires assessing the conditions in the
room under study.

Introduction
Modern, sustainable construction encourages designers to provide the highest-quality internal
conditions in a closed space so that everyone can feel comfortable in it. Thermal comfort depends
on many factors, such as air temperature, clothing, airflow speed, carbon dioxide level, relative
humidity, etc. can cause fatigue and weariness. Therefore, it is so important that intelligent
buildings can provide the greatest possible comfort for working and learning people. Taking into
account the above factors, an analysis of the available literature was carried out, in which not much
research related to modern buildings of an educational nature was found, but many studies related
to buildings being trained in various climate zones. An example of such research is the research
[1, 2] carried out in China, which in the first case showed that students prefer cooler temperatures,
with the selected temperature range from about 21°C to about 27°C, while in the second case, 90%
of people believed that they felt thermal comfort. The intelligent building, which was examined
by the authors [3, 4], provided information in both cases that it meets the thermal expectations of
people because the conditions that prevailed at that time were closest to their expectations of
comfort. Other interesting studies concern thermal comfort in tropical climates like Australia [5]
where the temperature range, according to the respondents, was from 19°C to 26°C, Malaysia and
Japan [6] where the best temperature was about 25°C-26°C degrees, and Bangladesh [7] in which
students identified the temperature of 27°C as the most neutral in their climate zone. As mentioned
earlier thermal comfort depends on many factors including also individual preferences, medical
treatment as well as heat transfer issues [8-11]. A thorough theoretical analysis of the heat
distribution would be very complex [12-14] and would require either time-consuming FEM
modeling or the use of semi-empirical methods [15-17].

The main purpose of the study was to learn about the thermal sensations of the group in order
to check whether the intelligent building meets the thermal expectations of people in the winter.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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Methodology

The study was conducted in the winter in the Energis building at the Kielce University of
Technology. The Energis building was created with sustainable development in mind, so as to be
self-sufficient in energy, using renewable energy sources, such as heat pumps, photovoltaic and
solar panels, and windmills. In addition, the building has a BMS (Building Manager System)
system programmed, the main assumption of which is to control microclimate parameters in
lecture halls or employees' rooms, additionally it provides control of lighting inside the building
and electricity yield and its further use to power teaching devices. Energis is shown in Fig. 1.

Fig. 1. Energis building, Kiel Universi of Technology.

The study was performed using a microclimate meter that collected data from the internal
parameters of the room and questionnaires, which were completed by the study group. First, the
meter was placed in the central part of the room. After approximately 15 minutes, the results were
written down. Secondly, the questionnaires were distributed and completed by the respondents.
The task of the students was to assess thermal sensations, and moisture, and determine their well-
being and productivity on the basis of the questions contained in the questionnaire. 20 people aged
21 to 25 participated in the study. After the analysis, 4 questionnaires were rejected because these
people felt sick and could not be taken into account in the further evaluation of the results. Men
accounted for 62.5% and women accounted for 37.5% of the studied group. The lecture hall is
presented in Fig. 2.

Fig. 2. Lecture hall in Energis building.

Results
The conditions that prevailed during the performed test were:
e air and black ball temperatures: 23.8 [°C] and 23.5 [°C];
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¢ relative humidity and air speed 25.51 [%] and 0.08 [m/s];

e light intensity and CO; concentration: 475.7 [Ix] and 719 [ppm].

The obtained parameters are within the applicable ranges for closed rooms. The responses of the
respondents are shown in the next figures. Fig. 3 shows the real thermal sensations of people.

No person has identified room conditions as cool or cold. Definitely 43.75% of people
considered the conditions in the room as comfortable and as negative — 31.25%. On the other hand,
25% of people declared that the room was too warm. The chart below presents the acceptability of
temperature by the participants of the study.

Half of the group consider the prevailing temperature as comfortable, and the other half that it
is acceptable. It means that all the people who were participating in the current study expressed
positive ideas about the indoor microclimate. No one complained about the conditions in the room,
which is quite strange, because a quarter of the population there said that it was too hot (Fig. 3),

but none expressed any complaints about it regarding the acceptability of the environment they
were in.

Frequency [%)]

10

Fig. 3. Thermal sensation of respondents (TSV): -3 — too cold, -2 — too cool,
-1 — pleasantly cool, 0 — comfortable, 1 — pleasantly warm, 2 — too warm, 3 — too hot.
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Fig. 4. Temperature accepted by the respondents (TAV):
-2 — definitely unpleasant,, -1 — unpleasant, 1 — acceptable 2 — comfortable.
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Fig. 5. Thermal preferences vote (TPV):
-2 —definitely cooler, -1 — cooler, 0 —no change, 1 —warmer, 2-definitely warmer.

Frequency [%]

Fig. 6. Assessment of humidity vote (AHV):
-2 —too dry, -1 — quite dry, 0 — pleasantly, 1 — quite humid, 2 — too humid.

Frequency [%)]

Fig. 7. Humidity preferences vote (HPV):
-1 —more dry, 0 —no change, 1 — more humid.

93



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 90-95 https://doi.org/10.21741/9781644902059-14

TSV

BMI

Fig. 8. The relationship between the BMI index and the TSV.

The next question in the questionnaire dealt with another important issue — Fig. 5 shows people's
heat preferences, i.e. what temperature would be better, warmer, or cooler. It turned out that
68.75% of people would leave the temperature unchanged, while 31.25% would like it to be cooler.
Fig. 6 below shows the assessment of humidity in the lecture hall.

An overall estimate shows that around 56.25% of people in the room are too dry or too dry.
Contrary to 43.75% who rated the humidity as pleasant. The purpose of Fig. 7 is to show the
willingness to change the humidity in the lecture hall, where the test took place, to a more humid
or drier one.

According to the respondents, the humidity could remain unchanged at 56.25%. Changes in
humidity to the more humid one were expressed by 43.75% of people. Fig. 8 below shows the
relationship between the BMI and Thermal Sensation Vote (TSV).

Summary

The surveyed group was 75% satisfied with temperature — only ca. 31% would prefer it to be
cooler. The humidity was judged as quite dry or too dry, so it could be wetter in the room. The
sustainable building met people's expectations during the test, except for relative humidity which
could be higher.
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Abstract. The article presents the perception of thermal comfort in two buildings, intelligent and
traditional. 32 people aged 18 to 22 and one women aged 52 participated in the study. Two
indicators were analyzed, PMV (Predicted Mean Vote) and PPD (Predicted Percentage of
Dissatisfied). The analysis consisted in comparing the actual feelings of the respondents with the
results based on Fanger's model. The assessment of air humidity and thermal preferences are also
shown.

Introduction

Thermal comfort is a state in which we are neither too cold nor too warm. It is difficult to choose
the right parameters in a room because one person may be too warm and for another, it may be too
cold in the same air parameters and in the same room. Everyone's perception of our surroundings
is different. This is only a subjective judgment. The perception of thermal comfort is influenced
by air temperature, relative humidity, carbon dioxide concentration, air speed, light intensity,
seasons of the year, noise, etc. Each of these factors may affect our well-being or discomfort. The
consequence of not ensuring thermal comfort may also be, for example, a headache, which makes
us feel less productive. The assessment of thermal comfort is a very important issue. It helps us
determine the parameters in which a person feels indifferent. For modern construction, it is
assumed that the requirements for controlling the parameters of the internal environment with the
use of BMS (Building Management System) systems will meet the highest requirements compared
to traditional construction.

In the 1970s, O. Fanger, on the basis of the applicable standards: ISO 7730 [1] together with
PN-EN 16798-1: 2019 [2], developed two indicators, PMV (Predicted Mean Vote) and PPD
denoting the predicted number of dissatisfied people (Percentage of Dissatistied People). The
PMYV index is expressed on a seven-point scale, where “-3” means cold and “+3” hot.

Currently, many researchers are involved in research on thermal comfort in school buildings,
homes, universities, and offices, and less in intelligent buildings. The research on thermal comfort
in intelligent buildings was carried out by Krawczyk and Krakowiak [3], who compared the results
of an intelligent building with a traditional building. The research shows a difference between the
PMV index and the actual results from the questionnaires. Their results showed that PMV in
summer was below zero, and vice versa in winter. Homoda et al. [4] found that not only
temperature is an important factor influencing thermal comfort. Relative humidity should also be
taken into account. The research on thermal comfort in schools was carried out by Jindal [5] on
130 students. He examined the thermal environment and students' perceptions, finding that
students feel best at temperatures ranging from 15.5 to 33.7°C. The authors [6, 7] dealt with
research on intelligent buildings. It has to be mentioned that thermal sensations depend not only

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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on the air temperature but also on a number of factors for example individual preferences, and heat
transfer issues [8-11]. It may be evaluated by a time-consuming FEM analysis or, alternatively, by
a surrogate model derived from DOE methods [12, 13] and a non-parametric approach [14, 15].

Air-conditioning and heating devices significantly affect the conditions in the room, therefore
the designed air-conditioning and heating systems should provide appropriate parameters,
depending on the purpose of the room.

Material and Method

In this study, a study was carried out for two buildings, a school building and an intelligent building
of Energis of the Kielce University of Technology. The results for the first building were taken
from the article [3]. However, for the second building, research was carried out in January 2022.
Air temperature, relative air humidity and air velocity for the traditional building are 27.7°C,
47.60% and 0.05 m/s [3], while for the intelligent one: 25.1°C, 29.72% and 0.09 m/s.

The school building has no ventilation in the classrooms. On the other hand, the building of the
Kielce University of Technology has mechanical ventilation. The intelligent building houses 22
lecture halls, laboratories, and rooms for lecturers and other employees. It is equipped with solar
collectors, heat pumps, and photovoltaic cells, which are placed on the roof of the building. Thanks
to photovoltaic panels and solar collectors, the building uses solar energy to heat water and
generate electricity to illuminate the building. The school building is shown in Fig. 1 below, and
the building of the Kielce University of Technology is shown in Fig. 2.

Fig. 1. Photo of the school building. - F ig. 2. Photo of the Energis building. -

The school building was built in 1903, and the supply of fresh air is possible only through doors
and windows. The Energis building, on the other hand, was built in 2012 and was designed with
sustainable development in mind.

The study was conducted using two methods. The first method was to measure the microclimate
parameters with a Testo 400 gauge. It was placed at the level of the thermal center of gravity. Air
temperature, black sphere temperature, air velocity, mean radiation temperature, relative humidity,
and carbon dioxide concentration were measured. The values were read after the measurements
stabilized for 15 minutes. The second method consisted in completing the questionnaires on
thermal impressions of the microclimate. This allowed for the assessment of thermal comfort in
the room in which they stayed. In addition, the survey contained a question about clothing, thanks
to which the average level of insulation of the garment was determined. The thermal resistance of
the office chair was added to the value of thermal resistance, which is 0.1 clo. The total value of
the thermal resistance for the first room was 0.62 clo, and for the second - 0.73 clo. At the end of
the questionnaire, there was a record with data on the age, sex, weight, and height of the
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respondents. 32 people aged 18 to 22 and one women aged 52 participated in the buildings in
question.

Results and Discussion

The same number of people took part in both rooms. In the first room, the subjects were 17 to 18
years old and one woman was 52 years old, and in the second room, they were from 20 to 22 years
old. The respondents were asked about their thermal feelings, which are included on a seven-point
scale: “-3” - too cold, “-2” - too cool, “-1” - pleasantly cool, “0” - comfortable, “1” - pleasantly

warm, ‘“2” - too warm, “3” - too hot. Fig. 3 below shows the frequency of the answers given on
the subject of thermal impressions.
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Fig. 3. Frequency of responses regarding Fig. 4. Frequency of responses regarding air
thermal sensations vote (TSV). humidity vote (AHV).

In the figure above, the results for a traditional building are marked in gray, and the results for
an intelligent building are green. It can be noticed that for a traditional building, students most
often chose the answer “pleasantly warm”, which amounted to 43.75%. They then chose the
answer “comfortable” - 31.25%. Consecutively “too warm” - 18.75%, while the least chosen
answer by students was “too cool” (6.25%). For the Energis building it looks like this: the most
common answer was “too warm” (75%), then “pleasantly warm” (12.50%), and the options
“comfortable” and “too hot” had the same number of answers - 6,25%. Looking at all the answers,
it was found that the respondents did not feel well in the rooms they studied. For both buildings,
the percentage of choosing the answer -3, -2, + 2, + 3 was greater than 10.00% and amounted to
25% for a traditional building, and 81% for an intelligent building. The respondents were also
asked about the assessment of indoor humidity. In the questionnaire, when asked about the
assessment of air humidity, there were the following answers: “-2” - too dry, “-1” - fairly dry, “0”
- pleasantly, “1” - quite damp, “2” - too humid. The graph for the assessment of air humidity is
presented in Fig. 4. The most frequently chosen answer for both rooms was the answer “fairly
dry”. It was 37.50% for the first room and 43.75% for the second room. The second most
frequently chosen answer was “pleasantly”. For both buildings, it accounts for 31.25% of all the
answers provided. The respondents chose the next answer, it is “quite damp”. It is 18.75% for the
first room and 12.50% for the second. The options “too dry” and “too humid” are 6.25% each for
the first room. For the second room, the answer “too dry” is 12.50%. It can be concluded that the
respondents assessed the humidity in the examined rooms in a similar way. Fig. 5 shows
respondents' preferences for humidity.
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Respondents had a choice of individual answers: “-1” - drier, “0” - no change, “1”” - more humid.
It can be seen from the chart above that the respondents would like their indoor air to be more
humid. It looks like this. For room 1 “no change” and “more humid” are at the same level, they
constitute 43.75%. When asked about their preferences regarding humidity, the respondents also
selected the “more dry” option, which is 12.50%. When assessing the air humidity for the second
room, more than half of the respondents (56.25%) considered the prevailing conditions
“pleasantly”. 43.75% of the respondents chose the answer “no change”.

From this chart, it can be seen that the respondents want changes in indoor air humidity. The

comparison between the TSV obtained from the questionnaires and the PMV calculated from the
Fanger model is presented in Fig. 6.
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Fig. 5. Frequency of responses regarding the humidity preferences vote (HPV).

Figure 6 shows the gray color of the PMV results calculated on the basis of the Fanger model,
while the green color represents the TSV obtained from the questionnaires. It can be seen that for
the traditional building (Room 1) and the intelligent building (Room 2), the PMV and TSV values
do not coincide. The adopted range of thermal comfort ranges from -0.5 to +0.5. Taking the
answers obtained from the questionnaires, both buildings mix in this respect, but looking at the
calculated results, they do not fit anymore. PMV for the first room is 0.16 and for the second room
-0.1. On the other hand, the TSV is outside the scope of the ISO 7730 standard. The TSV for the
traditional one is 0.69, and for the intelligent one is 1.81. Such a discrepancy between these
indicators may depend on many factors that were not included in Fanger's model. Figure 7 below
presents the thermal sensations of dissatisfied people in the examined rooms.
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Fig. 6. A comparison of PMV calculated on the Fig. 7. Comparison of actual survey results with
basis of the Fanger model and TSV obtained calculated results for PPD.
using questionnaires for both the buildings.

The above figure presents the results concerning the percentage of people dissatisfied with the
prevailing indoor conditions. The results calculated on the basis of the Fanger model are marked
in grey, and the results from the questionnaires are marked in green. The PPD is in no way
overlapping with each other. For building 1, PPD was calculated at 6%, and 25% from the
questionnaires. For building 2, the PPD z calculated on the basis of the Fanger model is equal to
5%, and on the basis of the surveys, it is equal to 81%. Hence the conclusion that the actual PPD
results are much higher than those calculated on the basis of the Fanger model.

Conclusions

The measurement results of the microclimate parameter from the Testo 400 measuring device were
compared with the actual results based on the questionnaires. The research for the traditional
building was carried out in summer, and for the intelligent building in winter. Overall, the study
confirmed that the TSV results (based on the questionnaires) were not consistent with the PMV
results (calculated using the Fanger model). Therefore, the best solution is to modify the Fanger
model. This discrepancy may result from other parameters that are not included in the model but
have an impact on people's feelings and their responses to the surveys. Differences can also be
seen in the PPD indicator. According to the ISO 7730 standard, the PPD ratio should not exceed
10%. Unfortunately, for a traditional and intelligent room, the percentage of dissatisfied people
exceeded 10%. This proves that the Fanger model needs to be modified. Additionally, the survey
showed that respondents prefer higher relative humidity. Therefore, it is necessary to take care of
the thermal conditions of people staying in educational rooms.

References

[1] ISO International Organisation for Standardization, Ergonomics of the thermal environment
— Analytical determination and interpretation of thermal comfort using calculation of the PMV
and PPD indices and local thermal comfort criteria, International Standard ISO 7730, 2005.

[2] PN-EN 16798-1:2019, Energy Performance of Buildings-Ventilation for Buildings-Part 1:
Indoor Environmental Input Parameters for Design and Assessment of Energy Performance of
Buildings Addressing Indoor Air Quality, Thermal Environment, Lighting and Acustics, 2019.

100



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 96-101 https://doi.org/10.21741/9781644902059-15

[3] N. Krawczyk, J. Krakowiak. The comparison of thermal comfort test results in selected
traditional and modern buildings, E3S Web of Conferences 286 (2021) art. 02008.
https://doi.org/10.1051/e3sconf/202128602008

[4] R.Z.Homoda, K.S.H. Saharia, H.A.F. Almurib, F.H. Nagi. RLF and TS fuzzy model
identification of indoor thermal comfort based on PMV/PPD, Build. Environ. 49 (2012) 141-153.
https://doi.org/10.1016/j.buildenv.2011.09.012

[5] A.Jindal. Thermal comfort study in naturally ventilated school classrooms in composite
climate of India, Build. Environ. 142 (2018) 34-46.
https://doi.org/10.1016/j.buildenv.2018.05.051

[6] N.Krawczyk, Comparison of thermal comfort in a traditional and intelligent building, E3S
Web of Conferences 336 (2022) art. 00019. https://doi.org/10.1051/e3scont/202233600019

[7]1 A. Bialek, L. Degbska, N. Krawczyk. Assessment of light intensity and productivity in the
intelligent building — case study, E3S Web of Conferences 336 (2022) art. 00011.
https://doi.org/10.1051/e3sconf/20223360001 1

[8] G. Majewski, M. Telejko, £.J. Orman. Preliminary results of thermal comfort analysis in
selected buildings, E3S Web of Conf. 17 (2017) art. 56.
https://doi.org/10.1051/e3sconf/20171700056

[9] L.J. Orman, N. Radek, J. Pietraszek, M. Szczepaniak. Analysis of enhanced pool boiling
heat transfer on laser — textured surfaces, Energies 13 (2020) art. 2700.
https://doi.org/10.3390/en13112700

[I0]N. Radek, J. Pietraszek, A. Gadek-Moszczak, £..J. Orman, A. Szczotok. The morphology
and mechanical properties of ESD coatings before and after laser beam machining, Materials 13
(2020) art. 2331. https://doi.org/10.3390/mal13102331

[11]G. Majewski, L.J. Orman, M. Telejko, N. Radek, J. Pietraszek, A. Dudek. Assessment of
thermal comfort in the intelligent buildings in view of providing high quality indoor
environment, Energies 13 (2020) art. 1973. https://doi.org/10.3390/en13081973

[12]]. Pietraszek, E. Skrzypczak-Pietraszek. The uncertainty and robustness of the principal
component analysis as a tool for the dimensionality reduction. Solid State Phenom. 235 (2015) 1-
8. https://doi.org/10.4028/www.scientific.net/SSP.235.1

[13]J. Pietraszek, N. Radek, A.V. Goroshko. Challenges for the DOE methodology related to the
introduction of Industry 4.0. Production Engineering Archives 26 (2020) 190-194.
https://doi.org/10.30657/pea.2020.26.33

[14]]. Pietraszek, A. Gadek-Moszczak, N. Radek. The estimation of accuracy for the neural
network approximation in the case of sintered metal properties. Studies in Computational
Intelligence 513 (2014) 125-134. https://doi.org/10.1007/978-3-319-01787-7 12

[15]J. Pietraszek, R. Dwornicka, A. Szczotok. The bootstrap approach to the statistical
significance of parameters in the fixed effects model. ECCOMAS Congress 2016 - Proceedings
of the 7th European Congress on Computational Methods in Applied Sciences and Engineering
3, 6061-6068. https://doi.org/10.7712/100016.2240.9206

101



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 102-108 https://doi.org/10.21741/9781644902059-16

Corrosion of the S235JR Carbon Steel after Normalizing and
Overheating Annealing in 2.5% Sulphuric Acid at Room
Temperature

LIPINSKI Tomasz'2 " and PIETRASZEK Jacek?®

'University of Warmia and Mazury in Olsztyn, The Faculty of Technical Sciences Department of
Materials and Machines Technology, 10-957 Olsztyn, ul. Oczapowskiego 11, Poland

2 Cracow University of Technology, Faculty of Mechanical Engineering, Department of Applied
Computer Science, 31-864 Krakéw, al. Jana Pawta Il 37, Poland

atomekl@uwm.edu.pl, Pjacek.pietraszek@pk.edu.pl

Keywords: Steel, Structural Steel, Carbon Steel, Corrosion, Corrosion Rate, Profile
Roughness

Abstract. The low-carbon steels offer economical properties of mean hardness, strength, and low
corrosion resistance, but the steel can be welded without restrictions, usually. The structural low
carbon steels have a ferritic-perlitic microstructure. The microstructure depends on the
manufacturing technology and heat treatments of steel. This steel is not intended for heat treatment.
However, due to the technological process, which is welding, the material often overheats. This
overheating causes microstructure growth. The effect of larger grains of the steel microstructure is
the reduction of its functional properties. Corrosion resistance is an essential factor in structural
steel’s quality and application. The purpose of this article is to investigate corrosion resistance
using weight loss and profile roughness parameters of typical structural steel in grade S235JR in
2.5% sulphuric acid solution in distilled water. Samples were tested after normalizing and
superheating annealing. Corrosion tests show that continued corrosion characterizes tested steel in
both corrosive environments. Roughness parameters for every one of the research times determine
the size of steel corrosion.

Introduction
Low-carbon steel is a very popular construction material. The mechanical, physical, and chemical
properties of low carbon steel are influenced by different factors, including chemical composition,
manufacturing technology, the morphology of microstructure, inclusions, etc. Steels from the low
carbon group are a wide range of industrial applications, mainly as a good welded construction
material. The microstructure and properties of these steels are still tested to improve the quality.
The structural low carbon steels have a ferritic-perlitic microstructure in normal conditions [1-3].
Steel structures with low-carbon structural steel can be built quickly by welding at a low price,
but the main problem is their corrosion protection. Corrosion resistance is an essential factor in
structural steel’s quality and application. Corrosion processes can extract metal atoms from the
metal lattice, which atoms during the process pass to corrosion products. Particularly dangerous is
the corrosion causing the local diffusion of metal atoms. The problem is enormous because low-
carbon structural steel is sensitive to corrosion. The corrosion rate depends on different
environments [1, 4-8]. The risks of losing steel properties due to corrosion occur especially clearly
in aggressive atmospheres. In the atmosphere, gaseous pollutants classified as compounds of
nitrogen, ammonia, and sulfur, including hydrogen sulfide, occur more and more often [9]. They
occur in large amounts, usually around industrial plants. The aggressive factors include sulfur

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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compounds. The activation of corrosive processes by sulfur compounds causes high chemical
activity, which is dangerous for metal alloys. Sulfur dioxide dissolved in water creates aggressive
SOs% ions. In the hydrochloric acid environment, the corrosion rate of carbon structural steel
increases intensively with increasing acid concentration and with increasing carbon content in the
steel. In addition, the corrosion products of some metal alloys, including iron alloys, promote the
rapid oxidation of sulfurous anhydride, contributing to the intensification of corrosion [4, 10, 11].

Another problem affecting the corrosion rate of steel is its grain size. As a result of the
production process, e.g. welding, hot-forming, etc., the material may overheat, resulting in grain
growth.

One of the corrosive environmental factors is sulfur compounds. They occur mainly in the
vicinity of industries polluted by sulfur. Because of this, structural steel has often been tested with
sulfur acid on corrosion resistance. Regarding the importance of the problem, this study was
carried out to investigate the corrosion resistance of the overheated low carbon structural steel in
2.5% sulphuric acid reaching water at ambient temperature.

The subject of the article may be of interest to a broad audience related to corrosive, aggressive
environments at room temperatures, e.g. biotechnologists [12], water supply system conservators
[13, 14], and housing infrastructure conservators [15, 16]. The problems of such corrosion are also
crucial for the machine industry [17], in particular for the quality management systems
implemented in this industry [18, 19] and the latest automation systems for management supported
by dense IT networks [20].

Materials and Methods
The experiment was performed on low carbon S235JR (1.0038) steel designation according to EN
10025-2:2004, plate - thickness t = 5.00 mm. The actual chemical composition tested steel is
presented in Table 1.

Table 1. Chemical composition of the S235JR steel

Mean chemical compositions [wt. %]
C Si Mn P S Cr Cu Ni N
0.19 0.22 0.90 0.03 0.04 0.03 0.02 0.02 0.01

Before experiments, the specimens, after being mechanically cut off with an area of 13 cm2 (40
x 10 x 5 mm), were successively polished with water paper to Ra = 0.32 um and next cleaned with
95% alcohol.

The samples with ferritic-perlitic microstructure were tested in accordance with the standard
dedicated for stainless steel PN EN ISO 3651-1 [21] corrosive media were represented by 2,5%
sulphuric acid.

The corrosion rare of the S235JR steel measured in mm/year was calculated with the use of the
below formula (1), measured in g/m2 were calculated with the use the below formula (2):

8760'm

Tecorm = Stp (1)
10000'm

Teorg = St (2)

where:
t —time of soaking in a corrosive solution of 2.5% sulphuric acid water solution [hours],
S — the surface area of the sample (the starting value was assumed) [cm?],
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M — average mass loss in solution (measured as the difference between initial mass and mass
after corrosion time) [g],

P — sample density [g/cm?].

Two variants of heat treatment were used for the tests. In the first variant, the alloy was normalized
at 860°C for 8 minutes and cooled in air. In the second variant, the alloy was superheated, annealed
at 1100°C for 30 minutes, and cooled in air.

The corrosion resistance of the S235JR steel in 2.5% sulphuric acid was tested using weight
loss. The mass of samples was measured by Kern ALT 3104AM digital laboratory precision scales
with an accuracy of 0.0001 g.

Profile roughness parameters were analyzed according to the PN-EN 10049:2014-03 standard
(Measurement of roughness average Ra and peak count RPc on flat metallic products) by the
Diavite DHS5 profilometer.

Results and Discussion

The microstructure of raw overheated S235JR steel is presented in Fig. 1. The effect of overheating
on the microstructure presents the enlarged, equaxial grains ferrite phase (white area) at the
background of the perlite (a gray area).

Fig. 1. Microstructure of S235JR: light etched ferrzte and dark etched perlzte a) aﬁer
normalizing annealing, b) after overheating

Influence time of soaking the S235JR structural steel in 2.5% sulphuric acid at ambient
temperature on the relative mass loss (RML) with regression equation and correlation coefficient
r is presented in Fig. 2.

. 100
£ %0 y=02141x-67649 o @~ ~%
g _ 00 R =0.977 & -

EX 40 y = 0.1755x - 5.4193
% 20 R#=0.9853

5 0

[

0 48 96 144 192 240 288 336 384 432 480
Corrosion time [hours]

Fig. 2. Influence time of soaking the S235JR structural steel in 2.5% sulphuric acid on

the relative mass loss (RML) at ambient temperature, solid line alloy after normalizing
annealing, dashed line alloy after overheating
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Influence time of soaking the S235JR structural steel in 2.5% sulphuric acid at ambient
temperature on the corrosion rate measured in mm per year with the regression equation and
correlation coefficient r is presented in Fig. 2 and the corrosion rate measured in gram per m? with
the regression equation and correlation coefficient r is presented in Fig. 3.

Profile roughness parameters of S235JR steel after corrosion tests in 2,5% sulphuric acid the
regression equations and correlation coefficients r are presented in Fig. 4 with Ra — arithmetical
mean roughness value [pm], Rp — maximum roughness depth [um] for time range: 48, 96, 144,
192, 240, 288, 336, 384 and 432 hours of soaking is presented in Fig. 4 and for Rq - mean peak
width [um], Rt - total height of the roughness profile [um]in Fig. 5.

Relative mass loss (RML — Fig. 1) in the initial period of samples soaking is similar for both
states of heat treatment. As the soaking time increases, the difference becomes more and more
apparent. Steel after superheating annealing loses its corrosion resistance (Fig. 1) faster than steel
after normalizing. This is due to the larger grains obtained after overheating the steel. Analyzing
the corrosion rates (Fig. 2 and Fig. 3), it was found that in the soaking process up to 192 hours, the
corrosion rate increased for the steel after overheating compared to the normalized steel. From 240
hours of soaking, the corrosion rate of the steel after overheating stabilizes compared to the
corrosion rate of normalized steel. It follows that coarse grain steel in the initial period corrodes at
a higher rate than fine grain steel. This difference stabilizes over time. Nevertheless, a higher
corrosion rate of coarse grain steel than that of fine grain steel was observed.

The analyzed roughness parameters indicate that steel increases the surface roughness with
increasing soaking time (Fig. 4 and Fig. 5).
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Fig. 3. Influence time of soaking the S235JR structural steel in 2.5% sulphuric acid at ambient

temperature on the corrosion rate measured in mm per year, solid line alloy after normalizing
annealing, dashed line alloy after overheating
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Fig. 4. Influence time of soaking the S235JR structural steel in 2.5% sulphuric acid at ambient
temperature on the corrosion rate measured in gram per m?; solid line alloy after normalizing
annealing, dashed line alloy after overheating
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Fig. 5. Profile roughness of S235JR steel after corrosion tests in 2.5% sulphuric acid at ambient
temperature for different corrosion times: Ra - arithmetical mean roughness, alloy after
overheating
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Fig. 5. Profile roughness of S235JR steel after corrosion tests in 2.5% sulphuric acid at ambient
temperature for different corrosion times: Rp - maximum roughness depth [um], Rt - total height
of the roughness profile [um]; alloy after overheating
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Conclusions

1. The research results show that weight loss of S235JR steel soaking in 2.5% sulphuric acid at
ambient temperature depends on the type of heat treatment (microstructure morphology).

2. The roughness of the sample increases, but the corrosion rate measured as a corrosion velocity
decreases with time.

3. When steel is overheated, it partially loses its corrosion resistance.
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Abstract. The paper presents the results of research on the anti-corrosion properties of coatings
based on vinyltrimethoxysilane, alcohol, and acetic acid in sulfate solutions with or without
chloride ions (pH = 2). The experiment investigated the influence of a solvent (methanol, ethanol,
butanol, propanol) on anti-corrosion properties, surface morphology, and adhesion to the steel
substrate. The coatings were deposited on X20Cr13 stainless steel using the sol-gel dip method.

Introduction

Stainless steel is used in many industries: from the production of heavy machinery and energy to
precision mechanics and electronics [1, 2]. The protective mechanism of stainless steel relies on a
naturally generated (passive) oxide layer that prevents corrosion in mildly corrosive environments.
In the presence of aggressive halogen ions (Cl-, Br-, I-), the oxide layer undergoes pitting corrosion
[3-5]. In order to increase the protection against corrosion, coatings, e.g. chromate or phosphate,
are used. The toxicity and carcinogenicity of chromium and phosphorus limited the use of this type
of anti-corrosion coating [6-8]. The search for newer, better, more environmentally friendly
coating systems has begun. One of the best alternatives in technology is the sol-gel method [9, 10].

The sol-gel process involves hydrolysis and condensation of M (OR) n metal alkoxides.
Tralkoxysilanes such as VIMS vinyltrimethoxysilane is well known as coupling agents and
crosslinkers. These are compounds that have such functional groups as vinyl, amino, carboxyl,
glycidyl, hydroxyl, or acrylic. The speed of the hydrolysis and condensation reactions depends on
the parameters: pH, temperature, and concentration of the reagents. Changing these parameters
may change the structure and properties of the silane layer to a large extent [11-15].

The precursors of the synthesis reaction in the sol-gel method are various metal alkoxides, salts,
or nitrates [16]. The preparation of sol solutions is based on dissolving the appropriate alkoxide in
an organic solvent, most often anhydrous alcohol [17]. The simplest alcohols such as methanol,
ethanol, propanol, or butanol are widely used raw materials in chemical synthesis [18, 19]. The
hydrolysis and condensation (polycondensation) reactions take place simultaneously in the entire
volume of the solution. The speed of the sol-gel process can be controlled, for example, by using
a suitable catalyst (acid or basic) [20]. In this study, the influence of the solvent used as a
component of the VIMS / Alkohol / AcOH coating on its adhesion and corrosion protection of
X20Cr13 steel was assessed. Over the last dozen or so years, many articles have been written on
the protection of metal surfaces with silanes, and these publications do not deal with the issue of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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the influence of the solvent on the process of protecting metals covered with silane coatings against
corrosion. The paper presents research on alcohol: methyl, ethyl, butyl, and propyl alcohol.

The results presented in this article may be of interest to those industries where there is a risk
of corrosion [21-24] and biocorrosion [25-28]. In the case of using special coatings [29-31],
especially those subjected to laser treatment [32-34], the issue of texture may be important so that
the anti-corrosion layer has proper adhesion. Improvement of anti-corrosion properties will
significantly affect the risk of occurrence of particular failure scenarios [35-38] and thus modify
the quality management schemes [39, 40]. Undoubtedly, it will also have an impact on the design
of new devices and machines [41], especially those operating in difficult conditions [42-44] or
military treatment [45-47], taking into account the increased corrosion resistance in accordance
with the Robust Design concept [48, 49], and thus will be an inspiration for data analysis methods
[50-52] in the field of production engineering and quality management [53].

Materials and Methods

Materials. The chemical composition of X20Cr13 stainless steel (in wt.%) was as follows: C-
0.17; Cr-12.6; Si-0.34 ;, Ni-0.25; Mn-0.30; V-0.04; P-0.024; S <0.005; the rest is Fe. The following
reagents were used: vinyltrimethoxysilane VIMS (by Sigma Aldrich), methanol (by Chempur),
ethanol (by POCH Basic), propanol (by Sigma Aldrich), butanol (by Chempur), acetic acid AcOH
(by Chempur) with the analytical purity grade and deionized water. The volume ratio of the
resulting VTMS: Alcohol: AcOH coatings was 4.84: 2.16: 3.0.

Measurements were carried out on electrodes made of X20Cr13 stainless steel samples. Metal
with a diameter of 5 mm was mounted in polymethyl methacrylate frames. The initial treatment of
metal samples consisted of wet polishing with polishing papers (600, 1000, 2000), rinsing with
deionized water and ethyl alcohol, and then drying at room temperature. In order to decrease the
surface of the samples, each time before applying the coating, they were washed with acetone.
Preparations of VTMS/Alkohol/AcOH Coatings. Preparation with the use of a solvent was
included in the publication [54]. Four sols were prepared according to the following procedure:
3.16 mol dm™ VTMS was dispersed in alcohol:

1) methyl MtOH,
2) ethyl EtOH,
3) propyl IPOH,
4) butyl BtOH.

The amount of 0.1 mol dm™ AcOH was gradually added to the solutions. The solutions were
continued to mix for 2 days. After the solution had changed its consistency, the samples were
immersed for approximately 20 minutes. The methodology of applying silane coatings was
developed in the publication [55]. The coated samples were dried for 1 day at room temperature
in a silica gel desiccator.

Experimental Conditions. The electrochemical tests were carried out using the CHI 706
measurement station (CH Instruments, Austin, Texas, USA) in a three-electrode system, in which
the auxiliary electrode was a platinum electrode and the reference electrode was a saturated
calomel electrode NEK. In order to determine the protective properties of VIMS/Alcohol/AcOH
coatings, potentiodynamic polarization curves of uncoated and coated steel electrodes were
recorded in the following solutions: 0.5 mol dm™ Na>SO4 (pH = 2) and 0.5 mol dm™ Na»SO4 + 0.5
mol dm™ NaCl (pH = 2), the potential range was from -0.8 V to 1.6 V, the polarization rate was
10 mVs™!. The surface appearance of the coatings deposited on the tested steel was assessed using
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the Olympus GX41 optical microscope. The adhesion tests were carried out using a simple
Scotch™ tape sticking and peeling test after each coating application.

Experimental Part

Fig. 1 shows the morphology of VITMS/Alkohol/AcOH coatings deposited on the surface of
X20Cr13 steel. The morphology of all shells is smooth and transparent. The coatings evenly cover
the entire surface of the electrodes, with no visible pits when the coating is removed. The adhesion
to the substrate of X20Cr13 stainless steel was checked using Scotch™ tape, immediately after
the deposition of the VIMS/Alcohol/AcOH coatings. The produced coatings are characterized by
good adhesion to the steel substrate.

In order to characterize the anti-corrosion properties of the produced VIMS/Alcohol/AcOH
coatings against general corrosion, potentiodynamic curves were recorded in an acidified solution
of 0.5 mol dm™ Na,SO4 at pH = 2, in the potential range of -0.8 + 1.6 V for X20Cr13 steel.
uncoated and coated. As can be seen from Fig. 2, the produced coatings inhibit anodic processes
and shift the corrosion potential of the steel by approx. 0.5 V towards positive values. The addition
of the solvent leads to a reduction (1 - 4 times) of the cathode and anode currents density (Fig. 2c).

¥

Fig. 1. VTMS/Alcohol/AcOH coating with a concentration of 3,16 mol dm™> VIMS in solution
and containing alcohol: methyl MtOH (a), ethyl EtOH (b), propyl PyOH (c), butyl BtOH (d).
Olympus GX41 (x100)

04 00 04 08 12 16
E wzgl. NEK, V
Fig. 2. Potentiodynamic polarization curves recorded in a solution of 0.5 mol dm> Na>SOy
pH = 2 for X20Cr13 steel not coated (a) and coated with VTMS/Alcohol/AcOH coatings with a
VTMS concentration of 3.16 mol dm™ and containing alcohol: methyl MtOH ( b), ethyl EtOH (c),
propyl PyOH (d), butyl BtOH (e). Polarization speed 10 mVs™, solutions in contact with air, 24 °
C.
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In order to assess the inhibition capacity of the local corrosion coatings produced, analogous
potentiodynamic curves were performed for the sulfate solution containing the addition of 0.5 mol
dm™ chloride ions (Fig. 3). The corrosion potential of X20Crl3 steel covered with
VTMS/Alcohol/AcOH coatings is shifted towards the positive values by approx. 0.5 V (Fig.3c) in
relation to the value of the corrosion potential recorded for the uncoated steel (Ecor = -0.597 V)
(Fig. 3a). Lower values of cathode and anode current densities were also observed for steels
covered with these coatings. For all VITMS/Alcohol/AcOH coatings deposited on X20Cr13 steel,
no breakthrough potential of the passive layer (pitting nucleation potential) was observed. Thus,
VTMS/Alcohol/AcOH coatings effectively protect the steel against the penetration of a solution
containing Cl” ions and inhibit pitting nucleation processes. Fig. 4 shows the surface photos of the
samples after corrosion tests

08 -0,4 o,o 0,4 o,a 1,2 16
E wzgl. NEK, V
Fig. 3. Potentiodynamic polarization curves recorded in a solution of 0.5 mol dm™ Na>SO4 +
0.5 mol dm™ NaCl pH = 2 for X20Cr13 steel not coated (a) and coated with
VTMS/Alcohol/AcOH coatings with a VIMS concentration of 3.16 mol dm™ and containing
alcohol: methyl MtOH (b), ethyl EtOH (c), propyl PyOH (d), butyl BtOH (e). Polarization
speed 10 mVs™! solutions in contact with air, 24°C.

Fig. 4. Morphology of the sample surface aﬁer corrosion tests, coaﬁng VTMS/MtOH/AcOH (a),
VTMS/EtOH/AcOH (b), VTMS/PyOH/AcOH (c), VIMS/BtOH/AcOH (d). Olympus GX41 (x200)

Fig. 4 shows the morphology of samples with VTMS/Alcohol/AcOH coating after corrosion
tests in a solution of 0.5 mol dm™ Na>SOs + 0.5 mol dm™ NaCl pH = 2. The photos show steel
surfaces without pitting. Thus, the obtained coatings effectively inhibit the corrosive processes.
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Conclusions

The tests of VIMS/Alcohol/AcOH coatings have shown that the selection of an appropriate
solvent has a significant impact on the anti-corrosive properties of VIMS coatings. The produced
coatings show a homogeneous surface without visible defects in the structure, good adhesion to
the substrate, and extend the time of steel resistance to the action of chloride and sulfate ions in an
acidic environment. The VTMS/EtOH/AcOH coating shows the best ability to block the transport
of chloride 1ons responsible for pitting corrosion of steel.
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Abstract. The analysis of the modernity of production machines is an important issue due to two
aspects. First of all, modernity will have a direct impact on the efficiency of using both the machine
and the entire production process (the entire production line), as well as the productivity of this
process. On the other hand, this meaning will refer to the qualitative results of the processes that
are carried out by the analyzed device. The level of modernity of machines is the starting point in
the analysis of the effectiveness of their use and planned organizational changes in the production
line. The aim of the paper was to evaluate the modernity of the milling machine CNC, which is
used in the production of various types of steel products. The ABC technology method was the
research instrument. Individual parts of this machine were divided into 3 subassemblies (parts of
main subassembly A, parts of supportive subassembly B, parts of collateral subassembly C) and
then each part was evaluated on the basis of Parkers' five-point scale. The analysis showed that
despite the fact that the machine is not modern, there is no need to replace it, because the quality
level of the steel products produced with it, is high.

Introduction

Nowadays, the tasks of modern production depend to the greatest extent on the use/application of
scientific and technical innovations [1,2]. The use of new solutions, both in organizational and
technical terms, is the main element of the development / modernity of production systems. The
assessment of the modernity level of the production devices is a multifaceted and very complex
concept, which should include: place, time, material flow, technologies, and intangible resources
(people). Production equipment and machines constitute one of the elements determining the used
technologies and the achieved results in terms of efficiency and productivity, which is one of the
elements of market competitiveness. The inability to measure the level of modernity in production
with one integral measure forces analyzes to be made using a number of partial indicators. These
indicators make it possible to determine the level of modernity of the manufacturing processes
implemented in the enterprise. The assessment indicators include: assessment of the modernity of
the used machinery park, the modernity of the used technologies and organizational solutions
influencing the efficiency of the processes. In recent years, there has been a development of multi-
criteria assessment methods [3]. Many authors emphasize the usefulness of these methods in the
assessment of technical systems [4,5].

The basic criterion for the analysis and assessment of modernity level of the equipment in
production is money. All activities performed in the production line generate costs and revenues.
These two aspects are directly related to the supervision of the technical condition of devices and
the assessment of the capabilities of these machines. And these are possibilities both in terms of
the results (production capacity per unit of time) and the necessary inputs (work, time and energy).
These two factors are the basis of actions taken in the field of maintenance, which takes into

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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account the possibility of implementing production plans and the necessity to undertake
investment activities [6,7]. The method of assessing the modernity level of the subject should be
constructed in such a way as to meet the basic assumptions of the analysis: 1 - credibility of the
results, 2 - achievement of the full results of the assessment process (comprehensiveness), 3 -
validity, i.e. obtaining a result based on the analysis of facts.

Modernity is directly related (and can be identified) with the concept of the quality. This is due
to the strong relationship between the modernity level of the machine and high quality of
workmanship (product) [8,9]. Additionally, a detailed presentation distinguishes three aspects of
the concept of modernity of devices: 1- technical and constructional modernity (technical level), 2
- modernity as a high level of workmanship, and 3 - functional and operational modernity (quality
of use). The broadest scope includes technical and design modernity, which can be defined as the
highest level of technical system parameters, in relation to other comparable products [10].

The aim of the paper was to evaluate the modernity of the chosen machine used in the
metallurgical industry. The milling machine CNC of the Polish production was the research object.
This machine was manufactured in 2007, so it is not so new, however is well equipped and allow
to produce big range of products. As a research method, ABC technology method was chosen. It
let classify individual parts of the machine according to level of the modernity of production. Such
an analysis can show the modernity of the individual parts but also of entire machine and if it
should be replaced by new one.

The scheme of the evaluation method shown in the article can also be used in similar situations
requiring qualitative assessment, such as biotechnology [11], traffic engineering [12, 13],
management [14-17] or quality assurance systems [18, 19]. Moreover, carrying out the evaluation
of modernity requires the development of action scenarios, including scenarios of possible failures
and their consequences [20-24]. This work can inspire the further development of many data
analysis methods [25] based on both quantitative [26-29] and qualitative [30-32] data, thus
providing useful tools in many areas of technology [33-36]. Effective predictions, especially
explained in an accessible and understandable language, significantly improve the reception of
organizational and technical solutions, increasing the general technical culture [37, 38].

Methodology
The ABC technology method is based on the assessment of the value of each of its components
through the prism and significance in the total value of the entity being assessed. The analysis
makes it possible to determine which elements of the device (more precisely, the evaluation for
that element) require a special approach, due to the significant impact on the functionality of the
device. The ABC technology method, made for individual devices, facilitates decision-making by
the maintenance services and other related departments. The analysis performed in a team and
based on the analysis of historical data allows for a quick response (decision) in terms of ensuring
continuity of production and improvement of efficiency for the implemented activities [39-42].
All machine components are divided in three groups: Technologies of level A (subassembly
A), also known as main technologies, are basic technologies, fundamental for business. They help
to give special attributes to produced products. Technologies of level B (subassembly B) are the
enabling technologies of a general nature, available to all companies in a given industry. The
company does not show interest in development, but benefits from such progress during the
purchase of the machine. Technologies of level C (subassembly C) are supporting technology
which are usually part of the overall business. These technologies are associated with its own
machinery or equipment and are not subject to the innovative activity of the entity using it [6, 7].
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The evaluations of individual parts of the machine can be made on the basis of Parker's five-
point scale [6, 7]. Level 1 concerns of easy the machine parts manufactured with use of craft
technologies. Level 2 concerns of the machine parts manufactured with unchanging technologies
used for years. Level 3 concerns of the machine parts manufactured with more complex
technologies, requiring technical skills and knowledge. Level 4 concerns of the machine parts
manufactured with modern technologies. Level 5 concerns of the machine parts manufactured with
the most modern, unique technologies, not known by other producers.

The milling machine CNC was selected for the research presented in the paper, however, for
legal reasons, the manufacturer and the number of the machine were not disclosed. The machine
was manufactured in 2007 in Poland. It is equipped with a work table with dimensions (width x
length) 500 x 1400 mm. Numerical control enables work in an automatic cycle with circular or
linear interpolation in three-dimensional space. The machine's feeds in the X/Y/Z axes are
respectively 800 mm, 500 mm and 500 mm. The CNC milling machine weighs 4500 kg. A fourth
axis can be connected to the machine control panel. The machine has a hydro-mechanical quick-
change device and hydraulic console relief. The machine is also equipped with stepless regulation
of the spindle speed. The machine is used during production process of different types and shapes
of steel products.

Results

The modernity research was conducted for the chosen milling machine CNC. The first stage of
the analysis was to specify the different parts of the machine and their division into individual
subassemblies, and then to evaluate each part. Evaluation of modernity level of individual parts of
the research machine and average evaluation of each group was presented in Table 1.

Table 1. Evaluation of the modernity of the parts of the milling machine CNC [own study]

No | Parts of main subassembly A Evaluation | No | Parts of main subassembly C | Evaluation
Al | Control system 4 Cl | Fan 1
A2 | Control panel 4 C2 | Shields 2
A3 | Programming system 3 C3 | Sensors 3
A4 | Stepless regulation of the spindle 3 C4 | Wires 2
speed C5 | Switch key 2
A5 Hydro-mechanical quick-change 3 C6 | Control buttons 2
device C7 | Lighting 2
A6 | Hydraulic console relief 3 C8 | Machine construction 3
A7 | Stationary breaking cap 2 C9 | Foundation 2
Average 3.14 Average 2.11
No | Parts of main subassembly B Evaluation
B1 | Utilities connection system 3
B2 | Main power transmission system 4
B3 | Feeders 4
B4 | Start-up system 2
BS | Safety barrier 2
B6 | Integrated power units 2
B7 | Height adjustment mechanism 3
Average 2.86
a) b) ©)
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N 2;66.67
Fig. 1. The modernity structure of subassemblies of the milling machine CNC in: a) main
subassembly, b) supportive subassembly, c) collateral subassembly [own study]
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Fig. 2. ABC analysis of the modernity level of the milling machine CNC [own study]

The structure of modernity level of the research machine for each individual subassembly was
presented in Fig. 1 in form of the pie chart, while the final result of the ABC analysis for the
research machine was presented in Fig. 2, in form of the Pareto chart.

Individual parts of the milling machine CNC, according to Table 1, Fig. 1 and Fig. 2 were
classified in following way:

— parts of main subassembly A: in over 57% are on level 3, in over 28% are on level 4, in over
14% are on level 2. So 3 was the most often given evaluation (4 times). The highest evaluated
parts (level 4) were: control system and control panel. No part of this subassembly received
evaluation 1 or 5. This group had the highest average evaluation (3.14). This means that the
average part of the subassembly was manufactured with more complex technologies, requiring
technical skills and knowledge.

— parts of supportive subassembly B: in almost 43% are on level 2, and in almost 29% are on
level 3 and 4. So 2 was the most often given evaluation (3 times). The highest evaluated parts
(level 4) were: main power transmission system, feeders. No part of this subassembly received
evaluation 1 or 5. The average evaluation was 2.86, which means that parts of this subassembly
were manufactured with more complex technologies, requiring technical skills and knowledge or
with unchanging technologies used for years.
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— parts of collateral subassembly C: in almost 57% are on level 2, in over 22% are on level 3, in
over 11% are on level 1. So 2 was the most often given evaluation (6 times). The highest evaluated
parts (level 3) were: sensors and machine construction. No part of this subassembly received
evaluation 4 or 5. The average evaluation of all subassembly was 2.11, which means that on
average, parts of this subassembly were manufactured with unchanging technologies used for
years.

Average evaluation of the entire machine was 2.65, which means that most of the parts were
manufactured with more complex technologies, requiring technical skills and knowledge or with
unchanging technologies used for years. It can be also concluded that evaluations 2 and 3 were the
most often given evaluation to individual parts of the research machine (respectively over 40%
and almost 40%). Evaluations 4 and 1 had little impact on the overall evaluation of modernity of
the research machine. Evaluation 5 did not appear during the analysis. It means that the research
machine is not modern.

It should be emphasized, however, that the quality of the products manufactured with the use
of the research machine is quite high, and the analysis of nonconformities that appeared mostly
were caused by factors other than the milling machine CNC. The results of this analysis will not
be shown in the paper, but they prove that despite the fact that the machine is not modern, it allows
for obtaining products with appropriate parameters and quality level. This means that it does not
need to be replaced in the nearest future.

Summary

One of the main and important resources of each enterprise is technical equipment in the form of
machines, which is used during the production process, and which affects not only the efficiency
of the production process, its productivity, but also the quality of manufactured products. One of
the factor that helps in the evaluation of equipment is the modernity of machines. To evaluate it,
the ABC technology method can be used, which is a simple research instrument that uses the 20/80
principle, e.g. that roughly 80% of consequences come from 20% of causes.

In the paper the indicated method was used to evaluate the modernity of the milling machine
CNC, which is used in the production of various types of steel products. Average evaluation of the
entire machine was 2.65, which means that most of the parts were manufactured with more
complex technologies, requiring technical skills and knowledge or with unchanging technologies
used for years. So it was concluded that the machine is not modern. However, the analysis showed
that despite the fact that the machine is not modern, there is no need to replace it, because the
quality level of the steel products produced with it, is high.
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Abstract. The purpose of this paper is to present the possibility of using computer simulation
techniques to optimize production processes. The paper presents a simulation model, which is the
basis for solving decision problems, in particular regarding the determination of alternative
scenarios for the allocation of production resources. The simulation model was built in FlexSim.
It consists of a finite set of decision variables and constraints that result from the analyzed
technological process. The basic stages of creating a simulation model are discussed and the results
of the simulation are presented.

Introduction
Companies around the world are constantly looking for ways to reduce costs and make the best
use of available resources. Organizations are currently looking for Lean system solutions that
would improve their activities by eliminating what does not bring value to the customer, while
increasing the efficiency of the manufacturing process [1, 2].

Success in the global economy is often viewed in terms of competitiveness, risk and innovation
[3, 4]. Success in business is based on speed in making decisions and solid information support in
this process. Decision making is easy in simple systems and in a situation where there is no
alternative choice [5, 6]. However, most production systems are difficult to understand. As a rule,
they offer a large number of variants of action. It is difficult for an individual to analyze and make
the right decision because each system has one or more of the following characteristics [7]:

— system components are subject to their own random actions,
— random actions of the environment affect the system,
— the behavior of the system is dependent on the time variable.

System components have many interactions, so there are many ways to connect paths between
system components. When a decision-maker starts analyzing the system and formulates a plan to
optimize its performance, then it can face extremely difficult problems [8]. In these situations,
common sense thinking and the use of simple computational techniques is insufficient in view of
the dynamics and random nature of the system's behavior [9]. Therefore, methods have been
developed that help managers analyze processes and are commonly known as decision support
systems. The decision support system acts as an analysis tool by which decision makers formulate
action plans [5]. Simulation is one such tool. The simplest way to describe the role of simulation
in the decision-making process is as follows: simulation is an experiment and a simplified imitation
(with the help of a computer) of a specific action [10]. Process simulation requires prior
construction of appropriate predictive models [11, 12], especially in the case of heavy industries
[13-15], a high risk of contamination [16-20] or a risk of injuries [21-24]. The construction of
predictive models requires the application of many data analysis methods to previously collected
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data, both parametric [25-27] and non-parametric [28-31]. The developed predictive models are
components [32] that should be built into the quality management system [33, 34], taking into
account various scenarios of events, including failures [35-38]. Of course, the successful
implementation of such systems depends hugely on technical culture [39] and social attitudes of
workers [40].

The Essence of Modelling and Simulation

Modelling means the activity of selecting an acceptable substitute called a model for the original,
i.e. it is an approximate reproduction of the most important properties of the original. In other
words, it is building a model that reflects the most important features of the examined or designed
object from the point of view of the task it serves in a specific reality or abstraction In general,
modelling tools, and simulation in particular, provide mechanisms for studying the problem
presented in them, for alternative experimentation, and for predicting the results of proposed
external solutions. This approach significantly increases the decision space (allows to evaluate
more different ideas), does not interfere with the real system and allows to estimate the risk of
actions [41-43]. The main area of application of simulation is production. The production results
were easy to predict when only one operator was working on the line. The pace of work depended
only on the decision of one operator [44-46]. However, once with the start of the industrial
revolution, and in particular with the introduction of the assembly line, production transformed
into a complex system consisting of many pieces of equipment, many operations and activities,
and involving many people interacting with each other [47-50]. Optimizing the process using the
simulation method means finding the best configuration of input variables that will reflect the
highest efficiency and stability of the process [51, 52]. And the optimization itself usually consists
in maximizing or minimizing the selected parameter [53-54].

Methodology — Case Study

This article discusses a combinatorial approach to minimize the path for an overhead crane. The
study took into account the problem of selecting individual machines to fulfil the order for 5 types
of products. The developed model focuses on the planning of the production process, where it is
necessary to decide on which machine each type of product should be manufactured - so that the
total distance of the crane (operating time and operating costs) is as low as possible. In this concept,
the 3D FlexSim simulation environment with the built-in OptQuest optimization module was used
to solve the problem [55]. It has been assumed that this process will take place on 5 machines, and
due to the changeover of machines, each type of product will be produced on one machine. The
quantities of individual products and the operating time for each type of product are summarized
in Table 1. Model of simulation of the analyzed production process performed in the FlexSim
program is also presented.

This problem in its basic version seems to be very simple, because with one warehouse,
knowing the position of the arrangement of individual machines, it is enough to send the largest
batch of semi-finished products to the nearest station. Later, the next closest position should be
selected and the largest batch of semi-finished products should be shipped, etc. However, with a
greater number of warehouses, or a greater number of products or means of transport, this problem
becomes complicated very quickly. To find the shortest route with only one semi-finished products
warehouse and 5 machines, you need to calculate the so-called the number of inversions, which is
5! =120 combinations. If the problem concerns more machines, e.g. 10, it will be 10! = 3,628,800
combinations. Thus, manual calculations are unrealistic, therefore it is necessary to use the
OptQuest optimizer built into FlexSim. In the base model, standard objects from the program
library were used, which were programmed according to the task conditions. The flow elements
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simulating individual product types are generated by the Source type object. In this model, the
source works in the Arrival Sequence mode, where five types of items (semi-finished products)
are defined and their respective amounts are given (Fig. 1a). The model should define a global
table with dimensions (5 x 2), where the row is the number of the port to which the machine is
connected, and the columns are: product type (item) (Col 1) and processing time (Col 2) (Fig. 1b).
This arrangement means that the item number I is to be routed by the RMW stock warehouse to
the exit port number I to which the machine M1 is connected, etc. The transport was then assigned
to the RMW warehouse via the central port. The standard FlexSim object - a crane was also used
for transport.

Table 1. Data on the type of product, production volume and operating time for the discussed

pVOduCtiOI’l process
Production S . .
Product type Operating time [s] Simulation model
volume [pcs]
1. 40 1500
2. 50 1200
3. 30 2100
Source
4. 25 2600
5. 45 1400
#% Arrivals - Sourcel — O X Fa — O b
Arrivals EI = Labels = @ m W
ItemMame |Quanﬁty |Type | Col 1 |C0| 2 |
Armivall | Product P 1 Row 1 Array[s]: {1, 2, 3, 4, 5} 1500
Arrival2 | Product 50 2 Row 2 Model.parameters.Parameter 1 [2] 1200
Arrival3 | Product 30 3 Row 3 Model.parameters.Parameter 1 [3] 2100
Arrival4 | Product 25 4 Row 4 Model.parameters. Parameter 1 [4] 2600
Arrivals | Product 45 5 Row 5 Modelparameters.Parameter 1 [5] 1400

Fig. 1. a) Defining the Source object for the analyzed research problem, b) definition of the
allocation of ports and production time to specific types of products [own study]

In this model, each Processor performs the function of individual M1 = M5 machines. The
processing time of individual products is set according to the performance of each machine. For
this purpose, column 2 was defined in the global table and, similarly to the RMW warehouse, it
was assigned to each Processor. Transport to the FPW finished goods warehouse is also set up in
individual processors. The same crane was used for this purpose. After starting, the appropriate
item type will be transported to the specific machine. However, such a choice is not optimal,
because the access routes do not have to be the shortest. In order to optimize the selection of
individual machines, it is necessary to define the operation of the optimizer. The optimizer will
match the sequence of individual ports for the shipment of semi-finished products to individual
machines until the optimal value was determined, at which the total distance of the crane will be
the smallest.
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Results

Based on the simulation (with input data from Table 1), the best combination of ports was obtained,
with the shortest route. The result of the optimizer's work for all 120 combinations of ports, along
with the length of travel, is shown in Fig. 2. As it can be seen at the presented results, the best
sequence of port addressing is the combination of 3, 1, 4, 5, 2, obtained in the 31st iteration as
Rank 1. This means that the first type semi-finished product in the amount of 40 items should be
sent to the machine M3, semi-finished product of the type 2 in the amount of 50 pcs. for the M1
machine, semi-finished product type 3 for the machine 4, etc., machine M5 - product 4 and
machine M2 - semi-finished product 5. Then the total travel route for the crane will be the shortest
and will be 23.8 km. Fig. 3a shows a production flow cyclogram. A high degree of production
sustainability can be observed, which translates into the end of production of the entire assortment
at a similar time. On the other hand, Fig. 3b shows the degree of use of individual machines.

OptQuest Success - The optimal solution was found.

Optimization1 Results (Run 1)

@ Feasible Iteration ¥ Best Iteration
OScenarios1 F#AR

25200 O
o 20000 @ ® (_,O (@]
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Fig. 2. The result of the optimizer work for all 120 iterations
(combinations of 5 output ports for RMW warehouse) [own study]
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Fig. 3. a) Production flow cycle for all types of products manufactured on M1 + M5 machines,
b) Loads of individual machines throughout the production cycle [own study]

The diagram in Fig. 3b shows the so-called partial efficiency of machines. It is a value that
represents the OEE coefficient without taking into account the quality of the manufactured
products. This means that assuming that all manufactured products were 100% compliant.

Summary

The main purpose of the article was to present the possibility of using a simulation experiment to
optimize the production process. The presented example shows how a discrete event simulation
model can improve production process planning. The presented concept can be the basis for
constructing more complex simulations. It can also be successfully used in logistics for route
planning or finding the optimal location of the warehouse. The benefits of simulating real

129



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 126-133 https://doi.org/10.21741/9781644902059-19

operations on average give savings from 5 to 25% as a result of lower operating costs and
increasing throughput (flow) [7]. A significant part of the savings are already foreseen in the
simulation process, which significantly reduces the analysis time and thus provides a quick method
to try out changes and new ideas. Such analysis is especially important in situations of sharing
resources and people involved in a given process or operation. The most important thing, however,
is that the simulation shows the impact of plans and schedules on the actual performance, and also
directs managers to choose the optimal actions. The main value of the simulation is also the fact
that - based on historical and current features - it presents the dynamics of the simulated system,
allowing it to be learned, studied, experimented and modified without interfering with and
disturbing the real system. Alternatively, a simulation based on predicted or planned features
represents the dynamics of the behavior of a system that does not yet exist and allows us to
understand it before it arises in the real world.
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Abstract. This work compared the physicochemical properties of the Ti6AI4V titanium alloy
produced by plastic working and selective laser sintering. The corrosion behavior of materials was
analyzed in terms of their application in medicine, particularly in implantology. For this purpose,
corrosion resistance tests were carried out in Ringer’s fluid. The microstructural analysis of these
materials was performed — before and after corrosion tests using the KEYENCE VHX-7000 digital
microscope. Phase analysis of these materials was performed using a SEIFERT T-T X-ray
diffractometer.

Introduction

Ti6Al4V titanium alloy is successfully used in the automotive and aviation industries, as well as
in medicine [1-3]. Taking into account biomedical applications, the use of titanium alloy in
implantology deserves special attention due to a number of advantages such as corrosion
resistance, high biocompatibility, low weight, and fatigue strength [4]. However, the excessively
high Young's modulus of the Ti6Al4V titanium alloy compared to bone entails limitations in
implantological applications, negatively affecting, among others, the connection of the implant
surface with the bone tissue [1, 5]. An alternative solution to this problem is the use of 3D printing
for the production of Ti6Al4V titanium alloy [6]. The following technologies are mainly used for
3D printing of powdered metals: (i) selective laser sintering (SLS), (ii) selective laser melting
(SLM), and laser surfacing (LMD) [1]. Selective laser sintering uses a laser beam to sinter
powdered materials, resulting in the formation of three-dimensional objects [7]. The process of
selective laser melting is analogous, but in this case, the laser beam is used to melt powdered
materials [1]. In the laser surfacing process (LMD), the laser creates a pool of liquid metal into
which the melting powder is fed. As a result of this process, sediment is created that connects to
the substrate - thus, layer by layer, a 3D object is created.

In this study, the properties of Ti6Al4V titanium alloy produced by plastic working and 3D
printed by selective laser sintering were compared. In particular, the research focused on the
corrosion resistance of titanium alloys produced by plastic working and selective laser sintering,
their microstructural analysis, and phase composition analysis.

The presented results may be engaging in many industries due to the desired corrosion
resistance, e.g. when applying special surface layers [8-10] obtained by coating deposition [11-
14], their subsequent modification with laser treatment [15-18], but also in the production of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

134



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 134-141 https://doi.org/10.21741/9781644902059-20

devices exposed to corrosion in hydraulic heavy-duty machines [19, 20], to biocorrosion in
biotechnology industry [21-23], agriculture [24-26] and surgery implants [27-29]. They can also
inspire the development of classic data analysis methods [30-32], their non-parametric variants
[33], and failure analysis methods [34-37]. A significant improvement in corrosion resistance will
also have a large impact on the current quality management due to the extension of the service
time of equipment and infrastructure [38-42].

Materials and Methods

Titanium alloy Ti6Al4V was obtained by two methods: the plastic working method and the
selective laser sintering (SLS) method was used for the tests. To visualize the microstructure, the
specimens were etched with a reagent containing: 2.5 ml of nitric acid, 2.5 ml of hydrofluoric acid,
and 95 ml of water.

The corrosion resistance of the tested materials was tested. For this purpose, samples of titanium
alloy were mounted in polymethyl methacrylate frames with epoxy resin and mechanically
polished using sandpaper with a grain size of up to 2000. The corrosion resistance tests were
carried out using the CH Instruments 440A (USA) measuring station in a three-electrode system,
where a platinum electrode was used as the auxiliary electrode, and the reference electrode was a
saturated calomel electrode, and the working electrode was the tested titanium alloy sample. In
order to test the corrosion resistance, potentiodynamic polarization curves were recorded in the
potential range from -1.5 to +3.0 V (measured against a saturated calomel electrode - NEK).
Ringer's fluid was used as the corrosive medium. The composition of Ringer's fluid is shown in
Table 1.

Table 1. Ringer’s fluid composition

Ingredient NaCl KCl CaClz
Amount [g/] 8,6 0,3 0,333

The KEYENCE VHX-7000 digital microscope was used for microstructural analysis of the
tested materials, both before and after the corrosion tests. Phase analysis was performed using a
SEIFERT T-T X-ray diffractometer.

ckszenie: X1500,0 Powigkszenie: 1500,0]

Fig. 1. Microstructure of (A) Ti6Al4V titanium alloy produced by plastic working method and
(B) Ti6Al4V titanium alloy 3D printed by SLS method.

Results
Fig. 1 shows the microstructure of the Ti6Al4V titanium alloy (A) produced by plastic working
and (B) 3D printed using the SLS method. Ti6Al4V titanium alloy is an a + B two-phase alloy.
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Based on the obtained microstructures, it was found that the method of producing the Ti6Al4V
titanium alloy significantly affects its structure. The structure of both samples shows a different
morphology. The microstructure of Ti6Al4V titanium alloy produced by plastic working is visible,
equiaxed grains, while the microstructure of Ti6Al4V 3D SLS alloy is acicular.

Phase analysis of the Ti6Al4V alloy produced by various methods was performed. Fig. 2 shows
the diffractogram recorded for the Ti6Al4V titanium alloy produced by the plastic working
method, and in Fig. 3 for the Ti6Al4V alloy produced by the SLS method. Phase analysis revealed
the presence of o and P phases for both materials. Peak positions were read from recorded
diffractograms and fitted to individual a and 3 phases.
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Fig. 2. The diffractogram registered for the Ti6Al4V titanium alloy produced by the plastic
working method.
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Fig. 3. Diffractogram registered for Ti6Al4V titanium alloy 3D printed by SLS method.
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The corrosion resistance of the Ti6Al4V titanium alloy was tested. Fig. 4 shows the
potentiodynamic polarization curves for the Ti6Al4V titanium alloy produced by plastic working
and by selective laser sintering. The corrosive potential of the Ti6Al4V alloy was -0.7 V, while
the Ti6Al4V 3D SLS alloy was - 0.63 V. The cathode current densities for both materials were the
same. For the Ti6Al4V 3D SLS alloy, a sharp increase in the anode currents density was observed
for the potential above +1.9 V.
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Fig. 4. Potentiodynamic polarization curves recorded for the Ti6AI4V titanium alloy produced
by plastic working and 3D printed with the SLS method in Ringer's fluid.

Fig. 5 shows the microstructures of the Ti6Al4V titanium alloy produced by various methods
after corrosion tests in Ringer's fluid. No signs of pitting corrosion were observed on the surface
of these materials, which proves the good corrosion resistance of both the Ti6Al4V titanium alloy
produced by plastic working and 3D printed by SLS.

Fig. 5. Microstructure of (A) Ti6Al4V titanium alloy produced by plastic working and (B)
Ti6Al4V titanium alloy produced by SLS method after corrosion tests.
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Conclusions

In this study, an analysis of the physicochemical properties of the Ti6Al4V titanium alloy
depending on the production method was carried out. It was revealed that the structure of the tested
materials had a different morphology. The Ti6Al4V alloy produced due to plastic working had
equiaxial grains, while the Ti6Al4V alloy, 3D printed using the SLS method, had a coniferous
structure. The X-ray analysis confirmed the presence of a and B phases in both materials. The
corrosion resistance of both materials was analyzed in Ringer's fluid. The conducted analysis
revealed slight differences in the corrosion potential values - the corrosion potential of the
Ti6Al4V alloy produced by the SLS method was shifted by 0.07 V towards positive values in
relation to the corrosion potential of the Ti6Al4V alloy made as a result of plastic working. The
cathode current densities were equal in both cases. For the Ti6Al4V 3D SLS alloy, a rapid increase
in the anode currents density for the potential above +1.9 V was observed. The microstructural
analysis performed after the corrosion tests did not reveal any signs of pitting corrosion.
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Abstract. The Polish Armed Forces have very sizable stocks of explosive ordnance, of which
some have exceeded the allowable service life. From the point of view of ageing and acceptable
ways of disposal, some high explosives cannot be used if they have been stored for years. That is
why studies are performed on the safety of utilizing such kinds of explosive ordnance. During the
storage period, high explosives' physical and chemical parameters deteriorate. For example, the
sensitivity of such materials increases, resulting in them becoming dangerous. Therefore,
diagnostic tests to determine the quality of high explosives for further use (extending the
exploitation period or referral for disposal) are conducted. The main goal of this work was to
compare how the effect of the ageing process impacts the physical and chemical properties of high
explosives and those containing 2,4,6-trinitrotoluene in particular. Many factors effectuate the
quality of the stored high explosives, e.g. acidity, melting point, decomposition temperature,
friction- and impact sensitivity. The authors investigated high explosives from selected mines
produced in different periods and compared these results with those obtained from testing mines
of previous years.

Introduction

Considering that Poland has significant stocks of explosive ordnance with some exceeding
allowable service life, monitoring the impact of storage time on the physical and chemical
properties of 2,4,6-trinitrotoluene (TNT) is a pertinent issue.

TNT’s popularity stems from its low melting point (i.e., 80.65°C) and the process occurring
with no decomposition. This makes TNT readily cast. TNT is used as an admixture with many
other high explosives, mainly due to the low melting point. Comparative studies with other
explosives, such as penthrite (PENT), Royal Demolition explosive (RDX) or octogen (HMX),
corroborated that TNT is highly stable and has a low sensitivity impact. Studies also reported it
being distilled under vacuum (10 — 20 mm) at 210 — 212°C without decomposing. The first
significant drawback of the TNT lies in the high environmental impact of the required production
process, which caused it no longer be produced in Canada and the USA. Furthermore, the United
States record a surplus of this explosive, and research and production are focused on even more
powerful compositions. [1]

In Poland, the TNT is still the primary explosive used for explosive ordnance. This is
attributable to, first of all, its properties, as it is a durable material, resistant to ageing processes
and can retain its performance parameters for an extended time.

From the point of view of ageing and acceptable ways of disposal, some types of high
explosives cannot be used if they had been stored for years. That is why safety studies of explosive
ordnance determining their safe use are carried out. During the storage period, physical and

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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chemical parameters of high explosives deteriorate, for example, the sensitivity of such materials
rises, resulting in them becoming dangerous.

Moreover, it needs to be remembered that TNT is highly susceptible to photodecomposition
[2,3], it reacts easily in an alkaline environment [4], but even though materials that could replace
TNT have been sought for over a century, it is still the most commonly used component in the
production of high explosives [5] and for almost a hundred years — as a high explosive component
of explosive ordnance.

The authors conducted diagnostic tests to determine the quality of high explosives for further
use (extending their exploitation time or referring them for disposal) which were enacted under
the explosive ordnance quality control and safety system. To evaluate the quality of explosive
materials, the authors focused on acidity, melting point, decomposition temperature, friction- and
impact sensitivity.

The main goal of the project was to compare, how the effect of the ageing process influences
the physical and chemical properties of high explosives, as there are many factors reflecting the
quality of the stored high explosives, e.g., acidity, their melting point, decomposition temperature,
friction- and impact sensitivity. The same parameters are considered when developing new
explosives, especially explosive mixtures, to determine the potential reactions between the
components of the mixture and its stability (which is important during long time storage in various
conditions). Analysis of high explosives from selected mines from different manufacturing years
was performed and the comparison of the results with those obtained in previous years was
conducted by the authors.

Experimental Part
To evaluate the quality of explosives, acidity, melting point, decomposition temperature, friction
and impact sensitivity testing was performed. The investigation was done according to the
following STANAG military standards: “Specification for TNT for deliveries from one NATO
nation to another” (STANAG 4025), “Explosive, friction sensitivity tests” (STANAG 4487) and
“Explosives, impact sensitivity tests” (STANAG 4489).

Friction sensitivity tests were performed using a friction tester, whereas impact sensitivity tests
were carried conducted using a BAM Fallhammer (BFH 10) and thermal analysis involved the use
of a TGA/SDTA apparatus.
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Fig. 1. Friction sensitivity as the function of the years of storage,
indicating the TNT ageing process
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Acidity testing consists in determining the content of free acids in samples of an explosive by
dissolving the tested sample in acetone, adding H>O and titrating Na,CO; against a mixed
indicator. Selected results for TNT friction sensitivity, impact sensitivity and melting temperature
as dependent on the storage period are presented in Figs. 1-3.
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The chemical and physical parameters of TNT samples display a difference in stability over
time between samples from the 1960s-70s and after the 1980s. The diagrams illustrate changes in
the quality of the examined TNT samples as dependent on the storage time and they reveal that
the quality parameters are superior for older samples. It seems that the difference between the
parameters of the samples from the 1960s and early1970s (visible in Fig. 1 - 3) and the values for
the samples from the 1980s and 1990s could be a result of the strategy adopted by the Army at that
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time. Materials from the earlier periods seem to be more resistant to ageing due to the superior
assembly process. These materials were manufactured in a more precise way and with prolonged
periods of use and storage in mind. As far as the samples produced after the 1980s, they could be
affected by the lower quality of the manufacturing, which translates to lower resistance and
increased sensitivity to external stimuli (friction impact and temperature).

Fig. 4 illustrates the condition of TNT as sampled from the mines from the 1960s-70s, and Fig.
5 presents trinitrotoluene which was produced recently.

Fig. 5. TNT from a recent batch
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As a result of the tests of the physicochemical and explosive properties of TNT taken from the
mines from the 1960s and 1970s, the authors found that advanced ageing processes of the explosive
led to changes in its physicochemical and explosive parameters, which translates into the safety of
the product use. TNT recrystallized, it is heterogeneous, contaminated, cracked with local
shrinkage in the volume of the mine.

Moreover, the tests of older materials, in comparison with those of "freshly-produced TNT"
revealed that their parameters differ notably (Table 1). Low melting points indicate the use of low-
quality TNT for elaboration in the case of the former. The external appearance of the tested
samples, presented in Figs. 4-5, indicates a lack of homogeneity of the explosive (TNT).

Discolorations, contraction cavities, recrystallized material and its impurities indicate that
advanced ageing processes occurred within the material, and point to inferior quality of the
explosive itself and the filling process.

Due to the low thermal conductivity of TNT, heat exchange is hindered, and thus the
crystallization process is slow. As a result, an undesirable casting is obtained in the form of low-
density coarse-crystalline material. Crystallization carried out improperly may result in the so-
called contraction cavities. The formation of TNT cracks may have resulted from the improperly
carried out crystallization process, yielding an overly dense casting. These are the defects that arise
at the stage of explosive’s production already.

In order to determine the suitability of explosive ordnance for further storage, a number of
additional tests, such as acidity is being conducted.

Table 1. Deterioration of TNT parameters indicated based on acidity testing

Droduction | sensitvity | sensitiity | Melingpoint | Acidie
2019 >501] >356 N 80.2°C 0.005 max. %
[6]
1965 88J 154 N 77.7°C >0.005
1969 311J 208 N 77.9°C >0.005
Summary

Following a long-term (e.g., a few decades) storage was noticed that high explosives are capable
of maintaining their physical and chemical properties at an acceptable level. This means that the
parameters of the explosives depend mainly on the filling (production) quality, and secondly on
the storage conditions.

The explosive stored in the warehouses of the Polish Armed Forces were manufactured 20 to
60 years ago. Furthermore, for the explosive to be suitable for filling, it should meet certain
standards at the initial stage of production. For TNT, these are:

— The melting point of 80°C minimum (TNT with a melting point below 80°C was classified into

a lower purity category, or even as a TNT waste TNT, when it fell below 76°C;

— Friction sensitivity >360 N;

— Impact sensitivity >50 J;

— Acidity: 0.005 % max [6,7].

The analysis of TNT test results has not yielded a definitive answer, as to the potential response
of TNT to the conditions of even more extended storage.
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The parameters characterizing the response of explosives and enabling the estimation of further
storage period include friction- and impact sensitivity and thermal stability, as well as acidity
testing.

Visual assessment of the quality of explosives at the sampling stage (homogeneity of the
material, no cracks, crystals) provides the answer to the question, whether verification of all the
assumed parameters will be possible. The most common parameter, which lies outside the assumed
parameters, is acidity.

Additionally, both the friction- and impact sensitivity of the lower-quality material with which
the mine was filled in possible to determine, in the case of a large number of contraction cavities,
and high discoloration. These parameters are quite high (e.g., impact sensitivity > 100 J), the
melting point is low (< 78.0°C), while the acidity cannot be determined. However, the majority of
the explosives filling the mines from the 1980s, 1990s, or at the beginning of the 21st century
investigated by the authors reveal stable properties, as their parameters are characteristic for the
commonly used TNT, and such mines can be successfully stored in warehouses for many years.
In case of the explosive from the 1960s and 1970s it is the quality of the final product (the type of
mine casing and its airtightness), the quality of the filling process and the storage conditions (stable
temperature) which guarantees that the acceptable parameters for the explosive itself will be
maintained.
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Abstract. The main purpose of the work was to determine the powder composition on the
microstructure and properties of iron-based sinters used as a matrix in metallic diamond tools. Fe-
Cu-Sn-Ni sinters obtained from a mixture of elemental powders were used for research. Sintering
was performed using the hot-pressing technique in a graphite mold. The microstructure and
mechanical properties of the sinters were investigated. The investigations of obtained sinters
included density, hardness, static tensile test, X-ray analysis, microstructure, and fracture surface
observations. The results obtained indicate that the sinters produced have relatively high hardness
and good mechanical properties.

Introduction

Diamond blades are commonly used to cut natural stone and ceramics. The cutting section of the
tools consists of synthetic diamonds embedded in a metallic matrix by powder metallurgy technology
[1,2]. There are many metals that have been used as matrices of diamond-impregnated tools. In
general examples of such metals are cobalt, aluminum, titanium, copper, iron, zinc, tin, and nickel.
For a few years, the use of inexpensive pre-mixed and milled powders in ball mills, which may
replace cobalt powders, has been observed [3,4]. Diamond-metallic compounds based on metal
matrices containing iron, copper, nickel and tin possess favorable mechanical properties, relatively
low sintering temperature, and low cost of materials [5,6].

Based on previous research [7], the iron-based material was designed for the matrix of metallic
diamond tools. The material was obtained from elemental powders subjected to grinding for 30 h.
The material was selected for the tests, with the mass fractions of individual powders as follows:
60% Fe, 23.8% Cu, 4.2% Sn, and 12% Ni. The new matrix material had a porosity not exceeding
3% and mechanical properties that would allow replacement of cobalt-based sinters [8]. The very
important role of a matrix in diamond impregnated segments is to hold diamond particles as long
as possible. The effective way to improve diamond retention in the matrix is through the use of
diamond particles with a thin film of strong carbide obtained with coating technology [9,10].

Material and Its Mechanical Properties

The experimental powder mixtures were made from the following elemental powders (Fig. 1):

a) Hogands NC100.24 grade, carbon-reduced iron powder (20-180 um),

b) Vale T255 grade, carbonyl nickel powder (average size = 2.4 um),

c) water-sprayed bronze tin powder containing 15% by mass. tin (25GR85 / 15.325 from
ECKA), with a particle size below 45 pum.

The mass fractions of individual powders in the tested material FeCuSnNi were: 60% Fe, 28%

bronze and 12% Ni, which corresponds to the chemical composition: 60% Fe, 23.8% Cu, 4.2%

Sn, 12% Ni. Before the consolidation process, the powders were premixed in the right proportions

in a Turbula mixer for 30 minutes and then milled in an EnviSense RIM-102 laboratory ball mill

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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in ethyl alcohol with a small amount of glycerol. The milling vial was filled to half its volume with
100Cr6 steel balls of 12 mm diameter.

The initial mixtures of FeCuSnNi powders and ground powders of both materials were
subjected to consolidation by hot pressing, in a nitrogen atmosphere, using the Unidiamond press
furnace Idea (Italy), within 30 hours. The prepared mixtures were pressed in a graphite matrix,
allowing the simultaneous production of 4 samples with nominal dimensions of 7 x 6 x 40 mm. A

temperature of 900°C and a pressure of 25 MPa were used for sintering the material.

Fig. 1. Powders used for research, a) iron powder NC100.24, b) nickel powder T255,
c) tin bronze powder 25GR85 / 15.325

Table 1. Physical Properties of the Material

) Density, Porosity, oxygen content,
Material e /cm% %] y HV10 y[% % mas.]
FeCuSnNi, without milling | 8.000 + 0.028 2.20+0.20 241.7+ 154 0.34 +0.03
FeCuSnNi, milling 30 h 8.008 +0.037 2.20+0.40 272.7+8.4 0.59 +0.01
Table 2. Mechanical Properties of the Material
Elastic Poisson ratio Yield Tensile Relative
Material modulus Strength strength Ry elongation
E [GPa] v Rpo2 [MPa] [MPa] & [%]
without 169+/-10 | 481.14/-15.6 | 7.5+-02
milling
milling 30h 165 +/-3 0.32 273+/-12 739.4+/-20.5 11.0+/-0.5
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The static tensile test was carried out using a Universal Testing Machine UTS-100 with an
automatic control and data recording system from Zwick. Based on the recorded data, the
following were calculated: yield strength Rpo.2, tensile strength Rm, and relative elongation ¢. The
parameters mentioned above were determined as the arithmetic mean of three tensile tests. The
elastic modulus £ and the Poisson ratio v were also measured by ultrasound using a Panametrics
Epoch III flaw detector. The sinters obtained from powders after milling show a higher hardness
and a clearer tensile strength compared to sinters made from powders without milling.

Fractography of Fracture
Fractographic tests were performed on the fracture obtained in the tensile test. Research was
carried out using the JSM-7100F scanning electron microscope, integrated with the OINA-AZtec
X-ray microanalysis system.

\\?; ; AN AR
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Fig. 2. Surface fracture of FeCuSnNi sinter samples obtained from powders
a) without milling, b) after milling for 30 h

Observations of the fracture surfaces lead to the conclusion that, for all sinters of the tested
materials without milling, the fracture is brittle and transcrystalline. Cracking occurs at the grain
boundaries. The mechanism of fracture is mixed. On the other hand, for sinters made from powder
mixtures, after a grinding time of 30 h, there is a fracture surface developed. The fractures take a
ductile form; only areas showing the features of an intercrystalline fracture are visible in places.

Microstructure Studies

Observations of the microstructure of the produced sinters were carried out using the JSM-7100F
scanning electron microscope, integrated with the X-Max-AZtec series EDS microanalysis system
from OXFORD INSTRUMENTS. The tests were carried out using a backscattered electron
detector. The microstructure of the FeCuSnNi sinter, obtained from powder mixtures without
milling and after milling 30 h (Fig. 3).

The FeCuSnNi sinter revealed a complex phase structure (Fig. 4). Point chemical analysis
showed the presence of Fe solution,, Cu solution and iron oxides (Fig. 5). Nickel atoms were
distributed throughout the entire sinter volume with a distinct advantage in the white phase (Fig.
6). The oxides were concentrated in the region of the iron solution. For FeCuSnNi sinters obtained
from powders without milling and after 30 h of milling, the chemical composition of the point and
the surface distribution of the elements are shown in Fig. 4...Fig.7.

In the area rich in iron, there are also Ni atoms, which easily integrate into the network of Fe
atoms because nitrogen has similar sizes of atomic radii.
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Fig. 3. Microstructure of sinters made of FeCuSnNi powder,
a) not subjected to the milling process, b) subjected to milling for 30 h,

[%] | [%] | [%] | [%] | [%]

2 (Fe) 85.73 | 4.56 | 034 | 9.37

/("E:TSn)
. (Cu) 326 | 8555 | 5.65 | 5.54

,":((Qu,Ni,Sn)
% (aFe)
: Oxides | 15.12 | 72.64 | 3.33 2.05 | 6.86

Fig. 4. Microstructure of the FeCuSnNi sinter (without milling) and the results
of the microanalysis (Wt%) (from the X-ray spectra) collected from the areas:
Fe solution, Cu solution and the area of iron oxides

[%] | [%] | [%] | [%] | [%]

(Fe) - 72.59 | 10.54 | 093 | 15.94

(Cuw) - 524 | 78.04 | 11.32 | 540

Oxides | 17.18 | 71.64 | 1.97 | 0.75 | 8.46

Fig. 5. Microstructure of FeCuSnNi sinter (milling 30 h) and the results
of the microanalysis (Wt2%) (from the spectra of X-rays) collected from the areas:
Fe solution,, Cu solution and the area of iron oxides.
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Fe Cu Sn Ni
[%] | [%] [%] | [%]

1 1.59 | 28.20 | 38.47 | 31.74

2 2.04 | 29.28 | 36.03 | 32.65

3 2.30 | 26.17 | 38.09 | 33.44

Fig. 6. Microstructure of the FeCuSnNi sinter (without milling)
with the chemical composition of the point.

Culal 2

Fig.7. Surface distribution of elements in FeCuSnNi sinter, obtained
from powder mixtures after milling for 30 h

Additionally, a detailed point analysis of the white chemical composition of the area in white
was performed. The conducted analysis showed the presence of an intermetallic relationship of
copper, nickel, and tin.

Conclusions

Research shows that the milling process causes greater fragmentation of the microstructure of the
tested sinters (Figs. 3 and 7). The microstructure of the sinter obtained from mixtures without
milling, also after 30 hours of milling, is heterogeneous. The large areas of iron solution are
noticeable in microstructure, in which greater amounts of nickel were found (Fig. 7). Hence, it can
be concluded that nickel diffusion proceeds into the iron solution.

The microstructures of the milled sinters obtained from the mixes milled through 30 h show
distinctive features. There is a banding and lamellar structure, which is due to the flake shape of
the powder particles. In the microstructure of the FeCuSnNi alloy made of the unmilled powder
mixture, there is a white phase that clearly decreases after 30 h of milling. A point analysis of the
chemical composition of this phase showed a high concentration of copper, tin and nickel. Analysis
of chemical composition shows that it is the intermetallic phase (CuNi);Sn. In the milling process,
nickel is dissolved in bronze, and tin diffuses into the iron solution (Fig. 7). The introduction of a
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tin bronze addition, instead of copper, to Fe and Ni powders resulted in the obtaining of a liquid
phase (> 798°C) during the hot pressing process, which helped to consolidate and intensify the
diffusion of the phase components.
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Abstract. Graphene oxide is a nanomaterial of very high adsorption capabilities due to its vast
surface area. Moreover, numerous oxygen functional groups present on the surface of graphene
oxide enable its modifications to be performed. The authors aimed to create adsorbents based on
activated carbon impregnated with amine-modified graphene oxide. The study showed that
the amino group functionalisation, both with the use of ethylenediamine (GO-EDA) and using
polyaniline (GO-PANI), causes the adsorbent to remove lead, mercury, copper, and iron ions from
aqueous solutions very efficiently. Both adsorbents also reduce the cadmium, nickel, zinc, and
arsenic ion content, however to a lesser extent but nevertheless still significantly. The two sorbents
can be applied in field water treatment to remove specific contaminants.

Introduction

Graphene oxide (GO) indicated increased adsorption, as far as the removal of heavy metal
compounds dissolved in water is concerned, when compared to active carbons, widely used in
water purification processes. The addition of graphene oxide to active carbon increases the
adsorption capacity of the adsorbent obtained in this manner relative to selected heavy metals. The
surface of graphene oxide contains hydroxyl-, carboxyl-, ketone- and epoxy functional groups, as
well as others which enable the formation of hydrogen or polarized bonds not only with organic
compounds but also with inorganic compounds of heavy metals [1]. It was also proven [2+9] that
a further increase in adsorption properties can be achieved via modification of graphene oxide with
—NH2 and —SH groups or with some metal oxides (including iron-, titanium-, manganese- and tin
oxides). The authors developed detailed technologies for the fabrication of carbon adsorbents
containing GO modified with compounds with -NH> groups. The obtained adsorbents were
evaluated for aqueous solution heavy metal adsorption, and this allowed for the assessment of their
possible suitability for use in field water treatment processes to be performed.

Experimental Procedure

Synthesis of Graphene Oxide Flakes. Graphene oxide was obtained via the modified Hummers
method [10, 11]. 20 g of flake graphite was added to a 1-litre beaker and the acid mixture (432
cm® of HoSO4 and 42 cm® of H3PO4) was slowly poured into the same beaker. After the mixture
was stirred for 30 minutes, the graphite oxidation process was initiated using KMnO4 (~60 g),
which was being added to the beaker for 2 hours and stirred continuously, keeping the temperature
of the mixture at below 60°C. After the oxidant was dosed into the mixture, the contents of the
beaker were stirred for another 2 hours and then set aside sealed for 24 hours. While stirring

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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continuously, the oxidized mixture was slowly added to the beaker containing water. It was topped
up with water up to 5 dm? and stirred for 6 hours. The brown liquid obtained after stirring was first
set aside for 24 hours and then centrifuged, while the sediment was topped up with water up to 5
dm® and mixed. Following another centrifugation, the liquid was sonicated for 6 hours. A thick,
brown, greasy substance containing graphene oxide was obtained, and derivative
thermogravimetry was used for its analysis.

Compounds Used to Modify Graphene Oxide with Amino Groups. To modify graphene
oxide with amino groups, the following compounds containing such groups were selected:
ethylenediamine (EDA) and polyaniline (PANI). In its molecule, ethylenediamine contains two -
NH2 amine groups, which makes it easy for it to bond the metal and form heterocyclic structures.
Moreover, EDA coupled with graphene oxide (GO) in the presence of N,N'-
dicyclohexylcarbodiimide (N-DHC) [6] which is an organic chemical compound mainly used as a
condensing agent in organic synthesis, e.g. for the coupling of amino acids in peptide synthesis.

Polyaniline (PANI) is an aniline polymer synthesized directly on the surface of graphene oxide.
Aniline polymerization is conducted in a hydrochloric acid environment. Ammonium persulfate
[9] is used as the oxidant. Depending on the degree of oxidation, some segments of the polyaniline
molecule can transform into a quinone form, which allows polyaniline to exist in various forms
that differ in colour and their properties.

Active Carbon Impregnation with Graphene Oxide with Ethylenediamine. The initial
stage in the preparation of a new adsorbent was functionalizing graphene oxide with
ethylenediamine. A concentrated aqueous slurry of graphene oxide containing 2 g of GO was
mixed with 80 g of ethylenediamine and 7 g of N,N'-dicyclohexylcarbodiimide. The mixture was
stirred for 48 hours under reflux at 60°C, then filtered through a funnel with sintered disc G4 and
washed first with water, and then with ethanol. The obtained greasy substance was dried for 8
hours in a dryer at 80°C. Graphene oxide functionalised with ethylenediamine (GO-EDA) was
synthesised.

100 g of active carbon was weighed out and dried in a drier for 2 hours at a temperature of
120°C, then cooled to room temperature. Distilled water, in the amount equal to the mass of
prepared active carbon, was poured onto 2 g of the weighted out GO-EDA and stirred for 1 hour
using a magnetic stirrer, followed by sonication for 3 hours in an ultrasonic cleaner.

The dried active carbon was mixed with the entirety of the obtained composition of graphene
oxide and ethylenediamine. It was stirred for 30 minutes and set aside for 2 hours at room
temperature. The impregnated carbon was dried for 12 hours at a temperature of 120°C.

The cooled GO-EDA modified sorbent containing 2% of the impregnant was ready to be used
in the water purification process for the removal of heavy metal compounds.

Active Carbon Impregnation with Graphene Oxide with Polyaniline. To obtain graphene
oxide with polyaniline, 2 g of GO were mixed with 200 cm? of distilled water. 10 g of aniline was
added to the homogeneous suspension while stirring, and then 30 cm? of concentrated hydrochloric
acid was poured into the suspension. A magnetic stirrer was used to stir the obtained suspension
for 1 hour. Then 20 g of ammonium persulfate dissolved in 1 molar hydrochloric acid was added
to the mixture. The mixture was first stirred for another 2 hours in a cooling bath with ice and
sodium chloride, maintaining the temperature at 5 + 7°C, and then transferred to a refrigerator and
set aside for 16 hours. The cooled reactor was transferred to the bath with a cooling mixture, and
it was kept at a temperature of 5 + 7°C for another 3 hours while stirring.

The resulting greasy, homogeneous suspension was diluted with 4 litres of distilled water and
precipitated through a funnel with sintered disc G4. The precipitate was washed using 1 litre
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of distilled water on the filter, and 62 g of wet sorbent containing 15% GO-PANI was obtained.
100 g of active carbon was prepared for impregnation as described above. 13.3 g of wet GO-PANI
was mixed with 90 cm? of distilled water for 1 hour using a magnetic stirrer and then sonicated for
3 hours in an ultrasonic cleaner. The obtained product was added to a dried active carbon sample,
seasoned for 2 hours at room temperature, and then dried for another 2 hours at 120°C and cooled.

The adsorbent obtained in this manner contained containing 2% of the impregnant and was
ready to be used in the water purification process for removal of heavy metal compounds

Method for verifying the effectiveness of modified adsorbents. The following cations were
selected for the study of the adsorption of metals from water: Hg*", Pb*", Cd**, As**, Ni**, Cu*",
Zn**, Fe’". Selected metals salt solutions with cation concentrations equal to 1mg/dm3 and
Smg/dm3 were prepared. The study utilized the static method, which consisted in pouring 100 cm3
of individual solutions onto 1 g weights of the adsorbent (containing GO-EDA or GO-PANI) and
stirring the mixture for 30 minutes using a magnetic stirrer. The contents of the flask were then
filtered, and the metal content in the filtrate was determined by means of inductively coupled
plasma optical emission spectrometry (ICP-OES), and then the adsorption efficiency of the studied
element was calculated according to the formula:

A% = [(ci-cp)/ci] *100 (1)

where:
A — adsorption efficiency, in percent;
ci — initial metal ion concentration in the solution, in milligrams per cubic decimetre;
cf — final metal ion concentration in the solution, in milligrams per cubic decimetre.

Table 1. Heavy metal adsorption efficiency for GO-PANI- and GO-EDA-modified activated

carbon.
p Ci CtGo-pANI AGO-PANI CiGo-EpA AGO-EDA

[mg/dm3] [mg/dm3] [Yo] [mg/dm3] [Yo]
Pb% 1 0.000 100 0.000 100
Cd* 1 0.079 92.1 0.061 94.0
Ni%* 1 0.225 77.5 0.156 84.4
Hg*" 1 0.000 100 0.000 100
Zn** 1 0.222 77.8 0.072 92.8
Cu** 1 0.022 97.8 0.010 99.0
Fe?* 1 0.023 97.7 0.024 97.6
As** 1 0.251 74.9 0.242 75.8
Pb* 5 0.007 99.9 0.000 100
Cd* 5 1.720 64.8 1.322 73.6
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Ni* 5 2.108 57.8 2.019 59.6
Hg?* 5 0.041 99.2 0.062 98.8
Zn** 5 2.806 43.9 2.340 53.2
Cu? 5 0.481 90.4 0.048 99.0
Fe?* 5 0.556 88.9 0.265 94.7
As* 5 2.325 53.5 2.068 58.64

As shown in Table 1, both the GO-PANI and GO-EDA adsorbents are characterized by high
adsorption efficiency with relation to the lead and mercury ions. Both at the concentration
of 1 mg/dm3 and 5 mg/dm3, water contaminated with these metal compounds was completely
purified. The Pb and Hg adsorption efficiency approximated 100%.

As far as water containing copper ions is concerned, the absorption efficiency in case of both
concentrations (1 mg/dm3 and 5 mg/dm3) equalled 99% for the GO-EDA adsorbent, whereas for
the GO-PANI adsorbent it is lower and amounts to 97.8% at the Cu*" concentration of 1mg/dm3
and 90.4% for 5 mg/dm3 copper concentration in the initial solution. Such a high adsorption
efficiency for copper ions from water solutions proves that the filter beds prepared from these
adsorbents will significantly reduce the copper content in water.

The adsorption of iron ions from solutions with a metal content of 1 mg/dm3 was at the level
of 97.6%, whilst from solutions when the metal amounts to 5 mg/dm3, it was lower and equalled
88.9% for GO-PANI and 94.7% for GO-EDA. Both adsorbents are characterised by the capability
to significantly reduce iron content in the water.

GO-PANI and GO-EDA are weak adsorbents with regard to cadmium, zinc, nickel, and arsenic
salts in particular. When examining the cadmium sorption, the adsorption efficiency recorded was
above 90% for the initial solution of 1 mg/ dm3 Cd, but in the case of 5 mg/ dm3 Cd, the value
was under 74%. Adsorbents of such kind do not ensure sufficient removal of cadmium, zinc,
nickel, and arsenic cations from the water to be purified. If the content of one of these metal cations
is at 5 mg/dm3, more than half of its mass remains unadsorbed.

Summary

The GO-EDA adsorbent is characterized by a very high (i.e. close to 100%) absorption efficiency
towards lead and mercury ions, as well as for copper (99%) and iron (approx. 95%). The GO-EDA
adsorbent sorbs cadmium to a lesser degree (about 74%). The same could be seen for nickel
(ca. 60%), zinc (about 53%) and arsenic (about 58%). The disadvantage of this adsorbent is the
long preparation process, lasting even several days which includes 48-hour heating under a reflux
condenser.

The GO-PANI sorbent is characteristic in that it exhibits a remarkably high (close to 100%)
lead and mercury ion adsorption efficiency, while the same for copper and iron was approx. 90%.
The remaining investigated metals are adsorbed much less efficiently: cadmium at about 65%,
nickel at 58%, zinc at about 44% and arsenic (ca. 53%). GO-PANI is therefore an adsorbent with
a narrowed metal ion absorption spectrum, capable of removing selected ions from contaminated
water to a high degree. The preparation process requires a number of hours of stirring at a low
temperature (approx. 5°C).

157



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 154-158 https://doi.org/10.21741/9781644902059-23

Both sorbents seem to be useful in removing specific contaminants, such as metal ions or
arsenic from water.
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Abstract. The paper presents a method and the results of the CT test of the head check defect,
which commonly occurs in rails. It is one of the most dangerous defects which cause rail
discontinuity. The methods of simulation of the ultrasonic wave and projection possibilities of the
real defect have been taken under consideration. The paper outlines the ultrasonic wave simulation
method and describes the ultrasonic probe optimization results for the considered discontinuities.

Introduction

The defects of the rails arise at several stages of production and use. The internal defects of the
rails appear in the metallurgical process, i.e. at the stage of smelting and casting. The defects that
arise can subsequently be included in all internal discontinuities of the material, mainly the remains
of the shrinkage cavity and large clusters of non-metallic inclusions. The rolling process of the
rails may cause surface defects of the rails in the form of scratches, scale indentations on the rail
running surface, or the formation of a coarse-grained structure of the material [1, 2]. On the other
hand, straightening the rails after rolling promotes the formation of internal stress in the rails,
which may lead to the curvature of the rails and cracking of the rails in the tracks. Due to the
common use of non-contact termite welded and electrofusion welded rails in the tracks, the number
of damage in the connection zone increased. This was mainly due to the failure to meet the
parameters recommended by the welding technology. Joining the rails by electrofusion welding
significantly improved the quality of the joints. Therefore the number of defects caused by this
technology significantly decreased due to the higher repeatability and control of the welding
process. The increase of the train velocity and traffic intensity causes the rails to be subjected to
increasing contact stresses and hence the overall increase in their damage. In particular, the number
of visible defects as cracks in the railhead surface has increased. They constitute a huge percentage
of recorded rail defects, approximately 10% [1]. All head check defects occurring in the tracks in
operation are found based on visual inspection. Thus, it is impossible to determine their
approximate depth [1]. The analysis of many practical cases and literature shows that the
approximate depth of the defect may be determined, for example, by the eddy current method [2].
Unfortunately, it is not used successfully in practice. In addition to this, the estimation of the depth
of the defect is more accurate for rails not mechanically processed during operation e.g. grinding.
The length of the defect on the surface may correlate less with a crack depth after multiple grinding
operations. It was considered to develop an optimized system of ultrasonic transducers dedicated
to detecting head check defects. The different degrees of the head of the railhead were taken into
account. For this purpose, computed tomography was used as the only available method that allows
getting to know the whole geometry of the defect with a required resolution in the entire railhead
area.
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Determination of the Crack Geometry

In the presented part of the experiment, the relatively advanced defects were considered, referring
to the defect catalog with code 2223. They are characteristic of a straight section of the track. These
cyclically repeated defects pose a significant risk due to the possibility of multiple rail breakages
over several meters. Due to the thickness of the railhead area and taking into account the limited
power of the available CT stations, the prepared samples were made to scan at the available lamp
power. The real samples and the final results of the 3D geometry of the head check crack are
presented in Fig. 1 and Fig. 2.

Fig. 1. Head check defect prepared to CT test Fig. 2. Visualization of the fracture
using editor ,,myVGL”

First of all, it was noticed that the angle of propagation (a) in relation to the longitudinal axis
of the rail was in the range of 35° to 52°. This is a characteristic value for all head check defects.
Different sources specify an even wider angular range of crack propagation on the rail surface. It
means (35-70)°, depending on the prevailing geometry of the wheel-running surface contact area.
In the analyzed cases, the distances between the cracks were usually 3 to 20 mm, which depends
on the used material and local operating conditions. The angle of the defect penetration into the
material was also characteristic. It was measured as the crack's angular deviation from the normal.
Based on several measurements, it was estimated that the value of this angle () for about 50% of
the cases is in the range of approximately (60-70)°. Due to local conditions and the change in the
propagation angle in the depth of the material, the measured angle was from 52° to 105°. The last
value indicates that the defect may develop deep into the rail material and also may propagate
parallel under the running surface. This may result in a risk of detachment of the running surface.

If the crack penetration angle were measured at the point of surface penetration, this angle
would usually fluctuate in the range from 0 to 20°. It would not be a valuable parameter referenced
to the rail running surface on which the ultrasonic test heads are placed.

The parameters listed in Table 1 present linear dimensions concerning the depth of the crack
under the running surface, measured from the highest point of the railhead. A correlation between
the crack length and depth, in this case, was not found. On the other hand, it was proved that the
depth of crack penetration ranged from 2 to 10 mm. It impeded ultrasonic testing with typical
single transducers and a pulse-echo mode.

The Model of the Head Check Defect
Depending on the required accuracy of the simulation, the expected effects, and the capabilities of
the simulation environment, the equivalent defect may have a different nature. The most precise
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solution is to convert the radiograph layers into a point cloud readable by the simulation
environment. This solution enables to implementation of a geometry of the natural defect, taking
into account the imperfections of the tested object. Such an environment includes the FEM method,
but the application for modeling the propagation of ultrasonic waves in specific objects encounters
significant methodological difficulties and practical limitations. To reach an acceptable simulation
accuracy, the distance between nodes should be 1/10 of the wavelength [6].

Table 1. The results of the fracture geometry measurements of the head check defect.

S The length of the The depth of the The angle of crack The angle of crack
ample . propagation (angle of . h
No. crack on the running cr‘ack under the attack) on the horizontal prqpagatlon on the
surface [mm] running surface [mm] plane o [deg] vertical plane [ [deg]
35 10 43 69
>_19 53 5.5 43 67-100
27 9.5 48 72
519 a 30 6.5 46 68-105
17 8 44 65-85
36 11 46 65-100
8_19 28 6 52 52
10 3 35 88
19 19 11 20 3 35 85
27 2.5 35 88

Optimization analyses were performed based on the system environment based on the ray-
tracing method to simulate the ultrasonic beam propagation in the rail. The predefined defect
patterns were prepared based on the empirical models. The two solutions were applied there.
Firstly, the size, simplified geometry, and location were defined after collecting data from CT
scans (Fig. 2). Secondly, the representative equivalent flat bottom hole (EFBH) was located in the
internal space of the rail model (Fig. 3).

1)) )7 ))) )

Fig. 2. Schema of detecting the multiple head check defect using surface wave [6].

The industry regulations were established and should be remembered during planning
ultrasonic simulations and designing material discontinuities. The sensitivity during ultrasonic
testing of rail rails was set as EFBH @3mm. Graph samples of received sound pressure are
presented in the next chapter.
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Fig. 3. Schema of the applied flat bottom hole (FBH).

Simulation of the Ultrasonic Wave Propagation

The ray-tracing modeling technique allowed the visualization of the ultrasonic wave propagation
in whole and cross-section geometry [6]. An example 3D model of testing a rail with the angular
head of transverse waves is presented in Fig. 4a. Due to the test object’s complicated geometry,
the utilization of 3D simulation software is crucial. It allows the presentation of beam propagation
after reflections and transformations from non-parallel or curved boundary surfaces. The axis of
the beam is visible as a blue line of the transverse wave. It falls to the bottom of the railhead, then
it reflects and transforms into a wave of the longitudinal type. Its axis is visible as the red line (Fig.
4b). Both types of waves propagate towards the upper surface of the railhead. Then they are
reflected multiple times, and longitudinal wave transformations occur into a transverse wave again.
The ultrasonic wave modeling ends after elapsing the assumed time interval, corresponding with
the range observation.
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Fig.4. 3D model of the ultrasonic rail testing with a prototype of UT probe.
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The basic limitation of the used simulation environment is its form of the physical foundations
based on the ray-tracing model [4]. That means that the ultrasound beam is modeled geometrically
as a bundle of rays coming from the center of the transducer. According to the laws of geometry
and optics, they are subject to subsequent refractions and reflections from defects or boundary
shapes of the tested element. This approach is very beneficial and effective from the point of view
of spatial modeling of the wave propagation in the complex shape models. But it does not include
the effects of beam diffraction for rays reflected from discontinuity edges [3]. The defect will
produce its reflected beam with specific diffraction, and part of that energy will go back to the
head of the transducer.

The calculations were based on the ray-tracing model to complete the more advanced and
accurate simulation results. The calculation algorithm follows the Huygens principle, performs
calculations for all elementary point sources on the transducer surface, and sums the calculated
partial pressures at the field point. In this way, we obtain the value of the sound pressure generated
at each field point by the entire transducer. Additionally, the used program calculates the defect
reflections using the wave solution with the Green’s function with Kirchhoff’s approximation [5].
It allows taking into account the diffraction divergence of the reflected beams from the model
defect. Apart from the finite element method, it is the most accurate theoretical model currently
available to calculate the reflection/scattering of ultrasound waves on any model defects.

Pw [dB]

3 B -
A L

0 10 20 10 50 60 80
Xw [mm]
Fig 5. Echo course of the model defect (DSR 8mm) situated 10mm
under the running surface in relation to the deviation from the horizontal plane [6].

The configuration of the prototype double probe with the longitudinal wave was subjected to
numerical tests on the characteristic model defects of advanced head check discontinuities. The
model defects DSR 8 mm located at a depth of 10 mm were considered. The variable values in the
simulations were the orientation of defects and their distance from the rail axis. Fig. 5 shows the
course of the echo envelope of model defects depending on the deviation of their orientation from
the horizontal orientation. The Xw value is the distance between the transducer and the crack. The
centers of all model defects were at the same distance from the rail axis, equal to 20 mm. The
reference reflector, in this case, was a DSR 3 mm, located 50 mm from the head. All model defects
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gave echo envelopes with a maximum height exceeding the detection threshold by at least 10 dB.
As shown in Fig. 6, only defects located less than 20 mm from the rail axis provide useful echoes
to detect them.

[/
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Fig 6. Echo course of the model defect (DSR 8mm) situated 10mm
under the running surface in relation to the horizontal distance

between the axis of the defect and the longitudinal axis of the rail [6].

10

Summary

Knowing the nature of the fracture and the way of propagation is very helpful in designing model
defects. The used software is an essential tool for computer-aided ultrasonic testing of rails. The
commercial program (ray tracing) was valuable in projecting the head guiding. It was also helpful
to observe the shape of the beam and the wave transformations. In the aftermath, it is well prepared
for the initial analysis of various test configurations, especially where different reflections from
the rail's boundary surfaces may be important.

The proprietary program used there allows for a much more accurate quantitative modeling of
the amplitude distribution of the ultrasonic beam and the waves’ reflections from model defects.
The diffraction phenomena are considered in the pencil tracing model implemented in the program.

Both programs used together and compared the developed results were a very effective set of
software for computer modeling ultrasonic rails tests.
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Abstract. The purpose of this study is to develop a model for the analysis and improvement of
aluminum castings and to perform its test in the framework of verifying the quality of industrial
robot arm parts, and then, determine the causes of potential and root causes of nonconformities,
including proposing improvement actions in the production area. Aluminum castings have become
the focus of research due to significant problems in maintaining their expected level of quality.
The use of the model (consisting of eddy current testing and consecutive brainstorming sessions,
Ishikawa diagram, and ABCD - Suzuki method) would contribute to the detection of the causes of
nonconformities and consequently to the elimination of non-conforming products. The study
demonstrates the desirability of using an integrated approach to solving quality problems. The
actions taken were a new solution for the company, as no in-depth analysis of quality problems
using a sequence of quality management techniques had been carried out before.

Introduction

The economic progress of recent years has caused both the quality of offered products and services,
and ISO standardization have become a priority criterion that determines the success of
manufacturing companies [1, 2]. These aspects can support the achievement of key economic,
environmental, and social objectives, which in turn helps to facilitate the implications of the
concept of sustainability [3]. Equally important is the knowledge and experience of the
management regarding the possibilities of increasing the efficiency of work and implemented
processes [4].

Quality management in manufacturing enterprises requires control of processes to identify non-
conformities appearing in these processes, and their effective improvement, so as to completely
eliminate the occurrence of both non-conformities and their causes. In general, quality control
consists of checking the conformity of the manufacture of a specific product in terms of meeting
the requirements intended for it [5]. The manufacturing process represents the cost of production
that is borne by the organization. A key aspect of business operations is controlling these costs. At
the moment when there are inconsistencies in the manufactured product, it ceases to meet the
requirements of buyers, which generates excessive costs and affects negatively the evaluation of
the customer. In such a situation, it is crucial to identify the causes of the quality problem [6]. To
this end, the subject literature recommends the use of quality management tools as an effective
way to improve quality. Increasing attention has begun to be paid to the use of more quality
management instruments in the in-depth analysis of quality problems, thus indicating their

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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universal nature [7, 8]. However, comprehensive and effective quality control methods are still
being sought to realize the in-depth causal analysis of production problems.

The objective of this research was to develop an integrally configured model for the analysis
and improvement of aluminum castings consisting of the integration of nondestructive testing
(eddy current method) and consecutive quality management tools (brainstorming, Ishikawa
diagram, ABCD-Suzuki method) for use in post-implementation control of the casting process or
inter-operational quality control. The proposed model makes it possible to perform an in-depth
analysis of a manufacturing problem and to propose effective improvement actions.

Model for Analyzing and Improving Aluminum Castings
The proposed analysis and improvement model consisted of a sequence of appropriately selected
quality management tools that are used to sequentially determine the cause of a problem identified
using nondestructive testing (NDT). The tools were brainstorming (BM), Ishikawa diagram, and
ABCD - Suzuki method. On the other hand, eddy current (ET) testing was used to diagnose the
castings.

When a casting nonconformity is detected and the root cause of the nonconformity is identified,
appropriate improvement actions can be taken. Eliminating the cause of the problem will eliminate
or reduce product nonconformance. A schematic of the model is shown in Fig. 1.

Eddv current testng (ET} (| Identification of non-complisnce on the surface of the product

At

Brainstorm (BM) ¢ ien};erﬁai:ingﬁideas for finding the causes of the problem, solutions and choosmg
A

Ishikzwsa dissram | Anslysis and grouping of potential canzes of non-compliznce
it

The expert group's determination of the mportance and rank of mdividual canzes
- identification of the most important cause of the problem

I

Methed ABCD-Suzul

Improvement activities || Defining adequate improvement actions to solve the problem

Fig. 1. Schematic of a model for analysis and diagnosis of aluminum castings
including quality management tools and NDT testing

Limitations of the model include the subjective approach of the combined techniques. This is a
result of the specificity of the techniques used, which are based on the knowledge and experience
of the experts appointed to solve the qualitative problem [9]. The issue of the applicability of the
eddy current method may also be a limitation. The main limitations of the method include [10,
11]:

— difficulty in testing castings with rough surfaces, non-uniform and irregular shapes,

— difficulty in testing ferromagnetic components due to the so-called skin effect (concentration
of eddy current field near the surface),

— limiting the depth of verification of material within the audit,

— difficulty in detecting discontinuities lying parallel to the probe winding course and test
direction. (for example, material delamination, cracks),

— vibrations and impacts make it difficult to find defects.
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A brief description of the proposed model was developed in six main steps, as presented in the
following section.

Step 1. Research subject selection. Considering the applicability of the selected NDT method in
the model, the diagnosed test object should have axisymmetric elements or be an axisymmetric
product made of conductive material [12]. The object of study may be an aluminum casting, which
should be diagnosed for the presence of the most dangerous discontinuities: flat, narrow-slot, and
other object discontinuities.

Step 2. Eddy current testing - product quality control. Eddy current defectoscopy was used to
inspect the castings for the presence of surface flat discontinuities, narrow-slit discontinuities, and
relatively large near-surface surface discontinuities. It is possible to detect cracks with a depth of
about 0. 1 mm, a width of about 0. 0005 mm and a length of about 0. 4 mm [13]. Once a product
nonconformity has been detected, a characterization of that nonconformity must be made, such as
identifying the type (type) of nonconformity and the product material on which the nonconformity
occurred.

Step 3. Brainstorm - identify potential causes of non-compliance and step 4. Ishikawa diagram -
categorize potential causes of non-compliance. In the study, causes are identified by a panel of
experts in a brainstorming (BM) session. A detailed implementation of brainstorming is presented
in the literature e. g. [14]. You need to group all the generated causes according to appropriately
selected categories, thus taking into account the next step of the method - the Ishikawa diagram. It
is effective to use a participatory factor system Ishikawa diagram, which includes the following
range of causal categories, i. €. , human, method, machine, material, measurement, management,
and environment [15].

Step 4. ABCD method - Suzuki - selection of causes of major inconsistencies. The selection of
root causes is done by a panel of experts in a brainstorming (BM) session. All causes placed on
the Ishikawa diagram (step 4) are considered. The root causes should be considered those that are
as likely as possible to result in noncompliance. The expert team uses the ABCD-Suzuki method
[16] to determine the importance and rank of each potential cause. The ABCD method is easy to
use and analyze the results because the final result is obtained from simple mathematical
operations.

Stage 6. Suggest improvement activities. Once the root causes of a quality problem have been
identified, appropriate improvement actions should be determined. That is actions that, when
properly implemented, will contribute to the elimination or significant reduction of existing
nonconformities. These activities are determined by a panel of experts.

After implementation of the proposed improvement actions, the obtained results should be
analyzed and, if necessary, the proposed model should be applied to further nonconformities.

Model Verification and Results

Verification of the proposed model for the analysis and improvement of aluminum castings was
carried out against a nonconformity that is relatively often identified in one of the enterprises
located in the southern part of Poland.

A part of an industrial robot arm weighing 92 kilograms, gravity cast from AISi7Mg0. 3 alloy,
was tested. It is a product whose specificity depends on the type of purpose of the industrial robot.
The selection of the product was due to the declining quality level and the lack of clearly defined
reasons for critical nonconformities. Therefore, the purpose of the study was to verify the quality
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of the industrial robot arm part, and then, identify the causes of potential and root causes of
nonconformities, including proposing improvement actions.

In the next step, quality control of the axially symmetric part of the industrial robot arm was
performed. The inspection was performed using non-destructive testing - eddy current testing. The
choice of the method of product diagnostics resulted from the specifics of the tested object
(material, geometry) and the production process. The presence of oxides in the casting was
identified after non-destructive testing was realized. An example of the indications is shown in
Fig. 2.

As part of the implementation of the following research steps, potential causes for the presence
of oxides in the castings of the robot arm component were determined. To this end, a team of
experts conducted brainstorming sessions. The generated potential causes were grouped and
visualized in an Ishikawa diagram. The result of the analyses is shown in Fig. 3.

According to the fifth step of the analysis, the expert team applied the ABCD-Suzuki method
to determine the importance and rank of each potential cause. All causes placed on the Ishikawa
diagram are considered. The analysis result sheet is shown in Table 1.

As a result of the conducted analyses it turned out that the three most significant reasons for the
occurrence of nonconformities (the presence of oxides) in the casting (in order of importance)
were: inappropriate temperature of pouring the mold (too low temperature), impurities in the liquid
melt and improper ventilation of the mold.
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Fig. 2. Example of oxide presence in a casting
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Fig. 3. Ishikawa diagram for the problem of the presence of oxides in a casting

Table 1. Summary of the results of the ABCD-Suzuki method for the problem of the presence of
oxides in a casting
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Impurities in the liquid melt 4 413 3|2 29 223 |2
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According to step six, improvement actions were proposed according to the indicated root cause
of the verified problem. It was concluded that up-to-date and adequate job instructions should be
developed and that additional training directed at foundry department employees is recommended.
Additionally, it is recommended that the effectiveness of these actions be periodically reviewed.
Subsequently, improvement actions can be taken for further nonconformities.

Conclusion

In this paper, a model for casting analysis and refinement is proposed and its test is performed.
The purpose of the study was to verify the quality of the industrial robot arm parts, and then, to
identify the causes of potential and root causes of nonconformities, including proposing
improvement actions in the manufacturing area.

Using eddy current testing, the most serious type of nonconformity — the presence of oxides in
the casting — was detected. The presence of an identified nonconformity disqualifies the product.
To characterize the problem, the expert team completed a brainstorming session to isolate potential
causes of noncompliance. An Ishikawa diagram was drawn to classify the potential causes of
nonconformance. To indicate the importance and rank of each potential cause, the ABCD — Suzuki
method was used, according to which the main cause of nonconformity was the inadequate
temperature of pouring the mold (too low temperature), impurities in the liquid melt, and improper
venting of the mold.

The applied model for the analysis and improvement of aluminum castings combines the
diagnostic testing method in combination with quality management methods, which are largely
complementary. The model presented can be useful in terms of methods to support quality
management processes.

The model presented in this paper may be useful in many areas of research (tribological tests
[17], biotechnology [18], waste treatment [ 19-21]) and industrial production (special coatings [22],
laser surface treatment [23, 24], machine regeneration [25], power hydraulics [26]), where castings
may appear as part of devices. Regardless, it is a development impulse both for the methods of
experimental data analysis [27-29] and for the analysis of possible failure scenarios [40, 41].
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Abstract. The aim was to identify the unconformities in the product with the magnetic-powder
method and extension of the analysis process about selected quality management techniques in
order to identify the root of unconformities. The product subject to magnetic-powder testing was
the outer ring of the four-point ball bearing. On the product, the cracks were identified, so in order
to point to the root of unconformities, the techniques like Ishikawa diagram and the SWhy method
were implemented. Analyses showed that the source of the cracks on the outer bearing ring was
defective material from the supplier. The proposed process of using quality management
techniques together with non-destructive testing can be used in any enterprise to detect the
unconformities of the products and the reasons for their creation.

Introduction

Performing quality analysis of the products is a key stage in the product creation and improvement
process. An important part of the quality analysis has non-destructive tests (NDT), which allow
identifying the nonconformities of the product without its destructive [1]. It is very important in
case of the mechanical products; which production is expensive. Although the NDT is effective in
identifying nonconformities of the product, they don't indicate the root cause of nonconformities
[2, 3]. So, improving the process of the NDT about the techniques which allow identifying the root
of unconformities is a challenge for enterprises. A review of the literature on the subject indicates
that the improving process of NDT research used other methods of research, simulations, and
industrial robots [4-8] and moderated the substances, equipment, and test parameters used in NDT
research [9-11]. Also, a few NDT methods in one research were used [12-14]. However, in this
research, after detecting unconformities, no activities were performed to identify the source of the
unconformities. Only focused on the effective identify the unconformities by NDT methods, but
not a complex analysis of the problem. Therefore, it was purposeful to improve the non-destructive
testing process by using quality management techniques in order to identify the source of
unconformities. The problem lack of identifying the root of unconformities detected by NDT
methods efforts was made in an enterprise located in south-eastern Poland.

In the enterprise, the unit control of the product with NDT methods (magnetic-powder and
fluorescent) was made. In view of unit control of research after identifying the unconformities
the additional analyses in order to identify the root of the problem were not made. This was due
to the fear of time-consuming analyzes for a large number of different types of unit products.

The results of NTD research showed repeated types of unconformities (including cracks), the

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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number of which increased. However, in the enterprise, the quality analyses in terms of the type
of unconformities not taken into account, because only the unit character of testing products was
focused. Therefore, it was considered appropriate to extend the product analysis process by
implementing quality management techniques for the types of unconformities identified. The aim
was to identify the unconformities on the product with used the magnetic-powder method and
extension of the analysis process about selected quality management techniques in order to
identify the root of unconformities. The tested product was the outer ring of the four-point ball
bearing. At the request of the client, the product was tested using the magnetic-powder method,
after which the unconformities (cracks) were identified. In order to identify the root of cracks,
the process of analysis of the product was expanded to the Ishikawa diagram and 5Why method.
The main causes of the problem were selected by the Ishikawa diagram. These causes were
analyzed by using the 5Why method and pointed out the root of the problem which was defective
material from the supplier.

Material and Method

The outer ring of the four-point ball bearing was analyzed. Choice of product to analysis was
conditioned by individual preferences of quality control manager, who claimed that earlier
research made on these types of products showed different unconformities, mainly cracks. The
outer ring of the four-point ball bearing was made from 418 alloy (i.e. 5616). It is a chrome-
tungsten-nickel stainless steel alloy that is used for products subjected to heavy loads up to 649
°C. The outer ring of the four-point ball bearing as well as ball bearings in general is applicable in
virtually every technical field, for example automotive, machinery, and light industry [15]. So,
improving the NDT process on the basis of the outer bearing ring has considered important.

In the enterprise, the research was made with used NDT methods — fluorescent and magnetic-
powder methods. The selection of methods for the tested products depended on individual
customer requirements and the type of material. In the case of the analyzed product (outer
bearing ring) the outer customer ordered to carry out analysis with the magnetic-powder method,
which was adequate because this method has been applied to ferromagnetic products. This
method has been applied to ferromagnetic material [16]. It consists in applying magnetic powder
and inducing magnetic flux in material discontinuities [17]. The magnetic-powder method is
considered the most sensitive, reliable, and efficient NDT method. In this method, color and
fluorescent techniques are used. This method has been applied for example in the aviation,
automotive, and foundry industries [18, 19].

The research was carried out with a MAG 50 magnetic flaw detector. This detector was
powered by rectified 3-phase alternating current. The cleanliness of the product was checked
(after washing operation and eventually magnetic residue). On the MAG 50 the destination of
current flow and magnetic field force lines were set at 17 kJ. After fixing the product in the
detector, the surface of the product was poured with magnetic suspension (Chemetall — MPI
Diluent (HF)). Three magnetic pulses turned on (current 1600 A, time 0.5 s). The first and
second magnetic pulses were turned on at a time when on the product the magnetic suspension
was poured and the third without poured. These actions were repeated three times (every 120 s).
Contact field value in magnetic time was measure and it was > 2.4 kA/m. The product was
demagnetized after inspection and the results recorded. On the outer bearing ring, the cracks
were identified. Because, the root cause of the problem was not known, further analysis was
made. In order to identify the potential causes of the problem, the Ishikawa diagram was
prepared.
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Techniques implemented in NDT process were Ishikawa diagram and 5Why method. The
choice these techniques to improving the process of NDT was conditioned their effectiveness in
identifying the root of the problem. Added, these methods are simple in realization and not
expensive. Application these methods in a sequence way allow finding the potential, main and
root causes of the problem [2, 3, 20].

Ishikawa diagram is called a fishbone diagram or causes and effects diagram. Allows to
graphic presentation the problem and causes which has influence on its uprising. The division of
causes into categories helps in the analysis of the problem. Basic categories are rule SM+E, i.e.
method, machine, material, man, management and environment. Using this diagram to identify
potential causes of the problem, among which the root causes can be selected [2, 21-23]. In the
central part of the diagram, the problem (cracks) was noted. From main categories (SM+E) were
selected: man, method, material, management and environment. Category like method was
omitted, because it did not apply. To these categories the potential causes of cracks were noted.
The main causes of the problem were selected and analyzed by 5Why method.

The 5Why method otherwise called Why-Why diagram has applies to identify the root of the
problem. Analyzing the problem using the SWhy method is to ask the question “why?”. The end
of method is when the answer is exhausted and the source of the problem is found. The 5Why
method allows taking actions adequate to the root of problem in order to eliminate or minimalize
the problem [3, 24]. It was started from the problem and main causes (pointed by Ishikawa
diagram). The “Why?” question was asked sequentially until the root cause of the problem was
identified. After identified the root cause of the problem (defective material from supplier) the
improvement actions were proposed.

Results
After the magnetic-powder testing on the outer bearing ring the unconformities were identified
(cracks), an example of which is shown in Fig. 1.

Fig. 1. Cracks on the outer bearing ring.

Next, in order to show the potential causes of the cracks problem on the outer bearing ring the
Ishikawa diagram was prepared, which is shown in figure 2. The main causes of the problem
were selected, i.e. defective material and lack of knowledge about material supplier. In order to
identify the root cause of cracks the SWhy method was made, which is shown in figure 3. The
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root cause of the problem was defective material from the supplier. The improvement action was
informed the customer about the root cause of the problem.
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Fig. 2. The Ishikawa diagram for the cracks problem on the outer bearing ring.
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failure to follow instructions incorrect material composition
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DEFECTIVE MATERIAL FROM SUPPLIER
Fig. 3. The 5Why method for the cracks problem on the outer bearing ring.

Summary and Conclusion

Making the effective quality control of the product allows developing the product, enterprise and
satisfaction of the customer. The desire to improve the process of NDT research has been
demonstrated by an enterprise located in south-eastern Poland. In the enterprise the quality
management techniques i.e. Ishikawa diagram and 5Why method were implemented after NDT
research. The aim was to identify the unconformities on the product with used the magnetic-
powder method and extension of the analysis process about selected quality management
techniques in order to identify the root of unconformities. The outer ring of the four-point ball
bearing was analyzed. By the magnetic-powder method, the cracks on the product were identified.
Expanding the process of NDT analyze the Ishikawa diagram was used, by which the main causes
of the cracks were selected, i.e. defective material and lack of knowledge about the material
supplier. Next, used the 5Why method, which showed the root cause of unconformity i.e. defective
material from the supplier. The proposed process of using quality management techniques together
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with non-destructive testing can be used in any enterprise to detect unconformities of the products
and the reasons for their creation.

Non-destructive testing methods [25] are very important in many areas of research (special
alloys [26], implants [27], tribological tests [28], welding [29] and biotechnology [30]) and
industrial production (special coatings [31, 32], laser surface treatment [33, 34], machine
regeneration [35], power hydraulics [36, 37], steel industry [38]), so the presented method may
be inspiring for many recipients. Regardless, it is a development impulse both for the methods of
experimental data analysis [39-41] and for the analysis of possible failure scenarios [42].
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Abstract. The article presents the results of using selected quality tools to detect and analyze
critical quality problems of low-pressure hoses for car radiators and their root causes for their
elimination. The research aims to analyze the nonconformities of the tested product, identify
critical nonconformities in terms of frequency of occurrence, and analyze potential causes of their
creation to propose effective corrective and preventive actions. The paper presents the use of such
quality tools as the Pareto-Lorenz diagram, Ishikawa diagram, and 5 WHY analysis. It was
identified that the critical nonconformities of low-pressure hose that should be addressed first are
nonconforming insert mounting depth and crooked cut detail. It has been shown that most of the
factors causing critical nonconformances are in the "man" and "machine" type of problem areas.
They identified the root causes of the quality problems, which were the incorrect setting of the
machine by the operator and a lack of frequent inspections of the machine’s technical condition.
It was proposed corrective actions to eliminate the possibility of critical nonconformities due to
their root causes.

Introduction

Effective satisfying customers' needs and requirements is one of the most critical objectives in any
manufacturing enterprise, conditioning its success in the market [1]. The goal of any enterprise
should be to make money by their meeting and even exceeding [2]. The processes of continuous
globalization and the dynamics of change have established new challenges for enterprises.
Changes in the perspective of quality perception are a consequence of its development. Quality is
interpreted as perfection or excellence [3]. However, in reality, quality measurement is complex
and focuses on the process of reaching it [4]. Quality is defined as a set of product features that
determine how the product will meet customer expectations [4]. Product features, in turn, are its
functionality, which carries a specific utility for the customer. One of the essential product features
is its durability and reliability over time [5]. Companies strive to gain the highest level of quality,
understood as offering products of higher quality at a cost-effective price for the consumer,
focusing attention on not making mistakes and errors during production, producing products of
higher quality than the competing company, and preventing the emergence of non-compliant
products, which are associated with higher costs for the organization, introducing the process of
improving the way of performing the assigned tasks and the product for all employees to involve
them in the process of continuous improvement, planning and organizing the work of employees
for comprehensive quality management [5, 6]. The basic tool for achieving these goals has become
a quality management system, whose elements are methods, tools, rules, procedures, job
descriptions, people, and the relationship between these elements. The effective implementation

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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of these system elements increases the company's ability to satisfy customer needs and
requirements [6].

Methodology

The study analyzes quality problems in manufacturing low-pressure hoses for car radiators. The
analysis was conducted using selected quality tools such as the Pareto-Lorenz diagram, Ishikawa
diagram, and SWHYs.

The research object is a plant of a leading international manufacturer of fluid flow systems,
seals for car bodies as well as anti-vibration systems located in the Silesia voivodeship in Poland.
The analyzed plant is engaged in the production of hoses: cooling, turbocharger, vacuum, and air
transfer. The subject of the research is a low-pressure hose used for the cooling system in
automobiles.

A Pareto-Lorenz diagram was used to identify the most critical quality problems in terms of the
frequency of occurrence in relation to low-pressure cooling system hoses. A Pareto-Lorenz
diagram is a tool that allows data on emerging problems to be recorded and analyzed so that the
most significant problem areas are highlighted [7]. In order to significantly reduce the likelihood
of quality problems, the most frequently occurring nonconformances should be addressed first [8].
The remaining nonconformities should not be underestimated; they are less important but not
invalid [7].

For the most frequently occurring nonconformity of the analyzed product, an analysis of the
causes of its occurrence was carried out using the Ishikawa diagram. The analysis is based on five
main areas of the problem, namely: man, machine, tools, materials, and method, within which
there are looking for probable causes of the problem [9, 10].

For the second, most frequent occurring nonconformity of the analyzed product, an analysis of
its root cause was carried out using the 5 WHY method. Its primary goal of using is to find the
exact, fundamental reason that causes a given problem by asking a sequence of "why" questions
[9, 10]. It is one of the most effective tools for root cause analysis in the Lean management concept

[11].

Results

10000 pieces of the low-pressure hoses were inspected, and certain nonconformities were found,
such as scratches on the hose (N1), too short hose (N2), too long hose (N3), illegible print (N4),
crooked cut hose (N5), deformations (N6), under-bottomed overmoulding (N7), hose leakage
(N8), incompatible insert mounting depth (N9), broken hose end (N10). The Pareto-Lorenz
diagram (Fig. 1) was built based on the data on the frequency of occurrence of these
nonconformities.

The Pareto-Lorenz diagram showed that 20% of the nonconformities (2 out of 10) were
responsible for 52.4% of all hoses quality problems. The remaining 8 nonconformities are
responsible for only 47.6% of the quality problems. The critical nonconformities in terms of
frequency of occurrence were, therefore: nonconforming insertion depth (N9) and crooked cut
hose (N10).

The most frequent nonconformity, i.e. incompatible insert mounting depth (N9), was addressed
first. All possible causes of this nonconformity were identified using brainstorming and plotted on
the Ishikawa diagram (Fig. 2).
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Fig. 1. Pareto-Lorenz diagram for the analysis of the frequency of low-pressure
hose nonconformities [own study with the use of Statistica 13.3 software]
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Fig. 2. Ishikawa diagram for root cause analysis of critical low pressure
hose nonconformance [own study with the use of Statistica 13.3 software]

It can be seen from the diagram that most of the factors causing nonconforming insert mounting
depths appear in the "human" and "machine" type areas. The poor condition of machine parts
resulted in lower qualitative capability and turned into incomplete or improper insert mounting.
Many "hard" and "soft" factors related to humans affected the formation of nonconforming
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products, such as lack of appropriate knowledge and experience, lack of adequate motivation, low
wages, and lack of training. Also, improper management so bad organization of work, lack of work
standards, not-effective control systems, rare inspections, or lack of current documentation at the
workplace affected the critical nonconformance occurrence. In the effect of this last situation, the
customer after making corrections on the workpiece still receives the hose before the corrections,
because the employees are unaware of the corrections made and continue to produce a workpiece
that does not meet the current requirements of the customer. Poor quality of materials and tools
led to the production of poor-quality details or rapid wear of parts such as jaws, which are to
compress the hose. Worn jaws posed a risk of producing a non-conforming product or perforation
of the conduit during assembly.

A 5 WHY analysis was used to identify the root cause of the second most common low-pressure
hose nonconformance, namely, a crooked cut workpiece (Fig. 3).

The root cause of the problem was the lack of frequent inspections of the machine's technical
condition, and its parts, which was caused by too long a defined time between such inspections in
the maintenance work schedule. In the analyzed case, the machine work became out of control
because of a broken washer. Its absence resulted in backlash at the washer location, as well as the
slow loosening of the nut, which increased disc movement. To solve this problem in a permanent
way machine inspection intervals should be increased. Thus, the maintenance inspection schedule
should be updated. Mechanics should inspect the machine at least once a month (the best twice a
month), while operators should inspect the machine each time before starting and after ending
work on the machine. This corrective action will minimize the possibility of the machine
malfunctioning due to its poor technical condition.

DEFINE THE
PROBLE M The hoses for assembly process are cut crooked
FRIMARY CAUSE
Why is it lappening?
! The machine cut them crooked
Whyris that?
= The machine has become unstable
WHY IS THIS Whyis that”
APROBLEM? 3
Some screws in the machine loosened slighfly
Wiy is that?
4 | A springwasher has cracked, whichprotects against self-
LHSCIEWing
Whyis that? ROOT CAUSE
5 Lack of frequent inspection of the technical condition of
the machine by operators and mechanics
COREE CTIVE ACTION
C?&‘?EEI]‘I_BE Updatins the mairkenance schedule withregard to the frequency of inspections of the techrnical condition of the machine.
B TAKE Responsible: Head of the Maintenance Department

Fig. 3. SWHY analysis for a crooked cut detail [own study]
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In order to reduce errors caused by human work (operators, mechanics), it is necessary to
introduce further remedial measures aimed at raises for employees that will motivate them and
give them a desire to develop; development of visual work standards in workplaces (visual controls
& management tools [12]), which will allow the production of uniform, standardized parts and
also allow rapid assessment of their quality by a glance. It is important to provide job training for
employees to increase their awareness about the impact of their work on quality, and increase
knowledge, and skills. The greatest attention should be paid to poor machine alignment. In order
to eliminate this cause, it is necessary, first of all, to train people who will set up and changeover
machines to a new workpiece; pay attention to excessive loading of the machines because it leads
to rapid wear or overheating of its parts; more often diagnose the technical condition of machine
parts so that the process carried out by them is not disrupted; conduct training for employees on
machine diagnostics, so that they can react immediately if they notice a problem on a machine;
develop documentation with pictures of correct and incorrect functioning of a machine (One Point
Lessons - OPL cards in a version of "basic knowledge" and "problem" [13], boards and
KAMISHIBAI cards [14]). In the event of detected non-compliance with requirements, the person
using these types of visual control tools will have to report the problem immediately in order to
implement necessary corrective actions.

Summary

The article presents the method of identifying the most important quality problems of low-pressure
hoses for car radiators, the results of their analysis in order to discover the root causes, and the
methods of eliminating the possibility of their occurrence - preventing the critical nonconformities.
For this purpose, selected, popular quality tools were used.

Using data that was collected during the manufacturing process of a low-pressure hose for
automotive radiators, 10 major nonconformities were listed that contributed to nonconforming
products. The most common nonconformities were a nonconforming insert depth and a crooked
cut hose. In order to eliminate the first main nonconformity, the Ishikawa diagram was made,
which allowed identifying the basic cause of its occurrence, which is poor alignment of the
machine by the operator. In order to eliminate this nonconformity, it was proposed to conduct
periodic training for employees responsible for setting up and changeover of machines, to
introduce more frequent inspections of the technical condition of machines, and to develop visual
documentation of the correct operation of the machine. Using the 5 WHY method, the root cause
for the crooked cut hose was identified, which was the lack of frequent machine maintenance. This
caused the machine to become out of adjustment, which resulted in this nonconformance. It was
suggested that the maintenance schedule should be updated and that in addition, a machine job
card should be developed for employees to fill out before and after work, allowing for quicker
detection of worn parts by which failures and quality problems can arise.

In conclusion, the application of quality tools to analyze low-pressure hose nonconformities
was intended to prevent the possibility of their occurrence in the future by paying attention to their
root, fundamental causes. In order to have a lasting effect of eliminating analyzed critical
nonconformities of the tested product, defined and listed corrective and preventive actions must
be implemented in an effective way and quality analyses focused on investigating potential causes
of nonconformities must be generally conducted in an anticipatory manner. Success in the
permanent elimination of nonconformities is a combination of employee involvement (a necessary
condition), the use of appropriate methods and tools for detecting and analyzing their root causes,
and the implementation of effective ways of preventing them (good first time).
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The presented analysis may inspiring in many branches of the industry interested in high quality
e.g. service [15], automotive [16-19], BIM [20], biotechnology [21, 22] and quality general
management [23]. Such approach leads to desirable sustainable production [24-26], increases the
trend for automation [27, 28] and gives new ideas for analysis methods [29, 30], both parametric
[31, 32] and non-parametric [33-35].
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Abstract. Production is one of the basic branches of the economy. Along with the development of
techniques and technology, it expanded the scope of its activities, including a wide flow of
information concerning, inter alia, the quality of manufactured products in order to increase
competitiveness in meeting customer needs. The article assesses the quality of the first patterns of
the selected product (detail X) by measuring the hardness using the Vickers method. The
measurements were carried out for four samples marked with the letters A1, B1, C1 and D1, which
for the Vickers test had to be properly prepared, which was associated with the need to meet both
the requirements relating to surface roughness, the size of the detail and getting rid of
contamination. This process follows the procedure prepared by the quality control section,
specified in the detailed execution manual for detail X. The measurement of the samples confirmed
the research carried out in the scope of quality assessment and the validity of the selection of the
Vickers method for hardness measurement.

Introduction

Production is an activity that is spread over time and is mainly based on the physical production
of a specific product [1, 2]. It is also considered to combine various types of inputs and production
resources in order to obtain a specific effect in the form of a semi-finished or finished product [3-
5]

The variety of materials used in production requires defining, inter alia, their mechanical
properties, which determine the load-bearing capacity of the material [x6]. Mechanical properties
affect the quality and strength of materials, and thus — the properties of the finished product [7, 8].
The study of mechanical properties is extremely important, e.g. during the production of large
structures, where every smallest element is responsible for the safety and quality of the entire
structure. One of the mechanical properties is hardness [9], and hardness is assessed by static
hardness tests, dynamic hardness tests and scratch tests. Hardness measurement is a simple, quick
and low-cost test. The obtained result can be converted into material strength by applying an
appropriate formula, taking into account the linear relationship between the material hardness and
tensile strength. Hardness is the resistance of a material that occurs when a specific object
(indenter) is pressed into it. If the indenter goes deeper into the material with the same load, it
means that the indenter is softer. To perform the measurement, a ball-shaped element is used,
which is made of tungsten carbide or hardened steel. Sometimes an indenter is also used, which is
in the form of a diamond cone or diamond pyramid. The element is pressed into the material in a
static or dynamic manner.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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The methods of static hardness measurement include the Brinell, Vickers and Rockwell
methods. The Brinell method is one of the oldest methods of hardness measurement [10] and
consists in perpendicularly pressing a hardened ball (or carbide ball) with a diameter of D and a
force of F value into the tested material. The Rockwell method consists in pressing an indenter in
the form of a diamond cone or steel ball into the surface material and consists of 2 stages: loading
with the initial force FO (in order to reduce the impact on the measurement of non-uniformity of
the sample surface), and then applying the main force F1 and unloading to the force FO. This
determines the permanent increase in the depth of the impression resulting from the initial force
after unloading [11]. The Vickers method [12] consists in measuring the hardness (Fig. 1) using
an indenter in the form of a simple pyramid, characterized by a square base and an apex angle
equal to the Brinell ball indentation angle, i.e. 136° with an accuracy of 0.5". The hardness is
calculated as the ratio of the load F to the side surface of the permanently imprinted part of the
pyramid.

136°

P G A S /

da o
o

Fig. 1. Scheme of hardness measurement by the Vickers method [12]

The aim of the study is to use the Vickers hardness method to assess the quality of the first
patterns of a selected product in the automotive industry [13].

The obtained results and methodology should be of interest to researchers in the field of material
sciences [14-17], energy [18, 19], machining [20-22] and coating [23-25] but also quality
engineers of the steel industry [26, 27], food [28, 29] and the automotive industry [30-33].
Increasing the quality of the materials produced will have a positive effect on the production of
highly responsible parts and machines, where there is a risk of contamination [34], costly
breakdowns [35, 36] or injury [37, 38]. The results can also inspire the further development of data
analysis methods [39-41] and the development of risks in failure scenarios [42, 43] as a valuable
source of experimental information.

Methodology

The tests used a hardness test with a low loading force, symbol HV1, i.e. with a nominal force
value of 9.807 N. In order to carry out a hardness test using the Vickers method, it is necessary to
properly prepare a sample of the detail. The surface of the sample should be free of impurities and
characterized by a roughness of not more than 2.5 um. The duration of the load for most of the
tested materials should be in the range of 10 to 15 seconds, assuming an accuracy of 2 seconds.
The sample thickness should not be less than 1.5d.
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This is done according to an appropriate procedure, specified in the X detail execution manual,
prepared by the quality control department. First, the upper part of the X detail is cut. It is necessary
to properly set the handle before the cut, in order to properly set the laser line of the cutter, which
determines the direction of the cut. Then the detail is fixed in the holder. Before the first cut, it is
necessary to adjust the table setting by a blade thickness of 2 mm. The cuts are made along the
angles determined for the X detail. In the selected detail for analysis, the cut was made along an
angle of 88° and 110° along the cross-section of the entire detail. After each cut, the target area is
marked. A transverse cut is then made below the X detail at a distance of 2 mm to avoid damaging
the measuring surfaces. Fragments of the detail are then placed on the plunger of the
metallographic press with the measuring side facing down, and then covered with thermosetting
resin. Then the samples are included. After this process, the samples are polished and placed on
the hardness tester pad, ready for measurement. In the case of the lower part of X detail, the first
cut is made 2 mm above the upper part in order to obtain a fragment for further examination. Then
the detail is placed in the holder in such a way that the laser line of the cutter passes through the
center of the cam. The last cut is made 2 mm above in order not to damage the measuring surfaces.
The obtained fragments are placed on the plunger of the metallographic press, and then, after the
completed process, they are placed on the pad of the polishing machine. After its completion, the
samples can be measured.

Results
The measurements were carried out for four samples marked with the letters A1, B1, C1 and DI.
Basic measurement parameters are presented below (Tab. 1)

Table 1. Measurement results for four samples by the Vickers method
MEASUREMENT RESULTS FOR SAMPLE Al
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POINT HARDNESS POSITION
1 716 0,10
2 279 0,50
3 257 1,00
4 271 1,25

MEASUREMENT RESULTS FOR SAMPLE B1
1 683 0,10
2 277 0,50
3 261 1,00
4 265 1,25
MEASUREMENT RESULTS FOR SAMPLE C1
1 714 0,10
2 276 0,50
3 250 1,00
4 272 1,25
MEASUREMENT RESULTS FOR SAMPLE D1
1 715 0,10
2 293 0,50
3 267 1,00
4 269 1,25
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Obtaining similar hardness values for all analyzed samples proves about the good effectiveness
of the Vickers method. Therefore, it can be used to assess the quality of the first standards, with
special care for the proper preparation of the sample.

Summary

Modern enterprises operate in difficult market conditions. The demand for specific products
depends on many factors, including meeting customers' requirements. Due to the variety of
available offers, users have more and more requirements, including the high quality of
manufactured products.

Checking the first patterns ensures early detection of abnormalities in manufactured items. It is
very useful in simulating production processes, which are then translated into production.
However, the effectiveness of this control depends on the methods used. The solution analyzed at
work, used in the surveyed company of the automotive industry, is based on the application of the
Vickers method, which based on the PN-EN ISO 6507-1: 2018-05 standard, it consists in indenting
a diamond indenter into the sample surface with a predetermined force. The advantage of the
Vickers method over the Brinell method is the universality of the diamond indenter. In addition,
considering the advantages and disadvantages, it can be stated that the Vickers method, having the
advantages, has the widest scale and high measurement accuracy, and the measurement result does
not depend on the load applied during the test. On the other hand, the disadvantages of the Vickers
method include: the difficulty of applying the method on heterogeneous or coarse-grained
materials.

References

[1] T. Karpinski. Inzynieria produkcji, WNT, Warszawa, 2011.

[2] B. Liwowski, R. Koztowski. Podstawowe zagadnienia zarzadzania produkcjg, Oficyna
Ekonomiczna, Krakow 2007.

[3] A. Burduk. Modelowanie systemdw narzedziem oceny stabilnos$ci proceséw produkcyjnych,
Politechnika Wroctawska, Wroctaw, 2013

[4] B. Liwowski, R. Koztowski. Podstawowe zagadnienia zarzadzania produkcjg, Oficyna
Ekonomiczna, Krakow, 2006

[5] E.Mastyk-Musiatl, A. Rakowska, E. Krajewska-Binczyk. Zarzadzanie dla inzynieréw, PWE,
Warszawa, 2012.

[6] R. Ulewicz, F. Novy, M. Mazur, P. Szataniak. Fatigue properties of the hsla steel in high and
ultra-high cycle region, Production Engineering Archive 4 (2014) 18-21.

[7] N. Kopiika, J. Selejdak, Y. Blikharskyy. Specifics of physico-mechanical characteristics of
thermally-hardened rebar, Production Engineering Archive 28 (2022) 73-81.
https://doi.org/10.30657/pea.2022.28.09

[8] M. Szary, K. Knop. Ocena technologii i mozliwosci technologicznych przedsi¢biorstwa z
branzy metalowej. Archiwum Wiedzy Inzynierskiej 3 (2018) 31-34.

[9] W.J. Klimasara. Badanie materiatow konstrukcyjnych 315[01].02.02. Poradnik dla ucznia,
Instytut Technologii Eksploatacji — Panstwowy Instytut Badawczy, Radom, 2007

[10]Z. Zatorski, R. Biernat. Energy-based determination of Brinell hardness, Scientific Journal
of Polish Naval Academy 4 (2014) 103-116.

192



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 192-198 https://doi.org/10.21741/9781644902059-28

[11]W.J. Klimasara. Badanie materiatow konstrukcyjnych, Instytut Technologii Eksploatacji —
Panstwowy Instytut Badawczy, Radom, 2007.

[12]PN-EN ISO 6507-1:2018-05. Metale. Pomiar twardosci sposobem Vickersa. Cze$¢ 1:
Metoda badan.

[13]E. Staniszewska, D. Klimecka-Tatar, M. Obrecht. Eco-design processes in the automotive
industry, Production Engineering Archive 26 (2020) 131-137.
https://doi.org/10.30657/pea.2020.26.25

[14]A. Dudek, B. Lisiecka, R. Ulewicz. The effect of alloying method on the structure and
properties of sintered stainless steel, Archives of Metallurgy and Materials 62 (2017) 281-287.
https://doi.org/10.1515/amm-2017-0042

[15] A. Szczotok, N. Radek, R. Dwornicka. Effect of the induction hardening on microstructures
of the selected steels. METAL 2018 - 27th Int. Conf. Metall. Mater. (2018), Ostrava, Tanger
1264-1269.

[16]N. Radek, J. Pietraszek, A. Goroshko. The impact of laser welding parameters on the
mechanical properties of the weld, AIP Conf. Proc. 2017 (2018) art.20025.
https://doi.org/10.1063/1.5056288

[17]T. Lipinski. Corrosion resistance of 1.4362 steel in boiling 65% nitric acid, Manufacturing
Technology 16 (2016) 1004-1009.

[18]L.J. Orman. Boiling heat transfer on single phosphor bronze and copper mesh
microstructures, EPJ Web of Conf. 67 (2014) art. 2087.
https://doi.org/10.1051/epjcont/20146702087

[19]L.J. Orman L.J., N. Radek, J. Pietraszek, M. Szczepaniak. Analysis of enhanced pool boiling
heat transfer on laser-textured surfaces. Energies 13 (2020) art. 2700.
https://doi.org/10.3390/en13112700

[20]P. Szataniak, F. Novy, R. Ulewicz. HSLA steels - Comparison of cutting techniques,
METAL 2014 — 23" Int. Conf. Metallurgy and Materials (2014), Ostrava, Tanger, 778-783.

[21] A. Szczotok, J. Pietraszek, N. Radek. Metallographic Study and Repeatability Analysis of y'
Phase Precipitates in Cored, Thin-Walled Castings Made from IN713C Superalloy. Archives of
Metallurgy and Materials 62 (2017) 595-601. https://doi.org/10.1515/amm-2017-0088

[22]1. Mileti¢, A. 1li¢, R.R. Nikoli¢, R. Ulewicz, L. Ivanovi¢, N. Sczygiol. Analysis of selected
properties of welded joints of the HSLA Steels, Materials 13 (2020) art.1301.
https://doi.org/10.3390/mal13061301

[23]J. Broncek, P. Fabian, N. Radek. Tribological research of properties of heat-treated cast
irons with globular graphite, Materials Science Forum 818 (2015) 209-212.
https://doi.org/10.4028/www.scientific.net/MSF.818.209

[24]N. Radek, J. Pietraszek, A. Gadek-Moszczak, £.J. Orman, A. Szczotok. The morphology
and mechanical properties of ESD coatings before and after laser beam machining, Materials 13
(2020) art. 2331. https://doi.org/10.3390/ma13102331

193



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 192-198 https://doi.org/10.21741/9781644902059-28

[25]N. Radek, J. Konstanty, J. Pietraszek, £..J. Orman, M. Szczepaniak, D. Przestacki. The effect
of laser beam processing on the properties of WC-Co coatings deposited on steel. Materials 14
(2021) art. 538. https://doi.org/10.3390/ma14030538

[26] A. Maszke, R. Dwornicka, R. Ulewicz. Problems in the implementation of the lean concept
at a steel works - Case study, MATEC Web of Conf. 183 (2018) art.01014.
https://doi.org/10.1051/matecconf/201818301014

[27]H. Danielewski, A. Skrzypczyk, W. Zowczak, D. Gontarski, L. Ptonecki, H. Wisniewski, D.
Sobon, A. Kalinowski, G. Bracha, K. Borkowski. Numerical analysis of laser-welded flange pipe
joints in lap and fillet configurations, Technical Transactions 118 (2021) art. €2021030.
https://doi.org/10.37705/TechTrans/e2021030

[28]N. Baryshnikova, O. Kiriliuk, D. Klimecka-Tatar. Management approach on food export
expansion in the conditions of limited internal demand, Polish Journal of Management Studies
21 (20200 101-114. https://doi.org/10.17512/pjms.2020.21.2.08

[29]N. Baryshnikova, O. Kiriliuk, D. Klimecka-Tatar. Enterprises' strategies transformation in
the real sector of the economy in the context of the COVID-19 pandemic, Production
Engineering Archives 27 (2021) 8-15. https://doi.org/10.30657/pea.2021.27.2

[30]K. Antosz, A. Pacana. Comparative analysis of the implementation of the SMED method on
selected production stands, Tehnicki Vjesnik 25 (2018) 276-282. https://doi.org/10.17559/TV-
20160411095705

[31]A. Pacana, R. Ulewicz. Analysis of causes and effects of implementation of the quality
management system compliant with iso 9001, Pol. J. Manag. Stud. 21 (2020) 283 296.
https://doi.org/10.17512/pjms.2020.21.1.21

[32] A. Pacana, D. Siwiec, L. Bedndrova. Method of choice: A fluorescent penetrant taking into
account sustainability criteria, Sustainability 12 (2020) art. 5854.
https://doi.org/10.3390/su12145854

[33]G. Ostasz, K. Czerwinska, A. Pacana. Quality Management of Aluminum Pistons with the
Use of Quality Control Points. Management Systems in Production Engineering 28 (2020) 29-
33. https://doi.org/10.2478/mspe-2020-0005

[34]E. Skrzypczak-Pietraszek. Phytochemistry and biotechnology approaches of the genus
Exacum. In: The Gentianaceae - Volume 2: Biotechnology and Applications, 2015, 383-
401.https://doi.org/10.1007/978-3-642-54102-5 16

[35]S. Markovi¢, D. Arsi¢, R.R. Nikoli¢, V. Lazi¢, B. Hadzima, V.P. Milovanovi¢, R.
Dwornicka, R. Ulewicz. Exploitation characteristics of teeth flanks of gears regenerated by three
hard-facing procedures, Materials 14 (20210 art. 4203. https://doi.org/10.3390/ma14154203

[36]E. Lisowski, J. Rajda, G. Filo, P. Lempa. Flow Analysis of a 2URED6C Cartridge Valve,
Lecture Notes in Mechanical Engineering 24 (2021) 40-49. https://doi.org/10.1007/978-3-030-
59509-8 4

[37] A. Dudek, M. Klimas. Composites based on titanium alloy Ti-6Al-4V with an addition of
inert ceramics and bioactive ceramics for medical applications fabricated by spark plasma

194



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 192-198 https://doi.org/10.21741/9781644902059-28

sintering (SPS method), Materialwissenschaft und Werkstofftechnik 46 (2015) 237-247.
https://doi.org/10.1002/mawe.201500334

[38] A. Kubecki, C. Sliwinski, J. Sliwiaski, I. Lubach, L. Bogdan, W. Maliszewski. Assessment
of the technical condition of mines with mechanical fuses, Technical Transactions 118 (2021)
art. €2021025. https://doi.org/10.37705/TechTrans/e2021025

[39]J. Pietraszek, E. Skrzypczak-Pietraszek. The uncertainty and robustness of the principal
component analysis as a tool for the dimensionality reduction. Solid State Phenom. 235 (2015) 1-
8. https://doi.org/10.4028/www.scientific.net/SSP.235.1

[40]J. Pietraszek, R. Dwornicka, A. Szczotok. The bootstrap approach to the statistical
significance of parameters in the fixed effects model. ECCOMAS Congress 2016 - Proceedings
of the 7th European Congress on Computational Methods in Applied Sciences and Engineering
3, 6061-6068. https://doi.org/10.7712/100016.2240.9206

[41]J. Pietraszek, A. Szczotok, N. Radek. The fixed-effects analysis of the relation between
SDAS and carbides for the airfoil blade traces. Archives of Metallurgy and Materials 62 (2017)
235-239. https://doi.org/10.1515/amm-2017-0035

[42]]. Pietraszek, N. Radek, A.V. Goroshko. Challenges for the DOE methodology related to the
introduction of Industry 4.0. Production Engineering Archives 26 (2020) 190-194.
https://doi.org/10.30657/pea.2020.26.33

[43]]. Fabis-Domagala, M. Domagala, H. Momeni. A matrix FMEA analysis of variable
delivery vane pumps, Energies 14 (2021) art. 1741. https://doi.org/10.3390/en14061741

195



Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 196-203 https://doi.org/10.21741/9781644902059-29

Analysis of the Causes of the Non-Conformity of the Bearing
Shell Casting Used on Rail Vehicles

PACANA Andrzej" 2", CZERWINSKA Karolina%® and DWORNICKA Renata®°

" Rzeszow University of Technology, Faculty of Mechanical Engineering and Aeronautics
al. Powstancéw Warszawy 8, 35-959 Rzeszéw, Poland, ORCID: 0000-0003-1121-6352

2Rzeszow University of Technology, Faculty of Mechanical Engineering and Aeronautics
al. Powstancéw Warszawy 8, 35-959 Rzeszéw,Poland, ORCID: 000-0003-2150-0963

3 Cracow University of Technology, Faculty of Mechanical Engineering
al. Jana Pawta Il 37, 31-864, Krakéw, Poland, ORCID: 0000-0002-2979-1614

2 app@prz.edu.pl, ® k.czerwinska@prz.edu.pl, ¢ renata.dwornicka@pk.edu.pl*

Keywords: Quality Control, Quality Management Tools, Pareto-Lorenza Diagram,
Casting Defects

Abstract. Continuous improvement of the quality of manufactured products and monitoring of the
production process is the key to the success of every company. Skillful use of available
technologies and quality management instruments makes it possible to eliminate casting
incompatibilities and prevent their recurrence in the future. The aim of the article was to analyze
the types of defects occurring in castings, locate the areas with the most frequent occurrence of
defects and identify the reasons for the presence of defects in castings of bearing housings used in
railway vehicles. The paper presents the usefulness of a combination of quality management
instruments for diagnosing material discontinuities in the analyzed castings.

Introduction

Castings are an essential part of any industry, and their quality is determined by the technical
conditions of their acceptance [1-2]. The production of casting, and thus maintaining the high
quality of the finished product, is related to several technological parameters that may affect the
quality of the finished product. The problem occurring during the casting production process is the
inability to control all the factors of the technological process simultaneously. One and the most
crucial option affecting the quality and competitiveness of casting is to confirm that the casting is
free from defects. [3-5].

Inconveniences in aluminum castings are frequent problems causing a decrease in the strength
of the casting and an increase in the costs of the technological process, thus influencing further
mechanical processing and operation of the casting. [6]. Quick determination of the type of defect,
its cause, and place of occurrence has a significant impact on the course of the casting process and
reduction of the number of defects. Currently used diagnostic methods in the casting control
process are characterized by effectiveness depending on the type of the tested product, the
sensitivity of the method depending on the type of object, and the place of defect occurrence [7].
The aspect that hinders effective diagnostics is the great variety of shapes, often with a significant
degree of complication, and the complexity of casting processes with a large number of parameters
that can affect their course. This makes it difficult to clearly identify a diagnostic method that
would be fast, simple and efficient, and applicable at every stage of casting production. Hence, it
is justified and necessary to select appropriate technological parameters not only to stabilize the
process but also to select appropriate quality management instruments contributing to the

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

196


https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Pareto-Lorenza
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Diagram
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/casting
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/defects

Terotechnology XII Materials Research Forum LLC

Materials Research Proceedings 24 (2022) 199-206 https://doi.org/10.21741/9781644902059-29

achievement of the desired level of quality and measurable organizational and financial benefits
[8-10].

Analysis
The aim of the conducted research was to diagnose, at individual stages between operational
quality control, the state of castings of rolling bearing housings used in railway vehicles and to
indicate the areas of shielding in which, most often, there are discrepancies. In addition, the
objective was to identify the causes of non-compliance in castings where appropriate corrective
and preventive action could significantly reduce the occurrence of non-compliant castings.

The subject of research was the casting of rolling bearing housings used in railway vehicles.
The finished castings are worth 110 kg, and their dimensions are 504 x 480 x 356. The 3D model
of the product is shown in Fig. 1.

Fig. 1. Test subject — sink rolling bearing housing used in rail vehicles [11]

The study was carried out on a batch of products cast in the 2nd quarter of 2021 in a Polish
production company located in the southern part of the country.

The construction material used for gravity casting of the housing is ENAC-AISi7Mg0. 6
(ENAC-42200) alloy. The chemical composition of the alloy and its mechanical properties is
shown in Table 1.

Table 1. Chemical composition and mechanical properties of ALSi7Mg0.6 alloy

Chemical composition of AISi7Mg0. 6 alloy
Element Fe Si |[Mn | Ti | Cu | Mg | Zn Others Al
Value Min | - 6.50 | - - - 045 | - each: 0.03; total: 0.01 | remainder
[%] Max | 0.19 | 7.50 | 0.10 | 0.25 | 0.05 | 0.70 | 0.07
Mechanical properties of alloy AlSi7Mg0,6
. Yield strength Elongation at Brinell
Property name Tensile strength [Rm] [RO2] break [A] hardness
Min 300 240 4 100
o
Value [%] Max 350 320 230 240 6 6 15 115
Unit of measure [N/mm?] [Mpa] [N/mm?] | [Mpa] [%] [%] [HB] | [HB]

Source: Own elaboration based on: [12]

AlIS17Mg0.6 alloy combines silicon and magnesium as alloying elements, which give very good
mechanical properties [13]. The distinguishing feature of the alloy is its exceptional corrosion
resistance, good weldability, and excellent machining properties [14-16]. For this reason, the alloy
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has been used in architecture, aviation, automotive [17-19], food and chemical industry,
mechanical engineering, shipbuilding, models, and forms. [20-23].

In order to analyze the quality of the products, tests were conducted, the scope of which
included verification of shape defects (on the internal surface of the casting), defects of the raw
surface, continuity breaks and internal defects in the casting, and additionally marking the place
of occurrence of non-compliance together with a precise determination of the type of identified
non-compliance. The realized control of castings was performed in accordance with the internal
procedure of the company according to each production order.

The check was also subject to a visual check of the casting designation.

Results of Analysis

Currently, in the analyzed company, each casting of rolling bearing housings used in railway
vehicles is subject to a visual quality control carried out after the completion of each production
operation. In order to minimize the number of castings verified as non-compliant, an analysis of
the reasons for discards has been undertaken. The first step of the analysis was to determine the
areas in the housing casting (Fig. 2), in which the most frequent irregularities occur and to
determine the type of these defects. The preliminary analysis allowed us to identify 9 types of
incompatibilities in the housing casting. The proposed instrument for an in-depth analysis of the
defectiveness of castings was the Pareto-Lorenz analysis combined with the ABC method, whose
aim is to specify the most significant inconsistencies in terms of the number of their occurrence
and the severity of their effects (Fig. 3). In the Pareto Lorenzo diagram, the nonconformities have
been marked as shown in Fig. 2.

Fig. 2. Rolling bearing housing casting used in railway vehicles to identify the most common
areas of non-compliance (1 - shrinkage cavity,; 2 - sanding; 3 - gas bladders, 4 - under casting;
5 - surface roughness incompatibility). 6 - mechanical damage, 7 - foreign material inclusions; 8
- peeling; 9 - incorrect or illegible marking of the casting)

The analysis of casting showed that the most important incompatibilities were systolic cavities
(52, 5%) and sanding cavities (27, 3%). These defects contribute to 79. 8% of all defects after the
casting process. In accordance with the ABC method, area A, to which the listed non-conformities
have been qualified, is determined as critical.
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Fig. 3. Lorenzo's Pareto Chart and ABC method for non-conformity of castings of rolling
bearing housings used in railway vehicles

Due to the number of skin cavities and crusts and the fact that the presence of specified
nonconformities eliminates the product, the metallographic examination was performed to observe
the nonconformities and analyze them. Fig. 4 shows one of the observed inconsistencies, which

most often occurs in the casting of the casing - the dermal cavity.

Fig. 4. Survey results from the area of discontinuities - systolic cavity

In order to reduce costs and make the right decision regarding the handling of non-compliant
products, defects should be disclosed at the earliest possible stage of the production process,
because then they generate lower costs than their detection at the time of final inspection.
Additionally, the disclosure of a defect in the place of its occurrence enables the application of
effective corrective and preventive actions, which in the future may eliminate it.

Data on the type of quality control in which the most inconsistencies with a given type of defect
are detected and decisions on handling the non-compliant product are presented in Table 2. Table

2 uses the type of defect markings used in Fig. 2.

Table 2. Percentage of decisions on handling non-compliant products

The casting of bearing housing used in railway vehicles
Type of defect 1 2 3 4 5 6 7 8 9
Quality control X- .
most often X-ray X-ray ray, Visual Using a Visual Visual Visual Visual
. . method, . . contact | . . . . . . . .
identifies non- method | PT, | inspection inspection | inspection | inspection | inspection
. UT profiler
compliance ET
Disposal 76% 63% | 71% |  66% 8% 39% 64% 31% 0%
< | of casting
:% Repair 6% 15% 11% 17% 81% 42% 29% 53% 100%
8 | Release
Q| for 18% 22% 18% 17% 11% 19% 7% 16% 0%
casting
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The largest number of the most serious discrepancies in castings, 1. €. systolic cavities, and
porosity, is detected during the initial control using the NDT X-ray method.

Proposal for Improvement
As part of the in-depth analysis, it was decided to use a combination of quality management
instruments, 1. €. the brainstorming method and the Ishikawa diagram, to identify the causes of the
most severe quantitative inconsistencies (systolic cavity and sanding) in the analyzed casting.
The brainstorming method was used to isolate all possible causes of incompatibilities in
products and their hierarchy. The causes identified during the brainstorming session have been
arranged in an Ishikawa diagram showing the interrelationship of causes causing a specific
problem. Due to volume limitations, the article contains a part of the Ishikawa diagram containing
the key causes of the most acute inconsistency - the systolic cavity, within the material (Fig. 5a)
and the method (Fig. 5b).

a) b)

Quality problem - presence of systolic cavity Quality problem - presence of systolic cavity

Chemical composition of the iqmd alloy Inzppropriate selechon of mould costme matenial

Excesaive moisture in the moulding zan .
- Inzufficient

cleaning of the mould

Too little leukage
of the ¥ allov level to rise too slowly
Too low a temperature
of the metal during floodng Use of unsuitahle

mounlding zand

cessive differences in casting wall thickmess

Incomplete drving of the form
or core

~"  Contamination of the liquid alloy (inclusions)
Iu[zterial

Fig. 5. A fragment of the Ishikawa diagram showing the reasons f
or the occurrence of the systolic cavity in the category “material” and “method”.

After analyzing the reasons for the presence of shrinkage cavities in castings, it was found that
the main reason for the presence of shrinkage cavities in the material was too low a temperature
of metal during flooding, while in the area of human beings the use of unsuitable molding sand
was mentioned.

Conclusion
Continuous monitoring of the production process and improvement of the quality of manufactured
products is the key to the success of every company. The presented proposal for a detailed analysis
of the types of incompatibilities in castings, locating the areas where the most common defects are
located, and identifying the reasons for the presence of defects in castings contributes to their
elimination and implementation of effective measures to prevent the occurrence of
incompatibilities in castings. The key reason for the most important defect in the casting (shrinkage
cavity) was too low a temperature of the metal during flooding and incorrect setting of the mold
during flooding causes too slow an increase in the level of liquid alloy.

Further research will be related to the implication of the proposed sequence of casting defect
analysis, which is an effective way of solving quality problems within the production of other
products offered by the company.
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The analysis presented in this paper may be useful in many areas of research (non-destructive
testing [24], special alloys [25], implants [26], tribological tests [27], welding [28], and
biotechnology [29]) and industrial production (special coatings [30, 31], laser surface treatment
[32, 33], machine regeneration [34], power hydraulics [35], steel industry [36]), where failures and
improper actions may appear and should be repaired by corrective activities.

so the presented method may be inspiring for many recipients. Regardless, it is a development
impulse both for the methods of experimental data analysis [37-39] and for the analysis of possible
failure scenarios [40, 41].
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Abstract. As part of the quality of products, corrective actions are necessary. In this context,
organizations should use different methods to skillfully analyze product incompatibilities and their
causes. The aim of a study is to propose the method for determining the degree of impact of causes
on the occurrence of incompatibilities. This method is a new combination of Grey Relational
Analysis (GRA) with known methods: brainstorm, causes and effects diagram, and important
technique. The method was tested for an example of a cast alloy product.

Introduction

In the context of effective improvement of the quality of products, determining the sequence of
corrective actions is legitimate, e.g. by using the incompatibilities catalog or Rule 20/80 (Pareto-
Lorenz) [1-4]. However, it still happens that organizations do not note the number of
incompatibilities and causes of its occurrence. Therefore, it is problematic to indicate the main
incompatibility of mentioned techniques. For this purpose, other techniques are used.

The literature review of the subject has shown that these techniques are, e.g. the Ishikawa
diagram [2, 4, 5] and brainstorm [3, 6]. In these techniques, the mentioned main incompatibility
mentioned was not mostly specified, but only the causes of incompatibility were specified [2, 6].
Despite that, it is necessary to use other techniques, mainly effective to solve the problems in the
so-called fuzzy (uncertain) environment [7, 8]. One of these not complicated methods is, e.g. grey
relational analysis (GRA) [9,10], which has not been used yet in combination with the mentioned
techniques. For this reason, the proposal of a new combination of quality management techniques
with the GRA method was adequate [11-15].

It was assumed that if it is impossible to clearly indicate the main incompatibility of the product
(e.g., based on the number of incompatibilities), it is possible to indicate it based on the degree of
impact of the causes of the incompatibility. It is possible by the integration of the techniques, i.e.,
GRA method, brainstorm, cause and effect diagram, and importance technique.

Problem of Research

In a production company located in south-eastern Poland, the problem of quality alloy products
was identified. The problem was four types of incompatibilities that were often repeated, i.e.:
porosity, nonmetallic inclusions, cracks, and brick. The incompatibilities were identified by NDT,
i.e. the fluorescent method (FPI) and the magnetic-powder method (MT). The mentioned
incompatibilities with different types of products were identified, e.g., mechanical seal or bearing

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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housing. However, in the company, the catalog of the number of incompatibilities was not made.
Therefore, the problem was to unambiguous determine, which incompatibility is the most
common. It made it difficult to accession effective corrective actions for incompatibility which
generates the most source of waste. Despite it, methods that allow for a precise determine the
causes of these incompatibilities were not used. It was claimed that the causes of these
incompatibilities are, e.g. pollution and defective materials from the supplier. However, the main
incompatibility was not yet clearly determined yet. To this aim, the integrated technique supported
by grey relational analysis (GRA) was proposed.

Method

The integrated method is Grey Relational Analysis (GRA), which was combined with: a
brainstorm, cause and effect diagram, and importance technique on the Likert scale. The choice of
these methods was conditioned by their application to solving decision problems [5, 6, 9]. In turn,
the choice of the GRA method was conditioned by its applications for a small number of criteria
(that is, even 4 data) [9, 10, 12, 14]. The integrated method algorithm is shown in Figure 1.

START E — the entity using the proposed method; T — team of experts
Stage 1. Stage 2. Stage 3. Stage 4.

Determining the degree
T impact of groups of causes|
L
on the occurrence of
incompatibility.

Determining the aim The importance of the
E and choice of the groups of causes of
team of experts incompatibilities

Creating the ranking
T of incompatibilities

A specified

incompatibility with
relatively fewest causes

—

A\ 4

Repeated
incompatibilities of

products, which number
of occurrences are
unknown

ave all groups
been assessed
for all incompatibilities?

Is the GRA result
equal to 1?

STOP

Fig. 1. The algorithm of an integrated method of improving
the product quality supports by GRA. Own study.

Stage 1. Determining the purpose and choice of the team of experts. The aim of the proposed
method should apply to the need to identify the incompatibility on which the relatively fewest
causes are influenced. The number of selected incompatibilities to analyze is at least 4 [9, 10]. The
SMART method can be used to define the aim [15]. Members of the selected team of experts
should have experience and knowledge in the area of product incompatibilities of products [16,
17].

Stage 2. The importance of groups of causes of incompatibility. This stage is realized by the team
of experts using in a combined way: brainstorming (BM), cause and effects diagram, and
importance technique. Initially, the team of experts reports the causes of incompatibility using the
first of two stages of BM, as, e.g. [6]. It is recommended that the same team conducts the BM
separately for each type of incompatibility. Then, the team of experts groups the causes of
individual incompatibilities into groups of thematic (categories). In this aim, the members of a
team determine any number and type of group, that is, SM + E, man, machines, method, material,
environment, and management [2]. Then, the team notes for each cause the name of its category.
Next, the team of experts makes the cause and effect diagram according to the method shown, e.g.
in [2, 4, 5]. This diagram should be made separately for each incompatibility and shown in a place
visible to the team. Then, the team of experts validated the thematic (category) groups, in which
the causes of incompatibility were noted. It consists of assessments in the Likert scale the causes
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of incompatibilities in the causes group [18]. By voting, the team assesses the importance (from 1
to 5) of the group of causes in a given category for the emergence of this type of incompatibility.
Assessment 1 - It is the smallest influence (weight) of the group of causes on occurrence of the
incompatibility, in turn, the assessment 5 - It is the greatest impact (weight) of the group of causes
on occurrence of the incompatibility. Assessments should be noted, for example, in causes and
effect diagrams [19-22]. At this stage, the grouped and visualized groups of causes and the weights
of groups, which determine the impact the causes of occurrence the incompatibility, are achieved.

Stage 3. Determining the degree of impact of groups of causes on the occurrence of
incompatibility. This stage is performed by the team of experts as part of using the Grey Relational
Analysis (GRA) [9, 10, 12, 14]. Initially, the matrix M is created, i.e., M = m X n, where m —
alternative (that is, incompatibility), n is the criterion (i.e. group of causes). This matrix should be
supplemented with the weights from stage 2. Subsequently, the ratings (weights) of the cause
groups should be transformed (normalized) so that the rating values are between 0 and 1. It is

accepted that x(()o)(k) and xi(o)(k) are, respectively sequence original and comparison; i =
1,2,..,m; k =1,2,...,n; and m — alternative (i.e., incompatibility), n — criterion (i.e., group of
causes) [9]. For causes of ,,Jower assessment is better" the formula (1) is used [9, 12]:
max xl-(o)(k) — xi(o)(k)

max xl.(o) (k) — min xl.(o) (k)

x; (k) = (1)

In this context, it is accepted that the better is when fewer causes have influence on incompatibility.
Then, based on normalized sequences, the grey relational coefficient is calculated (2) [9, 10, 14]:

Amin Amax
O v Pr e @
0 < ylx;(k),x; (k)] < 1

where: Ay; (k) the sequence of deviations between the original sequence x;(k) and comparison
sequence x; (k), which is calculated from formula (3) [9]:

Doi(k) =[x (k) — x; (k)| 3)
Similarly, the largest (4) and smallest (5) deviations are calculated [9]:

Bmax= max n};;\{XIJCES (k) — x; (k)| (4)

Amin= min min|x; (k) — xj €3] (5)

In turn, the coefficient § in formula (2) has value [0, 1]. Most often, it is assumed that § = 0.5 [9,
10]. The relational grey score is the weighted sum of the Grey coefficients as shown in formula
(6) [9, 14]:

Y5 = ) Byl (0,5 (0] ©)
k=i

where y(xg, x; ), 1.e. gray relational score, which is the level of correlation between the sequence
of originally and the comparison, as if it were identical. The grey relational score should be equal
to 1, that is, (7) [9]:
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zn: Br=1 (7)
k=1

Consequently, based on the results from GRA, it is possible to determine the degree of impact of
groups of causes of occurrence and the incompatibilities.

Step 4. Creating the ranking of incompatibilities. It consists of ordering the values obtained from
the GRA from minimum to maximum. The minimum value (first position in the ranking) is
incompatibility, which according to the team of experts is characterized by the lowest degree of
impact of the group of causes on its occurrence. It is proposed that first corrective actions were
taken for this incompatibility. Then, the corrective actions would be a concern for fewer causes.
After the implementation of the corrective actions for this incompatibility, it is possible to make
corrective actions for the incompatibility on the next position in the ranking.

Results
The aim was to identify the incompatibility of the product from which corrective actions are
necessary. So, the incompatibility was affected by a relatively small number of causes. The four
types of incompatibilities of alloy products were analyzed: porosity on the mechanical seal of the
410 alloy, non-metallic inclusions on the mechanical seal of the CPW 407 alloy, cracks in the outer
casing from CPW-S 5616 alloy, and prick on the lever made of the CPW-S 5613 alloy.

An example after BM performed, grouped according to SM + E, causes and their assessment
on the Likert scale is shown in Fig. 2.

MAN 3 MAITERIAL 4 METHOD 3§
new contammated

supplier

_ badly stored %_g S E” §

%, \ the mstructions : B_E TE|E
2 \% lack of R | B %
% — g Bele 5
trammng BE® @
Inexperence e

POROSITY
no specific work

standards

MANAGEMENT [ MACHINE 3 ENVIRONMENT 2

Fig. 2. Example of a cause and effects diagram for the problem
of porosity in the mechanical seal (own study).
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The matrix M with evaluations (weights) of groups of causes (M 1-E) for selected incompatibilities
(I1-14) is shown in Table 1. The results obtained from the GRA method are shown in Table 2.

Table 1. Assessment of groups of causes of the incompatibilities analyzed (own study).

M |Ml | M2 M3 M4 | M5 | E
I1 3 4 5 1 3 2
12 2 5 5 2 3 1
I3 1 3 2 2 5 3
14 5 2 4 1 2 1

Table 2. The results of the GRA method (own study).

G|MI | M2 M3 | M4 | M5| E | Rank
11/05(04/03[1,0/0,6]05]0,6]2
2/07103(03]03]06]1,0]0,5]|3
3/10]0610]03]03]03]0,6]2
4,03]10/04]10]101,0]0,8]1

It was shown that due to the I4 incompatibility (prick) it is necessary to make corrective actions
are necessary.

Conclusion

The aim was to propose an integrated method to determine the degree of impact of causes of
occurrence of incompatibilities. The incompatibilities analyzed in the company were: porosity on
the mechanical seal of 410 alloy, non-metallic inclusions on the mechanical seal of CPW 407 alloy,
cracks on the outer casing from CPW-S 5616 alloy, and prick on the lever made of CPW-S 5613
alloy. After using the proposed method, it was shown that the incompatibility of a prick on the
lever of the CPW-S 5613 alloy was affected by the fewest causes. Therefore, corrective actions
were proposed for this incompatibility were proposed. The analysis conducted confirmed that with
the proposed method, it is possible to relatively precisely indicate the main incompatibility
according to a certain degree of influence of the causes on their occurrence. Therefore, this method
is an effective instrument to solve problems in an uncertain environment and to determine the main
incompatibility of products.

The analysis presented in this paper may be useful in many areas of research (special alloys
[23], implants [24], tribological tests [25], welding [26] and biotechnology [29]) and industrial
production (special coatings [30, 31], laser surface treatment [32, 33], machine regeneration [34],
power hydraulics [35], steel industry [36]), where failures and improper actions may appear, and
should be repaired by corrective activities. Regardless, it is a development impulse both for the
methods of experimental data analysis [37-39] and for the analysis of possible failure scenarios
[40, 41].
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Abstract. The interest in alternative fuels results from the depletion of crude oil resources and,
thus, the search for new energy sources. The article discusses alternative power sources introduced
into the drive of rail vehicles. Their advantages and disadvantages are presented, especially the
uncontrolled ignitions cases are described. Attention is drawn to the need to develop European
regulations on the fire safety of rail vehicles using hydrogen cells, lithium batteries, or natural gas.
Such requirements are particularly relevant for rolling stock passing through tunnels. They should
include alternative propulsion vehicles and the transport of such loads (e.g. discharged lithium
batteries).

Introduction

Most of the discoveries of oil deposits had taken place until the 1960s. In the following decades,
discoveries were smaller and smaller despite technological progress and ongoing intensive
searches carried out using the most modern technologies, including satellite research. Moreover,
they are found in more and more inaccessible regions that require much more complex and costly
mining and processing techniques. This is due to the higher oil density and the exploitation of
deposits supersaturated with toxic hydrogen sulfide (e.g. Kashgan deposits), which require special
precautions. Currently, oil consumption is greater than new discoveries, and the availability of its
resources is estimated at 40 to 100 years [1, 20].

Considering the above and striving to reduce environmental pollution by gases and solid
particles emitted in the combustion processes of hydrocarbon fuels, the search for alternative fuels
to be used in various areas, including means of transport, has been undertaken. Within the meaning
of the Directive [28], these include fuels that serve, at least in part, as a substitute for crude oil-
based energy in transport and which have the potential to reduce the dependence of EU Member
States on oil imports. An important argument is also the desire to decarbonize transport and
improve the environmental performance of this sector. Alternative fuels include, among others:
electricity, hydrogen, biofuels, synthetic and paraffinic fuels, natural gas (including biomethane)
in the form of compressed natural gas CNG and liquefied natural gas LNG and liquefied gas LPG.

The search activities were enforced by legislative acts, including the European Green Deal
approved by the European Commission on December 13, 2019 [29]. It assumes, among other
things, reducing greenhouse gases in the transport industry by 95% by 2050.

Alternative Fuels in Rail Transport
In rail vehicles, the following are primarily intended for energy supply: electric batteries, natural
gas, hydrogen, and hybrid supply.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Hydrogen. The prospect of using hydrogen as a fuel has a good chance due to its unlimited
resources (it accounts for 94% of the universe [4]) and because it is considered the cleanest fuel
from an ecological point of view (the effect of burning hydrogen is water vapor). A feature of
hydrogen is its high diffusion coefficient of H> in the air. As a result, it easily creates a
homogeneous combustible mixture. The wide yields of the mixture (0.14 — 9.9) allow the use of
qualitative regulation in the engine by changing the mixture composition. Hydrogen is the lightest
element in any aggregation state; it has the highest fuel heating value per mass (120 MJ/kg).
Moreover, it is a very reactive fuel with a high octane number and combustion speed. Therefore,
it is considered the fuel of the future. It is used in fuel cells. Their operation scheme was developed
as early as 1838 by the German-Swiss chemist Christian Friedrich Schonbein. The cell consists of
two electrodes — cathode and anode — separated by an electrolyte or an electrolytic membrane.
Typically the electrodes are in the form of carburized platinum-coated paper as a reaction catalyst.
After supplying hydrogen to the cell, it undergoes oxidation (gives away electrons), producing
hydrogen cations. At the cathode, oxygen reacts with the electrons, reducing to oxygen anions.
The membrane inside allows protons to flow from the anode to the cathode while blocking other
ions, including the formed oxygen anions. Upon reaching the cathode, the hydrogen cations react
with these oxide anions to give water, and the electrons from the anode reach the cathode via an
electrical circuit, producing energy. However, the breakthrough in the use of hydrogen cells did
not come until the 1960s, when they became part of NASA spacecraft.

Hydrogen, unfortunately, also has its disadvantages. It is a colorless and odorless flammable
gas that can form explosive mixtures with air. The following basic parameters describing the
combustible and explosive properties of hydrogen include:

— explosion limits in the air: 4.1-74.2% vol.,

— limits of detonation in the air: 15-63.5% vol.,

— maximum pressure increase during an explosion in a mixture with air: 625 kPa,

— auto-ignition temperature: 580 ° C,

— minimum ignition energy: 0.011-0.02 mJ.

Hydrogen belongs to the T1 temperature class and the IIC explosion group. The above means that
this gas has a relatively low lower explosive limit and can burn in the air over a very wide
concentration range. Little energy is required to initiate combustion. The safety data sheet for
hydrogen describes it as an extremely flammable gas and gives the following precautions: keep it
away from heat sources (heating a pressurized container above 50 ° C may cause it to explode). It
is also essential for safety that the flame of hydrogen burning in the air at atmospheric pressure is
invisible. Moreover, hydrogen is characterized by a relatively low inversion temperature (about
205 K), which means that during a gas expansion (e.g. when flowing out of a leak), the temperature
of the flowing gas stream increases (due to the negative Joule-Thompson effect) [2].

Safe use (including storage) of hydrogen requires knowledge of its specific properties and the
effect of cryogenic temperatures on the material’s behavior. Structural steels from which tanks and
fasteners are made may undergo hydrogen corrosion in an environment containing hydrogen
(low-temperature — below 100 °© C and high-temperature — above 200 ° C, steel decarburization,
HTHA - High-temperature hydrogen attack), which results in a significant reduction in the
mechanical properties of steel, in particular a decrease in strength, an increase in plasticity and
creep rate, and leads to the formation of microcracks [2, 12]. Hydrogen also has a negative effect
on non-metallic materials (elastomers for valve seats, seals), and their use should be verified by
reliable test results confirming the ability to maintain the required physicochemical characteristics
of the selected material under the expected conditions of contact with hydrogen. Welds are also
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prone to hydrogen embrittlement in any hydrogen environment. In the heat-affected zone, the so-
called “Hard spots”, residual stresses and microstructures contributing to brittleness, often arise.
Post-weld annealing may be required to restore the structure. When building an installation for
contact with hydrogen, the requirements for welding metals [12] should be met (e.g. ASME
B31.12-2014 [36]. As demonstrated by the tests and numerical simulations carried out in SNL
[11], hydrogen leakage from the tank may cause combustion deflagration and even detonation in
the tunnel.

The significant disadvantages of hydrogen cells are still high production costs (cheaper methods
force the combustion of fossil fuels, which is not indifferent to the environment).

Rail Vehicles with Hydrogen-Powered Drive. The term "hydrail" was first used on August 22,
2003, during a presentation at the Volpe Transportation Systems Center of the US Department of
Transportation in Cambridge. Potential applications for hydrogen-powered railways include all
types of rail transport: suburban, long-distance, high-speed, freight, mine, factory, and special
vehicles in parks and museums. [14].

The first fuel cell train to be introduced into public transport was the Coradia iLint multiple unit
manufactured by Alstom in Salzgitter. From September 17, 2018, operates a route of
approximately 100 km from Cuxhaven to Buxtehude in Lower Saxony (Germany). It should be
noted that the critical elements of the drive system, in addition to the set of fuel cells, also include
the lithium-ion battery system, as well as an external converter, hydrogen tank, traction inverter,
and traction motor [1, 3].

The Polish company PESA from Bydgoszcz also designed the SM42Dn hydrogen-powered
locomotive. It includes four asynchronous electric motors with a total power of 720 kW, LTO
(lithium titanate) battery with a capacity of 167.7 kWh, and ABB traction inverters with an
auxiliary converter 3 x 400 V. The hydrogen fuel in the PESA SM42Dn locomotive will be stored
in tanks under the pressure of 350 bar. The power sources will be 2 Ballard fuel cells produced in
Canada with a total power of 170 kW [15].

In January 2021, the European FCH2RAIL Project was launched with partners from Belgium,
Germany, Spain, and Portugal. Their task is to develop a new zero-emission train prototype. The
vehicle is to be equipped with a hybrid and modular drive system that combines electric power
from the overhead contact line with fuel cell power. The latter part will consist of hydrogen fuel
cells and batteries. They must be connected and controlled so that the system meets all
requirements and is cost-effective. [13].

Lithium Batteries. At the beginning of the 20th century, the great potential of lithium as a battery
material was noticed. It is a metal with the lowest density, high electrochemical potential, and a
high energy-to-mass ratio. The American chemical physicist George Newton Lewis began early
experiments with lithium batteries in 1912. However, it was not until the 1970s when research
(undertaken by John Goodenough, Stanley Whittingham, and Akira Yoshino) led to the
development of lithium-ion batteries (for which they received the Nobel Prize in Chemistry).
Exxon launched the first lithium-based battery in 1978. However, only after Sony produced a
series of lithium-ion batteries in 1991 became it commonplace [21, 22].

A lithium-ion (Li-Ion) battery consists of a positively charged graphite cathode and a negatively
charged lithium anode. The other two parts contain an electrolyte and a separator between the two
charged electrodes. During charging, the lithium ions move from the carbon anode to the cathode
made of lithium oxide and another metal and are stored there. This technology allows you to
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accumulate twice as much energy as in nickel-metal hydride (NiMH) batteries of the same weight
and size. Because lithium-ion batteries are one of the lightest, their use began with all kinds of
electronic equipment. However, there has also been growing interest in using large lithium-ion
battery packs (typically 20 to 100 kWh) in electric automotive vehicles in recent years. At the same
time, car batteries differ significantly from those used in electronic equipment. The differences
result mainly from the more significant requirements related to working conditions and the more
excellent required durability, reaching ten years. Moreover, the packages are equipped with special
cooling and heating systems, ensuring optimal operating temperature [21-23].

The next step in developing lithium batteries was the development of lithium titanate
Li4Ti5012 batteries (LTO). By working on this technology, manufacturers obtained a somewhat
developed nanocrystalline anode structure, which became the main advantage of the products.
Unlike the porous carbon used to create other types of lithium batteries, the nanocrystalline
structure makes the large anode surface “usable” ensuring surface stability. The LTO technology
enables an effective anode area of approximately 100 m?/g, while for carbon anodes, only about 3
m?/g. Due to the large anode area, the charge is transferred much faster, and the characteristics of
permissible currents are higher. All this ensures the device's operating time, stability, and safety
of use [18].

The advantages of lithium batteries compared to other types of batteries (e.g. NiCd and NiMH)
include 3 times greater capacity with the same battery size and lower weight, many times greater
energy density, no memory effect, no heavy metals in the composition (harmful to the
environment), a high operating temperature range (even from -20 ° C to 50 ° C) as well as a longer
service life [23].

Li-ion batteries also have disadvantages. Dangerous incidents related to their use can still be heard
about. In most cases, a fire and an explosion occurred due to a short circuit between the anode and
the cathode due to overheating of the cells, e.g. a fire from spilled fuel or overheating due to
improper charging or overcharging. The result is a rapidly progressing chain reaction, often out of
control. The temperature rises quickly, and the separator between the electrodes melts, which fuels
the further heating of the battery. The loss of control over the system temperature increases causes
the so-called thermal runaway (Fig.1).
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Fig.1 Mechanism of runaway in a lithium-ion battery under heating conditions [5]

The above causes a chain reaction, especially danger in batteries consisting of many cells
because it initiates the reaction in subsequent, often undamaged, cells. As the temperature rises,
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the cathode emits oxygen which reacts with the organic electrolyte, eventually causing the battery
to ignite or explode.

There are also battery design errors, among other non-mechanical causes of Li-ion battery fires.
High-profile cases include explosions of batteries in telephones onboard airplanes, an explosion
of an electric bicycle battery, or an outbreak of a battery in a Tesla car (which resulted in the death
of the driver), where six days after the accident, there was a spontaneous explosion and another
fire of the wreckage towed to the parking lot [16, 17]. While the largest fire in rail transport
occurred on April 23, 2017, in the Union Pacific train, in which the container caught fire while
carrying discharged lithium batteries to be recycled [19]. Although a long time has passed since
these events, battery systems containing lithium-ion cells still pose a challenge in terms of fire
safety. Extinguishing such fires is still a problem for emergency services. Research conducted by
the Federal Aviation Administration (FAA) in the USA showed that water-based fire-fighting
materials proved to be the most effective. Effective actions were based on the combination of the
effect of extinguishing the burning electrolyte and the simultaneous cooling of the cell, so the role
of as much water as possible as a cooling factor turned out to be very important: the more water,
the better. Gas-based refrigerants showed good ability to extinguish the burning electrolyte but did
not provide adequate ability to cool the cell. Therefore there is a risk (as in the case of the Tesla
accident mentioned above) that another spontaneous fire may occur even many hours after the first
fire is extinguished.

Natural Gas. It is often called the blue fuel and even the fuel of the 21st century. Its composition
may change because it is influenced by the place where the deposits are exploited. However, the
main component of natural gas is always methane. In addition, natural gas may contain various
amounts of such gases as ethane, propane, butane, nitrogen, and organic and mineral compounds.
In addition, noble gases (helium, argon) also appear there. Natural gas has no smell whatsoever. It
is specially odorized to make it easier to smell when leaking.

Natural gas is used to power vehicles in compressed (CNG) or liquefied (LNG) form. This fuel
has several advantages over other propulsion methods, including high calorific value and low
exhaust emissions: reducing CO> emissions by 10% and particulate matter (soot) by 100%.
Therefore, it has also been used in rail vehicles. For example, it is intended for use in the following
vehicles:

— freight locomotive on the route Jacksonville - Miami (Florida, USA) [24],
— new railbuses in the Czech Giant Mountains on the Martinice v Krkonosich railway line from
