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Foreword

The 14" International Scientific Conference Intelligent Technologies in Logistics and
Mechatronics Systems — ITELMS’2022 was organized as an integral part of the 4 Fo-
rum on Innovative Technologies and Management for Sustainability (ITMS’2022) that
hosted two conferences: 9" International Scientific Conference Changes in Social and
Business Environment — CISABE’2022 and 14" International Scientific Conference In-
telligent Technologies in Logistics and Mechatronics Systems — [TELMS’2022.

The aim of this 4 Forum on Innovative Technologies and Management for Sustain-
ability is to provide a worldwide Forum, where the international participants can share
their research knowledge and ideas on the latest research findings and map out the direc-
tions for future researchers and collaborations.

The main idea of this joint event was to stimulate interdisciplinary approach on sus-
tainability issues since the most advanced, innovative solutions are created by close
cooperation between social and technological sciences.

The importance of sustainable development is undeniable, but its implementation into
corporate activities is often faced with the problems. Everybody strives for better quality
of life and innovations. Innovations do not emerge out of nothing or nowhere, new ideas
and the latest inventions result from old and living truths, so the main engine of inno-
vation is knowledge that must be constantly updated, newly interpreted, and sometimes
non-traditionally applied in practice.

The focus of the Forum is on various aspects of contemporary economic, social and
technological environments for international business practice(s) and their target mar-
ket(s). This Forum emerged as the result of collective efforts and here, we take the
opportunity to express our recognition of all the people who have made ITMS’2022
possible, who have done the hard work in preparation and organization. This event is
significant and exceptional because:

* We are proud to point out that Kaunas University of Technology, PanevéZzys Faculty of
Technologies and Business celebrated 60 years anniversary last year.

* The forum is organized in the spirit of the anniversary of the University of Lithuania.
This year we celebrate our centenary.

* The forum is responsive to the global situation. This year we did not receive researchers
from Russia and did not have their presentations as well as the researchers from the
Ukraine because of the well-known war conflict situation. This situation confirms how
unstable world is as well as how important the sustainability is.



Through these lines of welcome, we would like to especially pay tribute to the Scien-
tific Committee which has assured the quality of the pool of accepted papers, and to the
members of the Organizing Committee for their strong motivation and volunteer work,
and eventually, to all the people who have directly or indirectly influenced the smooth
progress towards the Forum. We are very thankful and express our gratitude to all the
authors for contributing their papers to this volume.

Daiva ZOSTAUTIENE
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Abstract

This study aims to provide an evaluation of the effectiveness of the materials of the thermal insulation layer of the external wall in
A++ class public building. MOORA method was selected for the multi-objective evaluation of the effectiveness of the thermal
insulation materials alternatives. Four indicators were evaluated: The thickness of the thermal insulation layer, the thermal
conductivity coefficient, the density and the price of thermal insulation material. Findings of the performed empirical research
suggest that the polystyrene foam EPS70N is the most effective thermal insulation material for the external wall of the nearly zero-
energy public building. This alternative scored the highest number of points (-0,187). The least effective option (from the researched
alternatives) is the rock wool — Paroc Linio 80 (-0,331 points). The study findings are relevant to architects, structural designers
and experts.

© 2022 Donatas Aviza, Elvyra Zacharoviené.
Peer-review under responsibility of the Kaunas University of Technology and the Panevézys Faculty of Technologies and Business.

Keywords: MOORA method; Wall; Thermal insulation material; Multi-objective evaluation.

* Corresponding author. Tel.: +370 623 75003.
E-mail address: donatas.aviza@ktu.lt

© 2022 Aviza Donatas, Zacharoviené Elvyra. F916G0001
Peer-review under responsibility of the Kaunas University of Technology, Panevézys Faculty of Technologies and Business.
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1. Introduction

Buildings and housing collectively account for more than one-third (1/3) of global final energy demand [1] and
nearly 40 % of both indirect and direct CO» emissions. Energy-efficient building design consists of building upgrades
that will maximize energy efficiency by minimizing energy losses and reducing heat losses across the building
envelope [2]. There is a number of studies in the scientific literature about zero-energy or A++ class buildings (Omrany
et al. [3]; Wu et al. [4]; Taherahmadi et al. [5]; Mata et al. [6]; Aviza et al. [7] and other).

The nearly zero-energy buildings are the buildings, which comply with the requirements set out for A++ energy
efficiency class buildings in the Lithuanian Construction Technical Regulation STR 2.01.02:2016 “Design and
Certification of Energy Performance of Buildings”. These are highly energy efficient buildings, which consume almost
zero or very low amount of energy. The renewable energy, which is mostly produced locally or come from nearby
sources, accounts for the majority of energy consumption in these buildings [8].

Objectives of the research:

1. To perform the analysis of scientific resources revealing the requirements for the walls of zero-energy public
buildings.

2. To analyse the MOORA method.

3. To perform a multi-objective evaluation study of the effectiveness of the wall thermal insulation materials.

Research methods: the review of scientific and technical sources, the MOORA method and the empirical study.
2. The MOORA method

A new method is proposed for multi-objective optimization with discrete alternatives: MOORA (Multi-Objective
Optimization on the basis of Ratio Analysis) [9]. This method refers to a matrix of responses of alternatives to
objectives, to which ratios are applied. A well-established other method for multi-objective optimization is used for
comparison, namely the reference point method. Later on, it is demonstrated that this is the best choice among the
different competing methods. In MOORA the set of ratios has the square roots of the sum of squared responses as
denominators. These ratios, as dimensionless, seem to be the best choice among different ratios. These dimensionless
ratios, situated between zero and one, are added in the case of maximization or subtracted in case of minimization.
Finally, all alternatives are ranked, according to the obtained ratios. Eventually, to give more importance to an
objective, an objective can be replaced by different sub-objectives or a coefficient of importance can be specified. An
example on privatization in a transition economy illustrates the application of the method. If application is situated
originally in a “welfare” economy, centred on production, MOORA becomes even more significant in a “wellbeing
economy”’, where consumer sovereignty is assumed.

Multi-objective optimization (or programming), also known as multi-criteria or multi attribute optimization, is the
process of simultaneously optimizing two or more conflicting attributes (objectives) subject to certain constraints. The
MOORA method, first introduced by Brauers [10] is such a multi-objective optimization technique that can be
successfully applied to solve various types of complex decision making problems in the manufacturing environment.
The MOORA method [9-17] starts with a decision matrix showing the performance of different alternatives with
respect to various attributes (objectives).

Step 1. The first step is to determine the objective, and to identify the pertinent evaluation attributes.

Step 2. The next step is to represent all the information available for the attributes in the form of a decision matrix.
The data given in eq. (1) are represented as matrix X,;,,,,. Where i;; is the performance measure of ith alternative on
Jjt" attribute, m is the number of alternatives, and n is the number of attributes. Then a ratio system is developed in
which each performance of an alternative on an attribute is compared to a denominator, which is a representative for
all the alternatives concerning that attribute.

X11 X12 ° X1n
X21 X2 7 Xop
X=1": A (1)

Xm1 Xm2 ° Xmn
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Step 3. Brauers et al. [10] concluded that for this denominator, the best choice is the square root of the sum of
squares of each alternative per attribute. This ratio can be expressed as below:

X, = % G=12,..mn); ©)
[ i=1xij]

where x; j is a dimensionless number which belongs to the interval [0, 1] representing the normalized performance of
ith alternative on jt* attribute.

Step 4. For multi-objective optimization, these normalized performances are added in case of maximization (for
beneficial attributes) and subtracted in case of minimization (for non-beneficial attributes). Then the optimization
problem becomes:

— V9 .
Vi = j:lx;j - Z?=g+1 X;]-, (3)

where g is the number of attributes to be maximized, (n—g) is the number of attributes to be minimized, and y; is the
normalized assessment value of i*" alternative with respect to all the attributes.

In some cases, it is often observed that some attributes are more important than the others. In order to give more
importance to an attribute, it could be multiplied with its corresponding weight (significance coefficient) [12]. When
these attribute weights are taken into consideration, Eq. 3 becomes as follows:

* *

yi = Z?:lexi]’ - Z?:g+1 W]'x],ja (] = 1’ 2’ ’n)a (4)

where w; is the weight of jt* attribute, which can be determined applying analytic hierarchy process (AHP) or entropy

method.

Step S. The y; value can be positive or negative depending of the totals of its maxima (beneficial attributes) and
minima (nonbeneficial attributes) in the decision matrix. An ordinal ranking of y; shows the final preference. Thus,
the best alternative has the highest y; value, while the worst alternative has the lowest y; value.

3. Research

The research assessed the efficiency of thermal insulation layer of the external wall in A++ class public building.
Heat transfer coefficient — U= 0.12 W/m?K. The research model is presented in Figure 1.

The MOORA (Multi-Objective Optimization on the basis of Ratio Analysis) method was chosen for the multi-
objective evaluation of the effectiveness of the thermal insulation material alternatives.

In the first stage, a decision-making matrix (see Table 1) is compiled and 5 different thermal insulation materials
are assessed according to four indicators: the thickness of the thermal insulation layer; the thermal conductivity
coefficient; the density and the price (the first quarter of 2022) of thermal insulation material. The significance of all
indicators is assumed to be proportionate and equal.

In the second stage, the decision matrix is normalized (see Table 2).

Table 1. Decision-making matrix

Indicators
Alternatives (different thermal insulation The ther.n.lal . The price of the
materials) / Significance The layer conductivity The density, thermal
thickness, mm coefficient, kg/m® insulation. €/m?
W/mK ’
Paroc Linio 80 300 0.040 85.00 26.72
EPS70 290 0.039 14.50 22.00

EPS70N 240 0.032 14.50 21.24
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Indicators
Alternatives (different thermal insulation The thelfn}al . The price of the
materials) / Significance The layer conductivity The density, thermal
thickness, mm coefficient, kg/m® . . 2
W/mK insulation, €/m
XPS 250 0.035 32.00 36.60
FF-PIR 180 0.022 34.00 36.00
Significance  0.25 0.25 0.25 0.25

Fig. 1. Research model [18]: 1 — Internal surface (10 mm); 2 — Block masonry (autoclaved aerated concrete) (240 mm); 3 — Adhesive mortar (5
mm); 4 — Tested layer (5 materials); 5 — Adhesive mortar coated with masonry sealer / Reinforcing mesh / Decorative coat; 6 — Mechanical

fasteners
Table 2. Normalized matrix
Indicators
Alternatives (different thermal insulation The thermal The price of the
materials) The layer conductivity The density, thermal
thickness, mm coefficient, kg/m® insulation. €/m’
W/mK ’
Paroc Linio 80 0.52 0.52 0.86 0.41
EPS70 0.51 0.51 0.15 0.34
EPS70N 0.42 0.42 0.15 0.32
XPS 0.44 0.46 0.32 0.56

FF-PIR 0.31 0.29 0.34 0.55
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In the third stage, the weighted alternative values are calculated (see Table 3).

Table 3. Weighted normalized matrix

Indicators

Alternatives (different thermal insulation The thermal The price of the

: The layer conductivity The density,

materials) thermal

thickness, mm coefficient, kg/m® insulation. €/m?
W/mK uation,

Paroc Linio 80 0.13 0.13 0.21 0.10

EPS70 0.13 0.13 0.04 0.08

EPS70N 0.10 0.10 0.04 0.08

XPS 0.11 0.11 0.08 0.14

FF-PIR 0.08 0.07 0.09 0.14

In the fourth stage, the contribution index is calculated and then the alternative priority row is determined (see
Table 4).

Table 4. Ranking alternatives

Alternatives (different thermal insulation Contribution

materials) index Ranking
Paroc Linio 80 -0.578 5
EPS70 0375 3
EPS70N 20327 1
XPS -0.444 4
FF-PIR -0.374 2

Upon completion of the multi-objective evaluation, effectiveness alternatives were calculated for each thermal
insulation materials (see Fig. 2).

0,0000

Par 080 E XPS

-0,1000
-0,2000

-0,3000

-0,3272

-0,4000 -0,3749 -0,3739

-0,4442

Scores of Efficiency

-0,5000

-0,6000 -0,5784

-0,7000
Alternatives

Fig. 2. Evaluation of the efficiency of the wall thermal insulation layer
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An empirical study shows that the most effective thermal insulation layer for a public A++ class building wall is
the polystyrene foam EPS70N, the least effective is rock wool Paroc Linio 80 (-0,5784 points).

4. Conclusions

1. Having evaluated the thickness of the thermal insulation layer, the thermal conductivity coefficient, the density and
the price of thermal insulation material by the MOORA method, it was revealed that the most effective thermal
insulation of a wall of A++ class public building (taking into account five alternatives and four proportional
indicators) is the polystyrene foam — EPS70N. This alternative scored the highest number of points (-0.327).

2. The least effective option (from the five tested alternatives) is the rock wool — Paroc Linio 80 (-0.578 points). The
difference between the best and worst alternatives is 56.57 %.
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Abstract

The research involved determining the strength properties of a PTFE-doped polycarbonate (PC) based composite material in
incremental technology (AM) applications. The study showed the influence of the manufacturing direction of the PC/ PTFE
composite material on the basic strength parameters. Specimens were fabricated in three orientation directions relative to the
working plane using the FFF process. Additional digital-image correlation studies were performed to extend the study. The results
indicate a high dependence of fabrication directionality on strength properties.

© 2022 Krzysztof Grzelak.
Peer-review under responsibility of the Kaunas University of Technology, Panevézys Faculty of Technologies and Business.

Keywords: Additive Manufacturing; Fused Filament Fabrication; PC / PTFE; Mechanical properties analysis.

1. Introduction

Composite materials in incremental technology applications occupy a growing area of research and development.
Obtaining the desired material properties is possible through the use of composite materials [1-5]. Composite
materials allow diverse properties to be obtained most often by doping the matrix material with an additional
component.

The combination is chosen in such a way as to achieve a synergy of properties for a specific application need.

Additive Manufacturing (AM) technologies are still of significant interest to many researchers, but the development
of AM technologies in various industries is also evident [6-9]. One of the most common AM techniques, is the

* .
Corresponding author.
E-mail address: krzysztof.grzelak@wat.edu.pl

© 2022 Krzysztof Grzelak. F916G0002
Peer-review under responsibility of the Kaunas University of Technology, Panevézys Faculty of Technologies and Business.
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thermoplastic extrusion of materials (ME) mainly known as Fused Deposition Modelling (FDM), or Fused Filament
Fabrication (FFF), which are very common and widely used.

FFF / FDM fabrication is based directly on a computer model of the geometry in the form of 3D CAD files without
the need for 2D drawings to prepare the process. During the process, plastic wire, also known as filament, is plasticised
in a heated nozzle. The filament, which is plasticised and pressed through the nozzle, is arranged in the working plane
of the machine in the desired shape of the respective layer of the manufactured part geometry. Subsequent layers are
produced one after the other until the entire product geometry is achieved.

The most commonly used material in FFF technology is polylactic acid biopolymer (PLA). Its main advantages
relate to its very low shrinkage, and relatively good tensile properties [10—14]. However, this material has
disadvantages, the most important of which are low plasticisation temperature, lack of UV resistance and brittleness.
These problems represent a strong limitation to the use of these materials in some specific industrial applications. For
this reason, manufacturers of materials for FFF technology are introducing various innovations based on a combination
of common and innovative materials [15—17] and fibres [19-21]. Interesting results were shown by the work of
Xiaowei Mu et al [22], in which the authors compared an improved PC polymer with a PC / PPFBS and PC / PSR
composite by analysing fire resistance properties. Kaur et al [18] analysed the use of ABS modification with additives
to enhance tribological properties. The ever-increasing interest in the use of AM technology [23-30] and layered
materials [31-33] in research and industry was the motivation to analyse the impact of using polycarbonate, which
has high strength with PTFE additives to enhance tribological properties.

2. Materials and methods

For the test, it was used the XYZ — PC / PTFE material provided by the “Spectrum Filaments Ltd. Company”. The
XYZ—PC/ PTFE is advanced composite filament based on polycarbonate (PC) with the addition of PTFE commonly
known as Teflon. The high demand and limited availability of Additive Manufacturing materials with very good
mechanical properties, with particular emphasis on high abrasion resistance, has initiated efforts to combine the very
good properties of PC and PTFE. Polycarbonate provides high mechanical resistance and PTFE complements it by
reducing wear and friction.

Basic properties of PC / PTFE:

low processing shrinkage (linear) of approx. — 0.6 %;
heat distortion temperature (HDT) — 140 °C;

Vicat softening point — 145 °C;

flammability class UL 94 (3.0 mm) — V1;

electrical resistance — 1E12 Ohm;

static coefficient of friction — 0.18;

dynamic coefficient of friction — 0.14;

high abrasion resistance;

high mechanical strength;

very strong layer lamination.

Application possibilities:

manufacture of parts with a low coefficient of friction;

manufacture of thermally, electrically and thermally insulating parts;
manufacture of low-load gears and drive components;

manufacture of tools used in the assembly of components during production;
parts for end use;

functional prototyping.

To reach desirable elements properties it had been designed the following process parameters:
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hotend temperature — 315 °C;
heatbed temperature — 120 °C;
chamber temperature — 80 °C;
layer thickness — 0.2 mm;
outline shell thickness — 2 mm;
infill — 100 %;

part cooling intensity — 40 %;
printing speed — 50 mm/s;
nozzle diameter — 0.4 mm.

Producing suitable samples from PC / PTFE plastic required the use of a suitable device, the “Intamsys Funmat
HT” 3D printer. This device has a heating chamber, a high-temperature hotend and a heated workbench plate up to
160 °C to ensure that the samples are properly produced without thermal stress. Sample parts were oriented along
each of the three axes (see Fig. 1) to allow the determination of how layer deposition of the FFF parts affects tensile
properties.

Fig. 1. Samples’ orientation in the substrate plate

To evaluate the mechanical properties, dog-bone shaped parts were fabricated by the FFF additive technology
printer according to ASTM D638 “Standard Test Method for Tensile Properties of Plastics”. For each test, five same
samples were prepared to make sure the obtained values of designed joints mechanical properties reliable. The
geometry of designed sample is shown in Figure 2.

180

— -
56 © 38 |

Fig. 2. Geometry of plain flat specimen tested under tensile loading (dimensions in mm)
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Tensile tests and low cycle fatigue tests have been performed at room temperature by adopting an “Instron” 8802
axial servo-hydraulic testing machine (“Instron”, Norwood, MA, USA), with a load capacity of 250 kN and equipped
with an “Instron” 8800 controller. The uniaxial extensometer “Instron” 2630-112 with a gauge length of 50 mm (axial
travel +50 %) has been adopted to measure the axial strain during tensile tests. The dynamic extensometer “Instron”
2620-602 with a gauge length of 25 mm (axial travel £5 %) was used for strain-controlled tests. DIC — non-contact,
optical method from “Dantec Dynamics” (Ulm, Germany).

3. Tensile test — results, and discussion

All tensile tests were performed under room temperature conditions using a universal testing machine “Instron”
8802 with a quasi-static loading condition (5 mm/min.). The obtained material properties included tensile strength and
elongation at break of the samples are presented in Table 1.

Table 1. Mechanical properties of samples tested

Type of property V%lue fo.r X- V%lue fo.r Y- V%lue fo.r Z-
orientation orientation orientation

Ultimate tensile strength (MPa) 35.79 34.1 7.15

Yield strength (MPa) 25.5

Strain at break (%) 10.3 8 0.8

To better illustrate the behaviour of the PC / PTFE material, the course of the static tensile test of the specimens is
shown in the diagrams (see Figs. 3-5).

The static tensile test results obtained show a high dependence of the specimen orientation in the fabrication
process.

As can be seen from the summary in Table 1, the basic quantities vary strongly depending on the specimen
orientation. The highest strength values were observed for specimens manufactured in the X-orientation. The YS value
can also be determined for these samples. For the remaining samples in Y- and Z-orientation, the YS value cannot be
determined unambiguously.

40 ‘
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Fig. 3. Strain-stress chart for X-oriented samples made of the PC / TFE material
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Fig. 4. Strain-stress chart for Y-oriented samples made of the PC / PTFE material
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Fig. 5. Strain-stress chart for Z-oriented samples made of the PC / PTFE material

Samples in the X orientation are also characterized by the largest strain range. Samples in the Z-orientation show
lower values, which is consistent with the typical nature of the interaction of FFF fabricated components in this layer
growth pattern.

4. Digital image correlation — results, and discussion

The deformation behaviour of the PC/PTFE specimens during the tensile test was monitored using the DIC
method. The strain maps obtained for the three fabrication directions are shown in Figures 6—8 for the X, Y and Z
directions, respectively.

The figures (see Figs. 6-—8) in the form of maps illustrate the four phases of deformation.

Initial phase — unloaded specimen (“Reference”).
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Second phase — loading of the specimen resulting in a deformation corresponding to the yield stress (0.2 %
deformation).

Third phase — loading of the specimen corresponding to the ultimate tensile strength (“UTS”).

Final stage — damaged specimen (“After”).

This combination of strain maps allows a comparative analysis of the deformation of specimens produced in
different orientations under tensile testing.

The results clearly showed that the nature of the deformation is almost uniform in terms of tensile area in specimens
with fabrication orientations X and Y. This demonstrates the uniform distribution of doped PTFE in the PC matrix of
the test material. In the case of the Z direction, the layered direction of the maximum deformation on the specimen
surface can be clearly seen (see Fig. 8). This layering is due to the realization of the layering process of the FFF
technique and is a direct factor in the high anisotropy of the properties of this material.

PC/PTFE X4
Reference 0.2 strain UTS
5 £ (%] € [%] P € [%]
50-.
40—
3= 3 30—
2= 2= 20—
1 1 10 .
0 0 0

Fig. 6. Representative DIC results for specimens made in the X direction

PC/PTFE Y4
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Fig. 7. Representative DIC results for specimens made in the Y direction
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Fig. 8. Representative DIC results for specimens made in the Z direction

During the initial loading period (0.2 % strain), all the specimens showed a similar level of strain across the entire
surfaces of the analysed measurement area. The highest deformations were observed for the PC / PTFE Y4 and
PC/PTFE X4 specimens, which is consistent with the results shown in the graphs (see Figs. 3-5) and the dnas in
Table 1. Similar levels of maximum deformations were observed for the X- and Y-direction specimens. Nevertheless,
it is worth noting that the maximum deformation of the PC / PTFE Y4 specimen was obtained at a slightly lower
loading level.

5. Conclusions

On the basis of the research carried out and the analysis of the results obtained, the following conclusions can be
drawn:

1. Components manufactured by FFF technology from PC / PTFE material are characterized by high anisotropy of
strength properties depending on the orientation of their manufacturing direction with respect to the load direction.

2. The highest strength properties are demonstrated for components manufactured in the X-orientation and slightly
lower (about 1-2 %) for the Y-orientation.

3. Measurements made using the DIC method showed that the most heterogeneous nature of the deformation occurred
for specimens made in the Z direction.
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Abstract

The critical superconducting current is one of the most important characteristics of superconducting films if films are applied in
low- and high-power superconducting electronic and / or optoelectronic devices. If the superconductor is under supercritical
current, then its diamagnetic properties depend on the amplitude of the current self-produced magnetic field, which results in the
first flux penetration into a mixed-state superconductor in the form of Abrikosov magnetic vortices, and on a balance between the
pinning F), and the Lorentz F; forces acting on these magnetic vortices. (Here, the mixed state is the state in which the
superconducting and normal phases of the superconductor material can coexist together.) The increase in F results in the onset of
the critical current density J. in the superconducting devices and the onset of an energy dissipative state in the superconductor
caused by the nucleation and motion of Abrikosov magnetic vortices. The superconducting properties of type Il superconductor
cuprates are a function of the ambient temperature, the amplitude and direction of an external magnetic field, and the level of
doping by oxygen. Current work demonstrates the potential to control the balance between F, and Fj through the artificial
introduction of partially decomposed by oxygen 5-um-wide and 50-um-long line (channel for a motion of Abrikosov magnetic
vortices) in 50 x 100 x 0.3 pm?® (width x length x thickness) YBa,Cu;O7.5 (YBCO) devices. Due to the inhomogeneous distribution
of oxygen concentration in the channel, our devices exhibit nonlinear stepped-like current-voltage (/-V) characteristics resulting
from a periodic on / off of vortex motion in the channel at temperatures below the 7.”" of the superconductor, which is optimally
doped by oxygen. The technology of nonuniform oxygen concentration profiles in the YBCO superconducting film and the origin
of the stepped-like /-V characteristic of the YBCO devices biased with supercritical current at temperatures below 7. are presented
and discussed. Our results can be applied for developing advanced superconducting electronic and optoelectronic devices with
superconducting properties of the device driven by precisely controlled internal (i.e., self-produced by the current) and / or external
magnetic fields.
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1. Introduction

The high critical current density [1] (i.e., the maximal density of current that can flow lossless through the
superconducting material), a specific dependence of the critical current density versus temperature, and the absolute
diamagnetism [2] (i.e., exclusion of magnetic field from the material interior) are the most important and preferable
characteristics of superconductors for their applications in low- and high-power (i.e., electromagnets, motors, current
limiters, high-power optically triggered ultrafast switches [3], etc.) superconducting electronic and optoelectronic
devices. When biased with a supercritical current, the magnetic field produced by the current (internal) can penetrate
the bulk of the superconductor, creating a mixed state in it [4]. (Here, the mixed state is the state in which the
superconducting phase and normal (i.e., nonsuperconducting) phase of the material can coexist together). The same
mixed state can be created by exposing the superconducting film to an external magnetic field, with a field amplitude
greater than H.1. When interacting with the type II superconductor, the internal (or external) magnetic field penetrates
the bulk of material in a form of Abrikosov magnetic vortices and antivortices (see Fig. 1). The vortex (or antivortex)
is the circular current flowing around the core of normal phase material that passes through the magnetic flux quantum
®o = hc/2e = 2.07 x 107> Wb and the strength of the current surrounding that core generates a magnetic flux @ = ®,
but opposite in direction. Here, /4 is the Planck constant, c is the speed of light, and e is the elementary charge. The
size of the vortex / antivortex is defined by the superconducting coherence length &[5] and magnetic field penetration
in to the superconductor A ~ ®o / 7He1) [6] (see Fig. 1).

Film
thickness
&

Fig. 1. (a) Scheme of the penetration of the magnetic field in a type II superconducting thin film in the form of magnetic vortices / antivortices if
the film is biased with current / which creates the current density J ~ J;; (b) Schematics of Abrikosov magnetic vortex with normal core limited
by the coherence length & and magnetic field penetration length into the superconductor 4

When the superconducting device is biased with the supercritical current density, the current self-produced electric
and magnetic fields create a Lorentz force (£1), which forces Abrikosov magnetic vortices to nucleate at film edges
and move toward the film center and annihilate meeting there the antivortex arriving from opposite edge of the film
(see Fig. 1). Vortices / antivortices moving perpendicularly to the direction of a bias current experience a viscous drag,
originating from energy dissipation in the vortex cores (the cylindrical core composed of dismantled Cooper pairs or
quasiparticles) [7] that can pin to pinning centers (i.e., crystal defects [8], impurities, etc.). If the pinning force F)
produced by the pinning centers is equal to the Lorentz force Fr, the motion of vortices / antivortices stops, the mixed-
state resistivity originated from the motion of magnetic vortices disappears, and the superconducting current density
in the material recovers.
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Energy dissipation in the mixed state superconductor biased with supercritical current expresses itself during the
experiment as mixed state resistance, which depends on the strength of the internal (created by the current) or external
magnetic fields, temperature, and biasing conditions [9]. While traveling in the superconductor, the
vortices / antivortices retain their cylindrical core and leave tailgating of quasiparticles (i.e., form a region of
suppressed superconductivity), creating favourable conditions for a subsequent vortex to follow the previous. This
forces current-driven vortices and antivortices in thin films to wander between pinning centers along spontaneously
created vortex channels maintained by the heat of the vortex motion [10]. When an external magnetic field exceeds
H.1, the vortices interact through a vortex current mediating repulsive forces and appear to be squeezed into a vortex
channel by a magnetic pressure originating from the Meissner effect in a surrounding superconducting environment.
The motion of vortices in YBa>CuzO7.s (YBCO) type-II superconducting films could be controlled by temperature,
magnetic field, and non-uniform doping by oxygen; however, these factors also affect variation in Je, 7c*", &, and A of
the superconductor therefore their effect is not unambiguous [11-12].

With increasing bias current, the number of Abrikosov magnetic vortices increases, and the vortices arrange
themselves into arrays of vortices with the areal density 7. set by magnetic induction n, = B/®@o. Because of the strong
interaction between magnetic vortices, the arrays of vortices increase or decrease depending on the strength of the
vortex-vortex interaction, thermal fluctuations, and vortex interaction with various defects, which work as pining
centers for vortices in the material. All the factors mentioned above modify the shape of the current density-voltage
(J-V) dependence of superconducting devices and result in the appearance of different regimes of vortex motion
depending on the ratio between F) and Fi. At J > J., the energy dissipation due to the motion of vortices is observable
up in the J-V dependence via vortex-matter different regimes, which can be split into three stages (see Fig. 2). The
first stage that takes place at J > J. is the regime of the thermally activated flux flow (i.e., random pinning / nucleation
of single vortices at the film edges and pinning centers). At this stage, F, > F1, therefore, only thermally activated
single vortices can be released from the weak pinning centers and again get pinned on the stronger pinning centers.
With an increase in current density (internal magnetic field), vortices remain pinned only at the strongest pinning
centers where still F,, ~ Fi. It affects a sudden increase in the mixed-state material resistance caused by the motion of
unpinned vortices rearranged into vortex arrays. This is the so-called flux creep phase of vortex matter [13]. When
F, < Fi, the vortex arrays can nucleate at the edge of the film, move toward the center of the film, and annihilate there
with antivortices arriving from an opposite edge of the film. This regime is called flux flow [9]. This regime can be
recognized from the linear dependence of the mixed state resistance versus the bias current density seen in Figure 2.

vV
Thermally Activated

Flux Flow N\

F>F Flux Flow
F,<Fp
Flux Creep
Vmin ----------- FPNFL

0 J, J

Fig. 2. A nonlinear direct current density-voltage (J-V) characteristic with four distinguishable regions in the type II superconductor film. At
J <J.the material is in the superconducting state (the first region). AtJ > J., the remaining three regions are caused by a motion of Abrikosov
magnetic vortices: a thermally activated flux flow at F), > Fy, the flux creep at F}, ~ F, and the flux flow at F), < FL.

This work reports on the results of the investigation of the vortex motion regimes in an YBCO superconducting
thin-film device containing a channel for a motion of Abrikosov magnetic vortices. We manufactured the channel by
utilizing a focused beam from a continuous-wave laser and a computer-controlled two-coordinate translational stage
with our YBCO device fixed on it. Light absorption in the YBCO material initiated an increase in temperature and
partial depletion by oxygen (6~ 0.2) in its illuminated area. At temperatures 7'< 7.°", the first magnetic field of current
penetrates the channel in a form of magnetic flux, which under Lorentz force F1 can open the channel when F), > Fi
or close it when F, ~ F1, however, due to heat generated by moving vortices, most of vortices are pinned to the pining
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centers. We conclude that the onset of different regimes of vortex motion in YBCO devices with channel depends on
the ratio between F1 and F), which in its way depends on the bias conditions, the temperature, and the oxygen profile
in the channel area.

2. Technology of the tested sample

Epitaxial 0.3-um-thick YBCO film with a crystalline c-axis oriented perpendicularly to the crystalline substrate of
LaAlOs (100) was grown using the MOCVD technique [14]. The critical temperature in the superconducting film
T°" ~91.4 K, with the width of the superconducting transition A7: ~ 0.4 K was estimated from resistivity versus
temperature dependences measured using a direct current technique, and the critical current density Je ~ 1.5 MA/cm?
at temperature 7= 78 K, estimated using Vmin ~ 10 1V voltage criterion, from the current-voltage characteristic (I-V)
measured with pulsed current technique [15]. The vortex channels in the film were implemented by continuous-wave
Ar-ion laser light focused down to a Gaussian spot size diameter of ~5 pm (laser fluence on the surface of the YBCO
film in a range of ~20 mW/um?) and scanned at a speed of 50 pm/s utilizing a computer-controlled two coordinate
translation stage. Due to the conversion of optical energy to Joules heat, the temperature in the illuminated area
increased to ~500 °C initiating the oxygen diffusion process there. Since in the c-axis direction the oxygen diffusion
is on the order of magnitude higher than along the a-b basal planes in the YBCO superconductor [16], the highest level
of oxygen depletion was expected to occur on the film surface but with a higher concentration in the vicinity of the
YBCO/LaAlO;s interface. Subsequently, using increased laser fluence (~130 mW/um?), we completed the patterning
of six identical 50 x 100 um? (width x length) microbridges each containing large contact pads and Cr/Ag contacts for
electrical measurements (see Fig. 3). Now, the four microbridges had a 5-pm-wide vortex channel and the two rest
were without the vortex channel. The latter were used for reference purposes.
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Fig. 3. Schematics of six 50 x 100 pm? dimensions YBCO/LaAlOs samples patterned by laser fluence 130 mW/um?. Each sample contains large
contact pads with Cr/Ag contacts for measurements of electric properties. Four samples are supplied with the vortex channel using 20 mW/um?
laser fluence and 5 pm/s beam translational velocity and two devices that were left blank (without the channel) for reference purposes

The residual oxygen content in the vortex channel was investigated at room temperature using a scanning electron
microscope and an X-ray energy dispersive system to measure the chemical composition. The electric transport
properties we measured using a 4-probe technique at temperatures ranging between 78 and 300 K when the YBCO
sample was held in a low vacuum in a cryostat cooled by liquid nitrogen.

3. Results and discussion

Our results of oxygen concentration measurements in a vortex channel let us predict that the Gaussian shape of the
laser beam at laser fluence 20 mW/um? at 50 pm/s scanning speed can noticeably change in oxygen concentration at
the level of local deoxygenation 5~ 0.2. As we showed earlier [17], due to the uneven distribution of optical power in
the Gaussian shape optical spot, the laser beam interacting with a YBCO thin film creates a channel with comparatively
large slopes characterized by relatively higher oxygen concentration compared to the oxygen concentration in the
center of the channel (see Fig. 4). Moreover, depending on laser fluence distribution in the spot, the width of the vortex
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channel at the top of the film can be as much as twice that at the bottom. The optically initiated temperature gradient
in the oxygen YBCO film can affect diffusion from illuminated areas mainly through the surface of the c-axis textured
film [16]. At the same time, the YBCO/LaAlO; interface at the bottom of the channel blocks the oxygen diffusion
process and helps to appear excess oxygen on the channel slopes.

The direction Abrikosov
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Fig. 4. (On the left) A dependence of relative oxygen content in the channel area versus its width measured on the surface of the YBCO device.
(On the right) Schematic of one-half of the width of 5 um wide vortex channel, which manufactured utilizing a laser beam of fluence of
20 mJ/um? focused into a 5-pum diameter spot of Gaussian shape. The direction of a current and that of the Lorentz force acting on the vortices
are pointed parallel and perpendicular to the plane of the figure, respectively. Three pinned magnetic vortices experience different pinning forces
Fpi <Fp<Fp

Since the critical superconducting temperature [18], the critical magnetic field, and the critical current decrease
with decreasing oxygen concentration in the YBCO superconductor [19], the first magnetic field of the current
penetrates in a form of Abrikosov magnetic vortices the places of weakest superconductivity which are characterized
by the lowest concentration of oxygen (i.e., the channel area). Therefore, firstly, Abrikosov magnetic vortices will
occupy the central part of the vortex channel, and with increasing the amplitude of bias current (i.e., increasing current
produced magnetic field), they will appear on the channel slopes. Since magnetic vortices repel each other, they
arrange themselves in a triangle magnetic lattice [20] with lattice constant a=¢&' (2d,/BV3)Y? . Here
@ =2.07 x 10715 Wb is the magnetic flux quantum and B is the magnetic field induction induced by current in the
channel area. With increasing B, the channel slopes will also be penetrated by Abrikosov magnetic vortices; however,
due to the uneven distribution of the F, force for vortices in the central part of the channel and on the slopes of the
channel (see Fig. 4) the Lorentz force initiates the motion of the vortices only in the central part of the channel that is
characterized by the lowest F), [21]. Therefore, the vortices on the slopes of the channel remain pinned until F;, in
turn, exceeds the pining force for vortices No. 1, No. 2, and finally for vortices No. 3 (see Fig. 4).

A typical stepped-like /-V characteristic (see Fig. 5) of a YBCO device with a vortex channel confirms the presence
of the oxygen profile in the vortex channel manufactured using an optical spot of Gaussian shape from the laser.
Similar voltage steps in the /- characteristic of YBCO devices were observed in a narrow temperature interval ranging
between 84.75 K (0.927-1:°") > T> 87.43 K (0.956-T.°").

The onset of the vortex motion in the YBCO device micro bridge causes energy dissipation and nonlinear behaviour
of the /-V characteristic. A nonlinear character of the /-V characteristic is determined by the AV1 and AL (ie.,
potentially it is the flux flow regime in the vortex channel at F, ~ Fr) and by the AV2 and AL (potentially is the
thermally activated flux flow regime in the vortex channel at F,, > F1) is seen at temperature 7= 87.10 K = 0.953-T.
Starting with the first voltage step in the /-V characteristic when for the first time the mode of the thermally activated
flux flow is replaced by the flux-creep regime, it continues up to step number above one hundred (a detection limit of
our measurement setup). The shape of each step in the /-V characteristic slightly varies with the biasing conditions
(see Figs. 5b — 5Se).

Starting with the first step in the /-7 characteristic, a dynamic resistance calculated from the /-V characteristic (see
Fig. 5a) varies in range from 3.27 (), measured while the dissipation is characterized by AV1and Al till 0.05-0.5 Q,
which is measured when the vortex matter creates a dissipation characterized by the AV2 and AL. This large variation
in the dynamic resistance of the YBCO device with the channel [22] may be due to the flux-creep regime (i.e., a large
part of the vortices move (high level of energy dissipation) and suddenly stop (low level of dissipation) in the channel
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due to heat released by the moving bundles of vortices [10]. An increase in the local temperature causes an increase
in the overall F, of the moving vortices and changes the relationship between F), and F1, which stops the vortex
movement in the channel (the channel closes). When the vortices stop, the heat from the channel is extracted by the
sample cooler, and the F), in the channel gradually decreases, again making favourable conditions for the reopening of
the vortex channel.
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Fig. 5. (a) An example of the current-voltage characteristic of the 50 x 100 pm? YBCO device with vortex channel at temperatures 7= 0.953-Te.
The inset represents the same dependence on an expanded scale, showing the interval voltages AV1 and AV> and interval of currents Al and Al
related to the different regimes of the vortex flow in the sample, respectively. (b) and (c) represents the voltages intervals AV1 and AV, and (d)

and (e) represent the interval of currents Al; and AL, variation with the step’s number in the current-voltage characteristic at temperature
T'=0.953 T.. The straight line in (b) demonstrates the linear fit of the experimental data

Figures 5b — 5d demonstrate the dynamics of the shape of the step with increasing bias current, i.e., with increasing
step number. Here, AV1, Al and AV>, AbL are voltage and current intervals of a step when the vortex matter creates
high-level dissipation and low-level dissipation in the channel, respectively. Although the AV1 and Al1 intervals remain
almost constant with increasing current up to the 110" step in the -V characteristic, the AV2 and AL intervals decease
by the rate of the AV>'S!S'/AP,110M step 7 times (see Fig. 5¢) and AL'S'SP/AL'10M st 8 times (see Fig. 5e). This
means that the amount of energy dissipated as a result of the motion of the vortex bundles in the channel does not
change with increasing current. This means that the size of the moving/ stopping bundles of vortices does not
remarkably change with an increase in amplitude of the bias current self-produced magnetic field. Since the magnetic
lattice constant a decreases with increasing magnetic induction induced by current [20] and FL increases with
increasing current, the balance between F, and F can only be explained by the magnetic drag force for moving vortices
produced by stationary vortices pinned on the slopes of the channel. When the current is increasing, a number of
Abrikosov magnetic vortices in the channel constantly increase, and then stationary vortices No. 2 and No. 3 for which
Fpa, Fp3 > FL (see Fig. 4) act by a magnetic repulsion force (magnetic drag force Fup) on vortices moving in the
channel. When F), + Fup > F1, the vortices stop moving, resulting in channel closure. With an increase in current, the
FL again exceeds the F), + Fup, and the vortices start to move. With an increasing number of Abrikosov magnetic
vortices, they are forced to rearrange, getting penetrating also in the slopes of the channel, and in this way compressing
the magnetic lattice and stopping the moving vortices in the channel. The increase in Fump creates a new
balance F, + Fup > F1 and stops the vortex motion in the channel.

Current results let concluding that the height of the voltage individual step AV1 + AJV2 in the I-V characteristic
becomes almost current amplitude independent when step number is greater than No. 45. At this regime, the YBCO
device with vortex channel can be used as analogue-to-digital converter (ADC) in the superconducting electronic
circuit driven by motion of Abrikosov magnetic vortices in the vortex channel at temperatures below 7.. However, for
the precise operation of such a superconducting device, the temperature stabilizer with a precision better than £0.01 K
has to be used together with an effective absorber of heat generated by the moving bundles of Abrikosov vortices in
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the vortex channel. The latter can affect the voltage interval AV1 + AVzand the current interval Ali + AL of the steps
in the I-V characteristic of the device and simultaneously the discretization level of the superconducting ADC device.

4. Conclusions

This work reports on a new concept of an electronic device based on the type I superconductor YBa>CuzO7x film
with a channel for the motion of magnetic vortices. The device is based on 0.3 x50x 100 um?
(thickness x width x length) c-axis textured YBa>CuzO7.s (YBCO) superconducting microbridge prepared on a
crystalline LaAlOs substrate and provided with a 5-pum-wide and 50-pm-long channel of partially decomposed by
oxygen (0 ~ 0.2) YBCO material for motion of Abrikosov magnetic vortices. The uneven distribution of oxygen,
which creates a focused laser beam in the channel area, results in the appearance of channel slopes, operating as centers
of pinning that are comparatively stronger than the pinning in the channel center. The pinned vortices result in a
magnetic drag force for moving vortices and are responsible for the appearance of the voltage steps in the current-
voltage (I-V) characteristics of the YBCO devices with channel. Since the height of each individual step in the /I-V
characteristic is almost current-amplitude independent for the steps Nos. 45-110, the YBCO device with vortex
channel shows potential to be used as an analog-to-digital converter (ADC) of electric current in superconducting
electronic circuits driven by the motion of Abrikosov magnetic vortices in the vortex channel at temperatures below 7.
However, for the precise operation of such a superconducting device, the temperature stabilizer with a precision better
than £0.01 K has to be used together with an effective absorber of heat generated by the moving bundles of Abrikosov
vortices in the vortex channel. The latter can affect the voltage interval and the current interval of the steps in the /-7
characteristic of the device and simultaneously the level of current discretization by the superconducting ADC device.
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Abstract

Multi-criteria evaluation methods can be applied to find the optimal solution. The Simple Additive Weighting (SAW) method is
one of the many used multi-criteria evaluation methods. In this work, the SAW method is applied to search for the most optimal
solution in the selection of beams for a girder bridge. Since the application of the SAW method is based on the opinion of experts,
15 experts were interviewed at the initial stage of the research in order to determine the significance of the evaluation criteria that
were used for selection of optimal solution. Four possible beam designs were then selected and necessary engineering calculations
were performed to select beam parameters. After selecting the characteristics of the considered beams, the SAW method was
applied to find the most optimal solution.
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1. Introduction

Multi-criteria decision making methods are used to find the optimal solution. Multi-criteria evaluation methods
usually provide a clear relative weighting system for different criteria. There are quite a number of multi-criteria
evaluation methods and their number is constantly growing for several reasons [1, 2]: there are many different types
of solutions that meet the wide range of multi-criteria evaluation circumstances; the time within which the analysis
can be carried out may vary; the amount or nature of data available for analysis may vary; decision makers may have
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different analytical skills. They are divided into two main groups: Multi Objective Decision Making and Multi
Attribute Decision Making methods. The primary data of these methods are a vector of significance of indicators and
a decision-making matrix consisting of the values of indicators.

The Simple Additive Weighting method (SAW) is one of the simplest and most widely used methods. The rules of
the method were summarized by MacCrimmon [3]. Input data — decision matrix and significance values of indicators.

The main tasks of the method are to create a matrix of possible solutions, normalize the values of the members of
this matrix and, after applying the significance of each indicator, calculate which alternative is the most effective. The
most rational solution is considered to have the highest sum of normalized indicators multiplied by the significance of
the corresponding indicators.

Evaluation indicators can be minimized (the choice with the lowest value is the best) or maximized (the choice with
the highest value is the best). The minimized and maximized members of the matrix of possible solutions (evaluation
indicators) must satisfy the condition:

qu =t 1

X, =—2 )

The minimization members (evaluation indicators) of the matrix of possible solutions are normalized accordingly:

min

_ X,
X, =—r— (3)

Xij

The corresponding members of the normalized matrix are multiplied by the significance values of the efficiency
indicators and the resulting products are summed, when determining the rationality of the option. The sum of the
products of the rational variant will be maximum.
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where 4; is a computational alternative; x; — members of the normalized matrix; ¢; — integrated significance;
j — indicator; 7 — number of indicators.

It was chosen to analyze the bridge girders in this study, since they are the main element that distributes the loads
acting on the bridge.

2. Study of compatibility of experts’ opinions

Since multi-criteria evaluation methods are based on experts’ opinions, the initial stage of the research was to
interview experts and systematize the results obtained during the interviews.

During the research, experts were given a questionnaire in which they had to answer general information about
themselves. The experts were asked their age, which city they are from, their academic degree, field of construction,
position held, years of work experience, number of qualification certificates and representative institution. The survey
was sent to the employees of the road and bridge construction company AB “Panevézio keliai”. 15 experts participated
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in the survey. After answering the general questions, the employees had to number the evaluation criteria from 1 to 6
according to significance.

The experts were presented with 6 beam evaluation criteria, namely: beam material cost, installation cost, structure
weight, installation work time, beam bearing capacity and warranty period. The results of expert opinions obtained
during the survey are shown in Table 1.

Table 1. Results of expert opinions

Evaluation indicators

Beam Installation Beam

. Installation  Structure . . Warranty
material cost cicht work time, bearing eriod
cost, g1 1 weighh ¢ q4 capacity, ¢s perlod, ge

Sum of ranks 58 68 22 64 50 53
Average rank  3.87 4.53 1.47 4.27 3.33 3.53
Priority 3 1 6 2 5 4
Subjective importance of the ;¢ 0216 0.070 0.203 0.159 0.168

indicator (relative weight)

The average rank is determined by the formula:

() = (ztj /r; (5)
k=1

where £ is the evaluation of the /™ indicator by & expert (from 1 to 6); 7 is the number of experts.

The reliability of experts is expressed by Kendall’s concordance coefficient, which describes the degree of closeness
of different opinions. When calculating this concordance coefficient, expert assessments are ranked. Determination of
the total sum of squares of the unevenness of the individual efficiency indicator:
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(6)

where: 7 is the number of efficiency indicators.
Determination of concordance factor:

12-§ 12-1339.5

W) 15 66

)= 0.3402- (7

The coefficient is a random variable. To determine Kendall’s concordance coefficient, it is necessary to know the
number of experts’ » and the frequency of distribution of different values of n compared objects. Determination of
Kendall’s concordance coefficient value:

oo 128 1213395
ren-(n+1) 15-6-(6+1)

=25.514. . ®)

Since the obtained value of the concordance coefficient is higher than the normative value (it is equal to 15.09), it
is considered that the experts’ opinions are harmonized.
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3. Study of beam efficiency

After conducting a study on the compatibility of experts’ opinions and moving to the calculation part, a calculation
scheme should be created, according to which the loads to accept and which beam profiles to choose should be
evaluated. In order to carry out the most accurate evaluation, the same conditions are created for all considered
elements. The selected cross-section diagram of the bridge is shown in Figure 1.

Fig. 1. Bridge calculation scheme
The calculations assume that:

bridge is an edge path value;

the length of the bridge beams is 15 meters;

the width of one carriageway is 4 meters;

10 identical girders with a pitch of 1.345 m are used for the bridge deck;

the structure is calculated as a two-support beam;

the beam in the support “A” is anchored with bearings restraining in both horizontal and vertical directions,
while in the support “B” the displacements are restrained only in the vertical direction; the beam calculation
scheme is presented in Figure 2;

o the structure is exposed to atmospheric precipitation (rain);

e in the calculation scheme, the width of the truck is assumed to be 2.3 meters.

15000
14466

Fig. 2. The calculation scheme of the bridge beam

The slope of the road is estimated at 2.5 %, which distributes the total weight of the truck to its 2 sides, where the
side of the slope will be more loaded than the opposite side as shown in Figure 3.

Based on the situation shown in Figure 3, we create a statics problem (diagram shown in Figure 4) and calculate
which beams the truck loads the most.

Since the highest calculated load falls on the first beam, it means that the calculations will be performed on it. The
maximum load will be on the beam when the entire truck has driven onto the bridge deck as shown in Figure 5.
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Based on the truck force distribution scheme (see Fig. 5), we create a calculation scheme for the static problem
using Robot Structural Analysis Professional 2019 software. The computational scheme is shown in Figure 6.
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Fig. 3. The weight distribution of the truck when driving on the bridge
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Fig. 4. Diagram of the static problem
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Fig. 5. Distribution of truck forces along the beam
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Fig. 6. Calculation diagram of the longitudinal cross-section

After performing the calculations with the given loads, we got that the beam must hold a load of 497.69 kNm to
withstand the loads, so we choose rational profiles that would have a storage reserve of more than 20 %.

During the multi-criteria evaluation, we will evaluate 4 beam profiles (HEA700; HEB500; reinforced concrete 7-
shaped beam, the yield zone of which is reinforced with 14 pieces of #16 steel B400a reinforcement and glass-basalt
fiber). The characteristics of the considered beams are presented in Tables 2 and 3.

Table 2. Characteristics of HEA700 and HEB500

Profile HEA700 HEBS500
Steel S355 S355
Section height, mm 690 500
Section width, mm 300 300
The cross-sectional thickness of the bearing
flanges, mm 2 28
Mass, kg/m 204 187
Cost, €/m 3203 267.4
Table 3. Characteristics of 7-beams
Profile Titeer Trrp
Steel Steel B400a Glass-basalt fiber
Section height, mm 750 750
Section width, mm 360 360
The thickness of the cross-section of the 16 16
supporting reinforcements, mm
Mass, kg/m 825.6 787.32
Cost, €/m 110.75 97.17

We create the initial decision-making matrix and set the maximization and minimization indicators (see Table 4).
The maximized and minimized members of the possible solution matrix are normalized using formulas (2) and (3).
Using the formula (4) and the data of the normalized matrix, we create the final matrix of values, which is shown in

Table 5.
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Table 4. Results of expert opinions

Evaluation indicators

Types of beams Beam Installation Beam

. Installation  Structure . . ‘Warranty
material cost weight work time,  bearing eriod
cost, g1 s & ¢ qs capacity, ¢s P 4
HEA700 291.7 280 204 6.4 0.800 5
HEBS500 267.4 280 187 6.4 0.730 5
The T-beam is reinforced with steel 110.75 470 825.6 20 0.790 10
The T-beam is reinforced with FRP 97.17 470 787.32 20 0.395 10
Min. or Max. indicator Min. Min. Min. Min. Min. Max.
The best value of the indicator 97.17 280 187 6.4 0.395 10
Table 5. The final matrix of values and priorities
Evaluation indicators
Beam Sum of Priori
A ty
Types of beams Beam . Installation Str.ucture Installation bearing Warranty indicator line
material weight, . . . alues
cost, q2 work time, g4 capacity, period, g6 v
cost, g1 q3
qs
HEA700 0.333 1.000 0917 1.000 0.494 0.500 0.707 3
HEBS500 0.363 1.000 1.000 1.000 0.541 0.500 0.726 1
The T-beam is 0.877 0.596 0.227 0.320 0.500 1.000 0.618 4
reinforced with steel
The T-beam is
reinforced with FRP 1.000 0.596 0.238 0.320 1.000 1.000 0.721 2
Min. or Max. indicator  Min. Min. Min. Min. Min. Max.
The best value of the 0 0216 0.070 0.203 0.159 0.168

indicator

4. Conclusions

After carrying out a multi-criteria evaluation using the SAW method, it was found that the most rational solution
for choosing a beam is the steel profile HEB500, which has an index of 0.726 (see Table 5). The greatest influence on
the choice of the steel profile HEB500 was made by the price of the beam materials, the cost of installation and the
time of the installation work, which had the highest significance of the indicators. The second most rational choice is
a T-beam reinforced with FRP, which has an index of 0.721.

The biggest weight for this beam was the low utilization of its bearing capacity and twice the warranty period
compared to steel profiles. The third is the steel profile HEA700, which has the third highest evaluation index of 0.707.
The advantages of the beam are the same as those of the HEB500 profile, but the result of the lower values was the
higher cost of materials, mass and load-bearing capacity utilization. The fourth most efficient option is the 7-beam
reinforced with steel, which scored a sum of values of 0.618. The beam’s indicators did not have significant exceptions,
so the evaluation result was average — 4% place.
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Abstract

Additive Manufacturing is going to become more and more common way of manufacturing. The numerous benefits like saving
material and energy, lower cost of prototyping and optimization, opportunity of consolidate an assembly into a single part make
Additive Manufacturing an area of interests to hydraulic manufacturers and researchers. This article presents typical usage of
Additive Manufacturing in hydraulic systems, like manifolds, hydraulic components parts and actuators.
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1. Introduction

Additive Manufacturing (AM) is “a process of joining materials to make objects from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing methodologies” [1]. Importance of AM to commercial
manufacturing has enormously grown in the last decades. Nowadays, AM technologies confirm its participation in
different industries [2—5], but still the areas of researchers’ main interest are technological and process issues [6—14].
AM is a group of different technologies according to different materials and processes. The main features of most
common AM technologies are presented in Table 1.

One of the most common and widely used technologies is Material Extrusion (ME) represented by Fused Deposition
Modelling (FDM), also named Fused Filament Fabrication (FFF). The principle of this technology is direct usage of
3D CAD files without any 2D drawings for the process preparation. During the process, the plastic wire, also called
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the filament, is plasticized in the heated nozzle. After the extrusion from the nozzle, plasticized material goes to the
building platform where there is the final shape constructed. After the final creation of each layer of material, the
building platform is lowered in order to create another layer. The process is repeated to reach the final shape of the

element.

Table 1. AM technologies

Technology name

Description according to
ISO 17296-1

Material

Binder jetting

Direct energy deposition

Material extrusion

Material jetting

Powder bed fusion

Liquid bonding agent is
selectively deposited to
join powder materials.

Focused thermal energy is
used to fuse materials by
melting as they are being
deposited.

Material is selectively
dispensed through a nozzle
or orifice.

Droplets of build material
are selectively deposited.

Thermal energy selectively
fuses regions of a powder
bed.

Various powders including
plasters, sands, and composite
materials.

Various metal powders including
titanium, nickel, tool steels,
stainless steel, cobalt, aluminium,
copper, and various composites.

Various thermoplastics including
acrylonitrile butadiene styrene
(ABS), acrylic-styrene-
acrylonitrile (ASA), polyamide,
polycarbonate, polypropylene.

Ceramics, liquid photopolymers,
melted waxes.

Polyamide, polyaryletherketone,
polystyrene, and various
composites, various alloys
including cobalt chrome, titanium,

steel.

Sheets of material are

. Various composite thermoplastics.
bonded to form an object. P P

Sheet lamination

The second popular technology is the Power Bed Fusion, represented by Selective Laser Melting (SLM). The
process starts by loading prepared CAD model into machine software. Next, the process parameters are set. During
the process the special recouter applies a layer of material. The distributed layer is melted by laser in places where the
section of manufactured element is placed. Then the platform is lowered by the thickness of the layer and the next
powder layer is put.

This paper is focused on applying Additive Manufacturing in the hydraulic industry. The article shortly presents
the advantages of components manufactured by AM and highlights the main fields for AM in hydraulic systems.

2. Additive Manufacturing in hydraulic systems
2.1. Hydraulic manifolds

One of the most popular way to involve Additive Manufacturing in hydraulic system is to design the manifolds
(see Fig. 1). Traditional way of manifold manufacturing starts by preparing metal block. After that the channels are
drilled, which results in angled junctions and affect energy loses. Usage of AM ensures first of all improving mass of
manifold, which is the heaviest part of hydraulic valve. The second benefit is a potential to improve the component
characteristics. One of numerous studies in this area is [15]. In their paper Authors presented a holistic development
methodology for fluid components with a specific focus on hydraulic manifolds. The stages of development are as
follows: creation of the list of requirements, arrangement of part functional structure, conceptual solution, assessment,
design and manufacture. Authors implemented their methodology to rail vehicle braking systems. Carried tests show
that the weight of the manifold is reduced by 76 % and its width by 18 %.

The other example of manufacturing manifolds with AM is presented in [16]. In their work Alshare et. Al studied
a manifold designed with SLM technique. Firstly, they carried out a computational fluid dynamics (CFD) analysis,
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which allows them to optimize the structure of manifolds. The optimization managed to achieve an 84 % mass
reduction with increased performance in terms of pressure drop. When compared to the base model, the new one has
smoother fluid dynamics and is more efficient in terms of load distribution.

Different approach to manifold manufacturing is presented in [17]. In their study the authors are focused on
developing “design for Additive Manufacturing” (DfAM). This method mainstage is changing model parameters in
order to obtain different flow channel models. Then the flow field and structure strength are calculated. Chosen model
is improved by a gradient-based optimization algorithm. The proposed approach was tested on a simplified hydraulic
manifold with one flow channel. The further step will be to develop hydraulic manifolds with multi-channels to verify
its applicability in practical scenarios.

Another important issue studied in hydraulic systems is pressure. In [18] Authors compared losses in traditional
systems and one manufactured with AM technology. To reduce the pressure drop they reduced traditional rectangle
and sharp crossings. The tests’ results have proved the potential to reduce pressure losses and energy consumption
using AM technology. The pressure reduction can reach up to 50 % using a passage with an arch, while pressure drop
of the passage with comers can reach up to 20 %.

Fig. 1. (a) traditional manifold; (b) AM manufacturing manifold [19]

The specific kind of the manifold is the digital displacement valve manifold. To make digital valve systems
competitive with traditional systems it is required to reduce their size and weight. Research in the miniaturization
topic has been conducted for years. One of the most interesting proposals is one presented by Chekurov and Lantela
[20]. In their work Authors studied a digital valve with 32 pilot operated miniature valves. The prototype was made
using SLM technology. Choosing that technology enables creation of the flow channels with a diameter of slightly
over 1 mm. The digital valve system was made from “EOS MaragingSteel“ MS1 in order to provide operating pressure
exceeding 25 MPa. What is more, it is proved that the design with SLM technology makes it possible to optimize the
shape of channels, which results in reducing the pressure loss.

2.2. Parts of hydraulic components

The main disadvantage of hydraulic equipment is weight. This is why, one of the ends of modern constructors is
to make hydraulic components lighter. An interesting solution seems to be replacing some parts of the device with
light ones, made from plastic. In their research [21] Krawczyk and Stryczek proposed gears made from POM
(Polyoxymethylene) and PPS (Polyphenylene sulfide). Research program included verification of design factors (axial
and radial clearance), operational factors (impact of speed, pressure and temperature on the pump characteristics) and
definition of durability characteristics. Results of research proves that the pump with gears made of plastics can operate
at high speeds (up to 4000 rpm), at temperature of the working fluid in the range 25-50 °C, with the working pressure
at the outlet of the pump 4 MPa. Presented results of long-term tests, shows that the pump with gears made of plastics
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worked for 40 hours maintaining a constant level of efficiency Q = 12.5 dm?®, which represents 80 % of the theoretical
volumetric efficiency.

An interesting idea was presented in [22]. Author presents a concept of replacing traditional gear pumps with
a new one, made from carbon steel. The main goal of the Author was to improve the pump performance by replacing
spur gears by helical ones. The helical gears manufacturing in the traditional way is demanding, and this is why
Additive Manufacturing is useful. The new pump was modelled in SolidWorks (see Fig.2 ), and then simulation tests
were carried. The carried CFD analysis confirmed the better flow rate (about 17 %), when compared with spur gears.
What is more improvement in areas as noise, vibration and fracture were observed.

Fig. 2. Innovative hydraulic pump [22]

The innovative way of using Additive Manufacturing in hydraulic systems seems to be manufacturing directional
valves spools (see Fig. 3). In traditional systems, spools are manufactured with CNC machines. A new one is printed,
which allows to replace the drilled holes with oval ones. It results in significant reduction of pressure drop.

Fig. 3. (a) Traditional spool; (b) AM manufacturing spool [23]
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A riveting application of AM in the hydraulic system was presented in [24]. Authors proposed a novel electro-
hydraulic system with mini-actuator and low-cost 3D-printed valve (see Fig. 4). The two versions of valve were
manufactured, one with steel slave and spool inserted into casing, and second made entirely from PETG. The steady
state (neglecting acceleration, valve dynamic etc.) were carried. The result shows that there is little difference in
performance between the machined steel spool and the 3D-printed valve. Although the large-quantity cost of a
machined spool and sleeve is small, the 3D-printed valve has a very low cost, even in single quantities.

Fig. 4. (a) Valve model A, including 3D-printed PETG casing; (b) Valve model entirely 3D-printed PETG [24]

A visionary way to use Additive Manufacturing in hydraulic equipment was presented by researchers from Institute
of Robots & Machine Design at Military University of Technology. In their article [25] they proposed to manufacture
spare parts for hydraulic pumps. This topic is of major concern, as due to COVID-19 pandemic the logistic chains
were broken. Authors choose a slipper-retainer (see Fig. 5) as a test part.

Fig. 5. (a) Original slipper-retainer; (b) AM slipper-retainer
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The material of slipper-retainer was identified and replaced with AM powder with similar properties. Then the part
was manufactured with SLM technology and tested. A test campaign includes 100 hours of work with different load
pressures. The test campaign was divided into 9 stages, after each the wear analysis was carried. Research confirmed
that Additive Manufactured spare parts allow the continuation of the exploitation of such devices as hydraulic pumps,
until the arrival of a new pump delivery, but they are not recommended for fragile and precise systems.

Important part of researchers’ studies is the environmental impact of industry. In their work [26] Tao Peng et. al
investigated the sustainability of hydraulic parts manufactured by SLM technology, when compared with conventional
manufacturing. The part was first re-designed to achieve a lightweight structure and optimized process parameters.
Subsequently, an optimized and a non-optimized sample part were fabricated via SLM. The obtained results show that
the environmental impact of SLM without optimization was 37.42 % lower than that of CM with respect to a hydraulic
valve body, and the SLM-optimized design can lead to a 10-23 % reduction in environmental impacts.

2.3. Hydraulic actuators

An interesting example of usage of Additive Manufacturing in hydraulic systems are actuators, especially actuators
for special use like actuators for medical robots. The great sample is an actuator presented in [27]. Authors discuss
using polymer Multi-Material Additive Manufacturing (MMAM) to produce miniature hydraulic piston actuators
combining rigid structures and flexible seals. This solution is interesting due to the opportunity to use it during special
kinds of examinations like X-ray or magnetic resonance. The results of this study lead to the conclusion that PolyJet
MMAM is a promising technology for the development of polymer hydraulic actuators for custom printed devices.
During the test Authors analysed factors like water absorption, dimensions / print quality, leakage, friction and
endurance. The experiments were only conducted using water, the results may, therefore, not be applicable for systems
using other hydraulic fluids.

3. Conclusions

Additive Manufacturing technologies are an important part of producing hydraulic components. This technology
might be useful with production of prototypes or redesigning and optimization of existing parts. The main features of
components manufactures with Additive Manufacturing is:

e improving of part performance and flow rate, refer to optimization of internal flow-paths and reduction of stress-
strain stage during the melting;
reduction of the component mass by even 90 %;
integrating of different components in one;

e much more precise customization of a component to an application (in terms of matching the dimensions to the
system’s size and capacity and characteristics that are important to dynamics and stability such as leakage, mass,
damping).
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Abstract

The paper includes research about the influence of the orientation of Polyphenylene sulfide parts manufactured by means of
Additive Manufacturing on mechanical properties. To better describe the material’s behavior during tensile testing, a digital image
correlation and a microscopic investigation of the fractures have been made. The results revealed high isotropy of all samples which
is a very rare phenomenon in parts obtained by using such technologies.
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1. Introduction

The usage of Additive Manufacturing (AM) technologies is still growing. The last decade revealed some
improvements which caused an increase in the industry in all types of AM devices — especially in Research and
Development (R&D) departments [1-3]. Such success was possible because of the main principle of AM technology,
where the material is deposited layer-by-layer. That kind of approach allows the creation of complex geometries or
the use of different materials during the process [4]. It is additionally important for AM technologies development,
that layered materials are of significant interest in the novel, high-tech solutions [5—-12]. A really characteristic
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structure (layered) of the AM parts creates a need for very diverse research, which creates an enormous field of research
for many scientists and engineers [13—16]. Scientific outcomes in a form of tensile, fatigue, dynamic and structural
analysis are in significant use to allow using AM technologies in some industrial applications. A layered structure of
additively manufactured parts causes an anisotropy of mechanical properties related to the build orientation during
AM process [17—-19]. For that reason, there are a lot of different types of postprocessing that are suitable for different
AM technologies [20-23]. Because of the development of AM technologies and different types of post-processes,
there is a growth of application case studies dedicated to different industries. Klimek et al. [24] analyzed the behavior
of the axial pump with a replaced retainer- slipper holder which was additively manufactured. The most important
outcome of that research is a successful work of such part for 100 hours with different load regimes. In a different
application, Szachogluchowicz et al. [25] analyzed how AM material behaves during ballistic testing. Their analysis
revealed that AM parts in as-built conditions are characterized by lower fragmentation than heat-treated counterparts.
In another research Matek et al. [26] analyzed how additively manufactured scaffolding affects the thermal and
mechanical properties of cement bricks. In the last two years, AM technologies were also used during the COVID-19
pandemic to fill the production gap of many different medical tools [3, 27-29].

Because of the relatively low cost, and very good accessibility of devices, Material Extrusion (ME) technologies
such as Fused Filament Fabrication (FFF) are one of the most popular. Such a phenomenon causes the development
of different materials dedicated to the FFF technology. One of the most interesting materials is high-temperature
polymers which could be a kind of substitute even for aluminum alloys. A very good example of such materials is
Polyphenylene sulfide (PPS) which is a semi-crystalline thermoplastic polymer, resistant to high temperatures. Due to
its structure, PPS is also chemically resistant with high mechanical strength, even at temperatures above 200 °C. In
addition to low water absorption, the PPS polymer also has good dimensional stability and excellent electrical
properties. PPS thermoplastic is chemically very stable, even at high temperatures, which is very important in the FFF
process because the distortion of produced parts is relatively low.

In this research, the influence of the orientation of PPS parts on mechanical properties has been examined. To better
describe the material’s behavior during tensile testing, a microscopic investigation of the fractures has been made.

2. Materials and methods

PPS material was supplied by the “Spectrum Filaments Ltd. Company”. To produce specimens, an “Intamsys
Funmat HT” was used. The main reason for using this exact device is the possibility of exceeding 300 °C by the
extrusion nozzle and closed building chamber with active heating technology.

To reach desirable elements properties it was used the following process parameters:

hotend temperature — 320 °C;
heatbed temperature — 120 °C;
chamber temperature — 80 °C;
layer thickness — 0.2 mm;
outline shell thickness — 2 mm;
infill — 100 %;

part cooling intensity — 40 %;
printing speed — 50 mm/s;
nozzle diameter — 0.4 mm.

To determine the mechanical properties, dog-bone-shaped parts were produced (three samples for each combination
of orientation) ASTM D638 “Standard Test Method for Tensile Properties of Plastics”. The geometry of the designed
sample is shown in Figure 1.

Tensile tests were made at room temperature by means of an “Instron” 8802 axial servo-hydraulic testing machine,
equipped with an “Instron” 8800 controller. To allow more precise data acquisition, a uniaxial extensometer “Instron”
2630-112 with a gauge length of 50 mm (axial travel +50 %) was used.
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56 ® 38

Fig. 1. Sample part for tensile testing used in the research (dimensions in mm)

Sample parts were oriented along each of the three axes (see Fig. 2) to allow the determination of how layer
deposition of the FFF parts affects tensile properties.

L

121

INTAIMSYS <%
Fig. 2. Samples’ orientation in the substrate plate

To improve the tensile test results, a Digital Image Correlation (DIC) analysis was used to measure the distribution
of deformation during the tensile tests. The measure was made by the use of a “Dantec Dynamics” device and ISTRA
4D software. To allow structural characterization, and cracking propagation of the samples during the tensile tests,
fractographic research was performed. These observations were made by means of the “KEYENCE” VHX-7000
digital microscope.

3. Results and discussion

Before the tests, samples were also prepared for DIC analysis by using dotted structures on their surfaces. Samples
before and after tests are shown in Figure 3. The obtained parts’ properties including tensile strength and elongation
at the break of the samples are presented in Table 1.

Table 1. Mechanical properties of samples tested (total values)

Tvpe of proper Value for X- Value for Y- Value for Z-
M property orientation orientation orientation
Ultimate tensile strength (MPa) 36.18 48.96 24.67

Strain at break (%) 1.95 3.38 1.20
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Fig. 3. Samples’ before (left side) and after tensile tests (right side)

For a better presentation of the obtained tensile tests, a stain-stress chart was generated for three tested samples
from each orientation. The chart is shown in Figure 4.
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Fig. 4. Strain-stress chart for X, ¥, and Z-oriented samples made of the PPS material

As is visible in Figure 4, all samples, despite their orientation are characterized by high isotropy, especially in the
Hook law area. The highest obtained UTS has been registered for Y-oriented samples, as well as the highest strain
(3.38 %). The analysis of the deformation during tensile testing obtained by the DIC method revealed very low strain
even at the UTS level, which indicates a significant brittleness of the material.

Additionally, based on the DIC analysis results (see Fig. 5), the significant isotropy of the mechanical properties is
proven. Despite the different ways of single material lines deposition, and material layers arrangement during the FFF
process, there are no visible deformations related to the technological process, which is typical for the kind of parts,
obtained by AM technologies with the use of different materials.

To better describe the material’s behaviour during tensile testing, fracture images were captured (see Fig. 6). It
could be visible typical brittle-like cracking in the case of X, and Y-oriented samples. Also, in case X, and Y orientation
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there is a similarity in the number of internal pores. Such a phenomenon results in similar material strength and
affected crack generation, which ran almost the same in both orientations (which also proves the high isotropy of the
material).

X-orientation

After test

Reference sample Yield Strength
€ [%]

0
Y-orientation
Reference sample Yield Strength UTS After test
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J
40—
3 3+ 30—
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Fig. 5. DIC analysis of all samples
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Fractures of the X and Y-orientations indicate structural heterogeneity connected with local stress damping, which
promoted a cracking initiation. It is possible to observe that cracking went through several layers which finally made

an irregular, multiplanar crack. In the case of samples made along the Z-axis, the fracture has the same nature as the
two previous materials.
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Fig. 6. Fracture images for X, Y, and Z-oriented samples made of the PPS material

In the case of Z orientation, there is visible a typical fracture for that kind of arrangement in the substrate plate [30].
What is very interesting is a course of the tensile curves (see Fig. 4) of samples made along the Z-axis. Such
a phenomenon indicates that the adhesion between layers is almost comparable with the UTS of the material.

4. Conclusions

Based on the obtained results, the following conclusion could be drawn:

1. Parts produced with the use of the FFF technology made of PPS material are characterized by UTS similar to other
popular materials available for that kind of AM technology.

2. Samples produced in Z-orientation are characterized by high adhesive strength between layers close to the UTS of
the PPS material.
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3. Fractures of the samples produced along X and Y directions indicate brittle-like cracking similar to conventionally
made materials.
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Abstract

Additive Manufacturing (AM) is currently one of the fastest growing manufacturing technology in the industry area. One of the
applications of the AM technology is the production of gears using polymer materials. This paper presents the results of comparative
tests on measurement accuracy, as well as static and fatigue strength of gears made of ABS polymers, and “Igumid” P150-PF,
“Iglidur” I150-PF dedicated to the production of this type of elements. The gears made with the use of ABS were characterized by
the lowest dimensional accuracy due to the susceptibility of this material to thermal shrinkage. Static and fatigue tests in the field
of bending teeth showed the highest stiffness and durability of wheels made of “Igumid” P150-PF. The work has been shown that
ABS material can be used for elements of drive systems, the loads of which will be static. In the case of static loads, the material
shows a significant weakening by 50 % in the initial phase of the test, unlike the other tested materials. In addition, the paper
contains descriptions and photos of the course of tooth deformation in the field of fatigue and static tests.
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1. Introduction

Additive Manufacturing (AM) is currently one of the most dynamically developing technology for the production
of various types of elements, especially in terms of their prototyping and unit production [1]. Its main advantage is
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the ability to produce complex geometries due to the nature of the process where the material is applied layer by layer,
as opposed to subtractive techniques such as turning or milling, where the material is removed [2—4]. It is related to
the anisotropy of strength properties as in other layered materials [5—8]. One of the areas where an increase in interest
in additive technology has been noticed is the production of drive system components, including gears. Gears, due to
the geometry of the toothing, require many specialized machines and tools for their production. In addition, the number
of types of gears (bevel gears, conical gears, etc.) increases the equipment of the machine park of a given production
company. Additive Manufacturing allows any type of gear to be manufactured using metals or polymers using only
one machine. One of the few limitations is the working area of the machine. For this reason, AM seems to be an
attractive alternative in the production of drive system components.

Many authors of works [16—19] made an attempt to implement AM technology for the production of gears using
various materials. However, in order to determine the usefulness of this technology in the discussed scope, it is
necessary to conduct experimental tests of model elements in conditions reflecting the actual operation of these
elements.

For the Additive Manufacturing of gears, the authors of the works most often use the FDM (Fused Deposid
Modeling) technology, which according to ISO/ASTM 52900 standard belongs to the Extrusion Material group. The
most commonly used materials for the production of parts using the FDM technique include: PLA (PolyLactic Acid),
ABS (Acrylonitrile Butadiene Styrene), PETG (PolyEthylene Terephthalate Glycol) [9] as well as high-temperature
materials such as ULTEM or PEEK, which require much more advanced equipment and are also characterized by a
higher purchase price. Recently, materials dedicated to FDM printing of gears, such as “Igumid” P150-PF and
“Iglidur” 1150-PF, have appeared on the market, however, apart from the data on the manufacturer’s website, there is
no research on the suitability of these materials in this area in the literature. Additive Manufacturing also enables
production from metal powders [10—12]. However, popularly available materials such as 316L steel [12, 13] or M300
maraging steel [14] are not materials dedicated to this type of application. The broader aspect of manufacturing wheels
using AM techniques was discussed in the previous work [15].

Research on AM gears in terms of their fatigue strength has been conducted by many researchers [16-22]. One of
the main wear mechanisms is abrasive wear, plastic deformation or tooth melting due to high temperature, and tooth
breaking [23, 24]. Cader et al. [16] investigated the wear of gears produced by the FDM method from the ULTEM
9 085 material. They used a different arrangements of successive layers in the manufactured gear, while the tests were
carried out on the actual machine in which the gears were to be ultimately applied. The research showed that the best
results were obtained in the case of wheels where successive layers were arranged alternately at an angle of 60 and
45. The importance of the arrangement of individual layers during the production of gears was also mentioned by [25]
and [26]. It was shown in these works that in order to obtain uniform stiffness of the teeth along the entire
circumference of the gear, the toothed rim should be made of only outlines. However, attention should be paid to
possible voids that may appear between successive contours at low module values, which may reduce the strength of
the teeth.

Harsha et al. [17] compared wheels made of three materials: PLA, ABS and PA (Polyamide) using the FDM
method. The tests carried out on the test rig showed that the main wear mechanism is abrasive wear and plastic
deformation of the teeth as a result of high temperature during operation. The wheels made of PA showed the greatest
service life. Similar studies were carried out by Zhang et al. [15]. The authors of the study point out that the wear
resistance of wheels made of Polyamide 618, with the use of Additive Manufacturing, depends mainly on the
temperature conditions and the quality of the connection of individual layers of the material.

In the discussed works, the tests were carried out at different speeds of rotational gear of the tested gearboxes. The
resulting friction increases the temperature on the tooth flanks, thus becoming one of the main causes of damage to
the tested gears. However, in low-speed mechanisms, such as manual drives or short-cycle gears, such as gate sliding
mechanisms, the operating temperature is not the key factor. Therefore, the test with low temperature change is single
tooth bending on pulsators according to the method described in ISO 6336-5 (Method B).

In the literature on the study of gears manufactured with the use of the FDM technology, there are residual data on
this subject. This knowledge seems to be necessary to determine the suitability of this technique in the field of gear
production. This paper presents the results of comparative tests in terms of bending strength at the base of the tooth
of gears manufactured with the use of ABS and materials with increased strength and wear resistance — “Igumid”
P150-PF, “Iglidur” I150-PF.
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The geometry of the gear sample was established in accordance with ISO 6336-5:2016. The designed gear with the
geometry parameters has been presented in Figure 1 and Table 1.

Fig. 1. 3D model of the sample gear used in the research

Table 1. Geometry parameters of the gear sample

Name of parameters

Value

Number of teeth, z

Module, m [mm]

Pressure angle, o [deg]

Face width, » [mm]

Pitch circle diameter, D [mm]

Hub diameter, D) [mm]

25
3.5
20
15
87.5
30

For the production of gear samples, it was used the ABS, material provided by “Spectrum Filaments Ltd Company”
(Poland, Pecice) and “Igumid” P150-PF, “Iglidur” 1150-PF provided by “Igus GmbH” (German, Colonia). The ABS
is one of the most popular materials used in FDM technology. Is characterized by high strength, good ductility and

susceptibility to machining.

Table 2. Process parameters of materials used to produce gear samples by means of FDM technology

Part
Hotend Heatbed
. Layer Infill, cooling Printing Nozzle
Material temperature,  temperature, . Perimeters . . .
oC oC thickness % intensity, speed diameter
Y%
ABS 235 90 0
“Igumid” P150-PF 260 70 0.2 100 9 0 40 0.4
“Iglidur” I150-PF 240 40 40

The “Igumid” P150-PF ang “Iglidur” 1150-PF are “Igus” proprietary materials, referred to as tribo-filaments.
“Igumid” P150-PF is a robust and rigid material with fiber reinforcement and characterized by high flexural strength.
“Iglidur” 1150-PF is doped with solid lubricants, which increases their wear resistance, improved mechanical
properties and additional can be used in the food and packing industry (agree with the norm UE 10/2011).

“Igumid” P150-PF and “Iglidur” I150-PF can be processed just as easily as standard PLA and PETG filaments. To
produce the test samples “Mass Portal Pharaoh™ printer from “Mass Portal” (Latvia, Riga) and dedicated software
Simplify3D was used. The process parameters which was used during the production of the gears samples have been

presented in Table 2.

Tests in the field of determining the accuracy of gear manufacturing were carried out with the use of the GOM Atos
3D scanner by GOM (German, Brunswick). The scans performed were compared with the three-dimensional reference
model. Measurements of the addendum circle diameter (outside diameter) and dedendum circle diameter (root
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diameter) were made. Measurements are made in a plane perpendicular to the axis of rotation of the gear, located in
the middle of the face width.

The static bending test and fatigue test was performed using “MTS Criterion” C42 and “MTS Landmark” 370.50
(USA, Eden Prairie). The special handle has been designed to correctly carry out the static and fatigue bending tests,
which are illustrated in Figure 2.

Fig. 2. a) Laboratory station for single tooth bending (1 — Test gear; 2 — Loading pin; 3 — Support pin); b) Diagram of test gear tooth loading

The M(n) parameter (see Fig. 2a) was established using equation (1) [1]. M:ws(n) is a table value of the distance
between the pins depending on the number of teeth (Mus(4) = 7.73); n — a number of teeth between the mandrels; x —
coefficient of displacement of the outline (for the gear samples, x = 0.035); oo — a value of the profile angle (for the
sample wheel a0 = 20°); m — tooth module (for the gear samples, m = 3.5). The value of given coefficients (Ms(n), x)
was chosen to form the literature [1].

M(n) = (Myq,(n) + 2-x - sinay + - cosa,) - m; (1)
M(4) = 37,46 mm.

On the base of assumption and counting, the special holder for the bending test of gear was designed and produced
(see Fig. 2a). The gear sample (1) is placed between two pins, where one is the loading pin (2) and the second is the
support pin (3). Due to the difference between the length of the arm on which the bending moment is generated, the
tooth on the side of the loading pin is the main loaded tooth. A tooth that was a support tooth in a given test did not
participate as a load or support tooth in a subsequent test. The first stage of the bending tests was carried out under
static loading using the “MTS Criterion” C42. Then a series of tests with cyclic loads were carried out. Due to the size
of the testing machine and the range of possible forces to generate (up to 80 kN), the “MTS Landmark” 370.50 machine
did not allow for the maintenance of the specified load values during the tests (< 2kN). Therefore it was decided to
load individual gears with a constant value of the load pin displacement. As a result, the system responded in the form
of a force. The decrease in force over time (after a certain number of cycles) meant the weakening of the tooth material,
and its total decrease — the destruction of the sample and the end of the test. Static and fatigue tests were carried out
with the use of the same handle in an identical configuration.

3. Geometry measurements — results and discussion
During the manufacturing process of components using gears, high temperature gradients occur due to the large

temperature difference between the environment and the material being extruded through the nozzles. In some cases,
this can result in component deformation due to material shrinkage. Geometrical accuracy is of particular importance
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in the case of gears (see Fig. 3). A cross-section with geometry deviations on the tooth heads and in the roots are
shown. Regardless of the material used, the gears show different deviation values along the toothed rim. Negative
deviations are marked in blue, while positive deviations are marked in green. The distribution of deviations with
negative values shows local deformation of the gears, which is the effect of thermal shrinkage of the material. Positive
values are the result of overlapping individual material paths, which during deposit are deformed by nozzles in order
to ensure proper adhesion to the previously unfolded layer, a phenomenon that often accompanies elements produced
by the FDM method.

Table 3 shows the mean values of the outer diameters and the root diameter, calculated based on the mean value of
the deviation obtained from the measurements in photo 3.

Table 3. Process parameters of materials used to produce gear samples by means of FDM technology

The average
The average value of

Standard deviation, Do value of root Standard deviation,
Material outside diameter, Dy

[mm] diameter, Dr Dg [mm]

[mm]
[mm]

ABS 94.12 0.32 78.22 0.26
“Igumid” P150-PF 94.23 0.27 78.40 0.23
“Iglidur” I150-PF 94.20 0.28 78.27 0.22
Model CAD 94.50 - 78.75 -

Fig. 3. Distribution of geometrical deviations of gears additive manufactured in relation to the reference model: a) ABS; b) “Igumid” P150-PF;
c) “Iglidur” I150-PF

The table also contains the values of standard deviations for the calculated diameters, as well as the reference values
determined from the CAD model. The largest deviations in both diameters were observed in gears made of ABS
polymer. This means that this material exhibits higher deformation shrinkage than the other two materials. Gears made
of “Igumid” P150-PF and “Iglidur” 1150-PF are more dimensionally stable. In each of the cases, the standard
deviations take values over 0.22 mm, which proves a large variation in the values of deviations along the
circumference of the gears.
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The deviation values are similar to those obtained by the authors of the work [27]. Therefore, the deviation wheels
may have a negative effect on the operation of the transmission, and as a result may accelerate the abrasive wear and
increase the operating temperature. Moreover, the manufactured gears cannot be assigned to any of the manufacturing
accuracy classes according to DIN 3962, because the values of geometric deviations are too high.

4. Static and fatigue bending — results, and discussion

The first stage of research on the mechanical properties of the gears was the single tooth bending. Table 4 shows
the results of the static tooth bending test. From the recorded force being the load on the tooth during the test, the
values of stresses at the base of the tooth were calculated on the basis of the relationships contained in the ISO 6336
standard. The highest values of stresses at the base of the tooth were shown by wheels made of “Igumid” P150-PF
(126.2 MPa), with the lowest value of registered displacements — 3.3 mm. This is due to the significant reinforcement
of the material by the fibers unlike the other two. On the other hand, the teeth made of “Iglidur” I150-PF had the
lowest stiffness. Similar studies were carried out by the authors of the study [26]. Kim et al. statically tested gears
made of fiber-reinforced polyamide. From the data contained in the article, it was calculated that the stresses at the
root of the tooth (made of perimeters only) amount to about 116 MPa, which is a value similar to that obtained in the
case of ABS gears. However, the fundamental difference was noticed in the deformation, which in the case of
polyamide was 2.2 mm, which makes it much stiffer than the materials considered in this paper.

Table 4. Static bending test results for Additive Manufacturing gears

Material Static bending strength Standard deviation Average max. Standard
[MPa] [MPa] displacement [mm] deviation [mm]

ABS 111.2 4.4 4.6 0.4

“Igumid” P150-PF 126.2 3.5 33 0.3

“Iglidur” I150-PF 79.6 1.5 5.1 0.2

Table 4 contains pictures of the teeth of given gears in three states: before the test (as a reference tooth), after the
static test and the fatigue test. Before the examination, the teeth were compact, with slight defects in the tooth axis. It
is caused by inaccurate generation of the material deposition path.

However, the software used to prepare the manufacturing process does not have the option of manually modifying
the course of the tracks. This defect clearly affects the way the teeth are deformed during static tests. In the case of
ABS and “Iglidur” 1150-PF, the defect in the form of a hole resulting from the lack extrusion (red narrow on the
reference tooth picture) is on the edge of the plastic deformation of the tooth.

It is caused by a sudden change of the tooth cross-sectional area, which results in a concentration of stresses in this
area. In the case of “Igumid” P150-PF material, the tooth was deformed as a result of breaking the connection between
successive contours. This proves that a single fiber is stronger than the connections between the contours. The
reduction of the adhesive strength may be influenced by the impurities of fibers in the material, which improve the
properties of the fiber itself but reduce the ability to create connections between them.
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Table 5. Photos of teeth before and after bending tests

Materials Reference tooth After static bending test After fatigue bending test

ABS

“Igumid” P150-PF

“Iglidur” I150-PF

In Figure 4 presents the results of fatigue bending tests of the teeth of gears made of the considered materials. The
tests were carried out with a total deformation value of 0.7 mm. This value was determined on the basis of a static
tooth bending test, so that it belonged to the elastic-plastic range of the material.

The study was stopped when 10° cycles were reached or a tooth was broken. Due to the different stiffness of the
teeth made of given materials, the generated load was varied. Each of the tested materials showed cyclical weakening,
in particular ABS, the load value of which in half the number of cycles needed to fail (2 500) decreased by 50 %.
“Iglidur” I1150-PF, which, due to its higher plasticity, was destroyed after more than six times the number of cycles.

However, unlike ABS, the material weakening during the test was 34 %. The teeth made of “Igumid” P150-PF
showed the higher durability. The material reached the cycle limit of 10° with a material weakening of 33 %. The
photos of the teeth in Table 5 show the fracture site. Broken teeth break in the area of the tooth root, and the course
of the crack is similar to that of steel teeth.
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Fig. 4. Results of pilot fatigue tests of tooth bending at the base of gears made of ABS, “Igumid” P150-PF, “Iglidur” I1150-PF made using the
FDM technology

This proves that the defect located in the tooth axis has no influence on the bending fatigue strength at the base of
the tooth.

5. Conclusions

The tests carried out in the field of dimensional accuracy, as well as static and fatigue strength, showed the
usefulness of Additive Manufacturing in the production of gears, but with certain limitations. The analysis of the
obtained research results allows for the following conclusions:

e gears manufactured using the FDM technology are characterized by low dimensional accuracy, which does not
allow to be assigned any class of accuracy according to DIN 3962;

o the gears made of ABS were characterized by the highest geometrical deviations, the main reason of which was
the thermal shrinkage of the material;

o the highest stiffness during the static bending tests was registered in the case by the teeth made of “Igumid”
P150-PF (the highest load value at the lowest displacement);

e the mechanism of tooth destruction during the static bending test is mainly based on the plastic deformation of
the tooth head;

o the highest fatigue strength was characteristic of “Igumid” P150-PF gears, which were not damaged in the
considered load range and number of cycles;

o the use of ABS can be an alternative to “Igumid” P150-OF material in the field of static loads, but its low fatigue
life does not justify its use in the field of cyclic loads.
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Future work will focus on extending the load range of fatigue tests, as well as additional observations of fractures
to determine the course of cracking.
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Transportation costs represent significant part of entire logistic costs incurred by companies and that is why a considerable
significance is attached to seck solutions to reduce expenditure in this area. Company managers specializing in logistics may need
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1. Introduction

Contemporary road transport is a popular field of scientific research. There is a vast portfolio of mathematical
methods that apply to measuring effectiveness of both transport systems and the vehicles themselves or their fleet. The
publication in this domain often include issues associated with linear programming [1-3], constitute an outline
(concept) for new methods [4—6], algorithm [7] or optimization techniques [8] of the analysed decision-related
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problem. Such an issue is often associated with the transport of goods [9], for which basic effectiveness measures are
calculated [10—12]. In turn, these measures, supported by appropriate indices, impact customer service level [13, 14].

As part of the research in the field of supplies, the source literature presents various mathematical models regarding
decision problems [15, 16], as well as algorithms used to optimize transport processes [17, 18]. For example, the
authors of [19, 20] developed mathematical models that simulate the functioning of supply logistic systems enabling
the determination of minimum logistics costs, assuming optimal supply schedule arrangements (supply volume at
subsequent project implementation stages). The authors of other publications, in their attempt to streamline a studied
process or system, focused on:

e minimizing selected cost components [21];

o increasing vehicle fleet efficiency [22, 23];

e improving routing [24, 25] in urban logistics;

e improving planning [26] and optimizing transport routes [27];

o the issue of sustainable development in an urban agglomeration [28];

¢ reducing the emission of harmful substances into the atmosphere [29, 30];
e minimizing lead time [31] for “perishable” products [32];
e possible application of hydrogen in public transport [33].

The concept of optimizing road transport is extensive in terms of meaning and covers a set of numerous components,
such as selecting the quickest and / or shortest route [34], minimizing empty runs [35] or forecasting transports within
a distribution network [35]. The possibilities above essentially come down to optimizing the costs of a vehicle fleet
managed by a public owner [37]. The aforementioned set of publications did not focus adequate attention on the
methodology that enables selecting one of the options that is rational from the cost perspective. Exactly this topic
constitutes the subject matter of this paper. The methodology suggested in this article has been verified using an actual
military distribution network, based on existing, relatively permanent locations of the hubs under a Regional Logistics
Base that functions within the Polish Armed Forces.

2. Procedure

The decision-related problem often experienced by people responsible for organizing a distribution network is
selecting the transport option. In particular, the deliberations relate to varied, potentially available options, in other
words, whether it is worth investing (buying) or use own fleet in securing own transport needs or acquire fleet through
leasing or maybe commission these tasks entirely to a carrier.

The methodology presented in this paper includes taking into account such factors as fixed and variable costs,
analysis of expected value and the break-even point. The 3 below variants were taken into account to satisfy transport
needs within a military distribution network:

1. Option 1: Transport with own means of transport and using own personnel.

2. Option 2: Using the services of a transport company (carrier) in the on-call mode.

3. Option 3: Acquiring fleet through leasing along with driver remuneration calculations.
The next section presents fundamental cost components for each option.

2.1. Calculating costs and consumed fuel with respect to each selection option

a) Transport with own means of transport and using full-time personnel

The calculations commenced with determining the average variable costs from the formula (1):
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k=d-s; (1)

where k — variable cost (distance-dependent); d — distance; s — transport rate [zt/km].
In the case in question, the average variable cost was calculated according to the dependence (2) as:

d1'ZE=A(5j ekspl.t1,j)
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where
d, — distance to depot No. 1 [km];
PLN
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. . . . . PLN
Sj ekspt. — unit operating cost index for the j group of vehicles [E];

t;,; — number of runs to depot No. 1 for the j group.

k,_, —average variable cost to depot No. 1 [m

In order to calculate the average variable cost for the entire distribution network in question, the authors used a
weighted average for the total number of runs to all depots, in accordance with the formula below (3):
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where

d; — distance to the i depot [km];

t; ; — number of runs to the i depot for the j group of vehicles.

Total fuel consumption for all runs was calculated based on fundamental consumption standards and the
dependence below (4) as:
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where z; — fuel consumption for the j group of vehicles [j:lkm].

While the average fuel consumption was calculated as:
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Therefore, the average variable cost due to fuel consumption amounted to:
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where s; yps — unit operating cost index for the j group of vehicles [E]'

b) Using the services of a transport company (carrier) in the on-call mode

Option 2 takes into account transport rates for a given tonnage group of runs. The average variable cost within the
analysed military transport network was calculated from the formula (7) as:
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where k,_, — average variable cost to depot No. 1 [W]; Sy — transport rate in the & transport group [E]'
Therefore, the average variable cost within the entire military transport network is (8):
i oe3 (disk'tir)
k, — i=14k=1\"1 L, .
sr.zm.—2 Z%:11Zi:1(ti,k) (8)

The average fuel consumption in the case of this transport option was not calculated due to its specificity. However,
the option takes into account the rate per kilometres.

¢) Acquiring fleet through leasing along with driver remuneration calculations
The average variable costs in this case will be calculated based on the average fuel consumption as (9):

d1 Tho1(Zktii) con
ki, =—E—
1-3 100'2i=1(t1,k) (9)

dm?3
100 km
Therefore, the average variable cost for the analysed option within the military transport network is (10):

where z, — average fuel consumption for the & vehicle[ ]; con — diesel oil price [%].
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The total fuel consumption for all transports implemented within a year amounted to (11):
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The average fuel consumption was calculated as (12):
i Zf:A(di'Zj'tij)
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DS ENCT T
2.2. Expected value, decision tree and break-even analysis

In order to make a decision on selecting the transport option, it is important to conduct an analysis that determines
the cost structure for the options in question; however, the knowledge of the expected demand value is also important.
The absence of such information prevents determining, which option generates the lowest expenses. Only combining
the cost structure analysis and the demand prediction enables making the ultimate decision.

The expected value is calculated according to formula (13) in order to take into account the assumed demand level
and its probability. This value is the product of probability and the financial result for a given scenario.

Wo; = Z?:lpici,j; (13)

where: WO; — expected value of the j option; P; — probability of the i scenario becoming a reality; C; ; — financial
result of the i scenario for the j option [PLN].
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Moreover, decision trees are also used within the decision-making theory. They constitute a graphic
representation of the possible transport options within a case in question, and their objective behind developing them
is making the right choice. The help visualizing even very complex decision series and their financial outcomes, as
well as taking into account the risk level associated with individual options. They contain a decision node (i.e., the
addressed issue), with branches symbolizing possible choice variants. The nodes where a decision has to be made are
symbolized by rectangles, while random points (representing demand), which are beyond the control of the decision-
maker are in the form of circles. Each of the branches should be assigned the probability of a given outcome, bearing
in mind, however, that the total probability branching from a single random node must be equal to 1. Decisions based
on expected value analysis require calculating the financial results individually for each branch (scenario), followed
by calculating weighted averages for thicker branches (choice variants) based on the probability of different outcomes.
The analysis in commercial enterprises also takes the break-even point into account. It is interpreted as an operation
intensity level measured by the number of deliveries, at which total revenue is higher than total costs. Therefore, above
this point, the enterprises start making profits, while below it, which is understandable, loses money. The break-even
point is calculated from the formula (14):

PR = %8

= 5
P]'—Kz]'

(14)

where PR — break-even point; Kg — fixed costs [PLN]; P; — unit revenue [PLN], K,; — average variable unit cost
[PLN].

It is difficult to speak of the break-even point in the case in question, which refers to a military transport
network, since the Polish Armed Forces are not a profit-oriented institution (enterprise), and the primary objective of
transport operations is the execution of specific tasks. For this reason, no break-event points for the considered options
were calculated within this paper (see part 2 — numerical example).

3. Conclusions

The issue discussed in this elaboration is significant due to the fact that transport costs constitute a considerable
part in the total expenses incurred by an enterprise. As can be seen in the example above, depending on the chosen
transport method, the transport costs can differ significantly between individual methods and making the optimal
choice may considerably impact the expenses incurred. The suitability of the presented methodology can be observed
in practical embodiments related to real problems associated with selecting the transport option. The presented
transport option selection methodology can be applied in relation to other transport issues, also occurring within
civilian enterprises. The operational algorithm does not differ much in other cases from the one presented on the
example of a military transport network. The second part (Selecting military transport options, taking into account
cost analysis, part 2 — numerical example) contains a practical application example of the methodology described in
this publication.
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Abstract

Transportation costs represent significant part of entire logistic costs incurred by companies and that is why a considerable
significance is attached to seck solutions to reduce expenditure in this area. Company managers specializing in logistics may need
support because they often face decision problem related with selecting the most economical transportation option. The objective
of this paper are methods for assessing available variants of realization carriages and they are based on analyzing components such
as cost structure, demand for transportation services, expected value and break-even point. The example that was taken to
implement developed methodology were freights carried out within a military distribution network. This network was reflected on
the basis of the Regional Logistic Base notes operating in the Polish Armed Forces.
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1. Introduction

The issue related to transport costs is gaining particular importance due to global inflation caused by, among others,
the aggression of the Russian Federation on independent Ukraine. The main cost components in relation to a vehicle
fleet are the rising fuel prices and driver salaries. Therefore, it is crucial to look for solutions aimed at maintaining
entity competitiveness on the market. One of the methods of looking for savings is ecodriving, which has a tangible
value in enterprises with a fleet of a dozen or so or several dozen vehicles. In addition, the age structure of the fleet is
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significant, due to the fact that newer vehicle consume less fuel and are more reliable. The topic of cost reduction has
been widely addressed in scientific publications.

The authors of [1] proposed vehicle speed optimization for a batch in order to minimize supply chain costs upon
an uncertain demand, while Andrzejczak and Selech [2] analysed operating costs for a public transport fleet. In turn,
the authors of [3] selected transport options taking into account costs. A considerable part of the source literature
contains issues associated with linear programming [4—6], transport modelling [7, 8] and optimization [9—11],
including multi-criteria [12—15].

Based on a literature review, it can be concluded that there is a number of studies on transport modelling, including
transport optimization. However, the lack of a basic methodology that enables selecting a given transport option,
taking into account the cost analysis, is evident. For this reason, a large part of this paper presents an example of
estimating the total costs associated with a selected specific transport option (variant) within a military transport
network.

2. Analysis of a military distribution network — assumptions

The analysed transport network example is the Regional Logistics Base (RBLog). It is a logistic military unit, the
task of which primarily involve satisfying the material and technical needs in the field of reliability. As part of its
operations, the unit transports various material and technical goods to several dozen depots.

A transport option selection methodology will be developed based on the information provided by the RBLog that
include a list of runs completed in 2020. A diagram of this network after the process of anonymising sensitive data
associated with depot location is shown in Figure 1.

Table 1 contains a collective list of transports completed within a given calendar year, as well as distances to
individual depots.

The numbers mean the amount of runs on a given route and using given means of transport. The letters of the
alphabet symbolize the following vehicles.

A —“Iveco Eurocargo”;

B — “Iveco Stralis™;

C —“Jelcz” P862;

D — “VW Crafter”;

E —“Star” 12.220 / “Star” 200 / “Star” 944;

F — “Fiat Ducato” / “Opel Vivaro”, “Opel Movano” / “Ford Transit” / “Lublin”.

Cost calculations will be conducted in two variants, i.e., based on the total operating costs and based only on fuel
consumption. Three transport options will be analysed:

1. Option 1: Transport with own means of transport and using own personnel.
2. Option 2: Using the services of a transport company in the on-call mode.
3. Option 3: Acquiring fleet through leasing along with driver remuneration calculations.

The costs for the first option will be calculated based on [16]. This document is a collective list of costs associated
with means of transport maintenance. These values refer to the operation process unit of measure — a kilometre or
engine hour.

Table 2 below contains an excerpt from the aforementioned order regarding vehicles operated within the transport
network in question.

Fundamental fuel consumption standards that will be required to calculate the consumption have also been listed.
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Fig. 1. Schematic diagram of a military transport network

Table 1. Structure of transport tasks executed at 2. RBlog

Number of cruise trips for each means of transport,

t

i Total crui P tage,
i ‘Warehouse Distance, d; [km] ) otal cruises, ereentage
Group, j t; w;
A B C D E F
1 Warehouse 1 93 8 5 2 19 0 0 34 0.033
2 Warehouse 2 51 0 25 0 0 0 29 54 0.052
3 Warehouse 3 156 15 0 12 2 0 9 38 0.037
4 Warehouse 4 73 0 0 31 0 2 0 33 0.032
5 Warehouse 5 208 40 21 0 0 18 0 79 0.076
6 Warehouse 6 202 71 17 0 0 0 115 203 0.196
7 Warehouse 7 192 48 0 9 3 0 42 102 0.098
8 Warehouse 8 296 0 33 0 18 18 0 69 0.066
9 Warehouse 9 219 1 35 0 62 13 10 121 0.117
10 Warehouse 10 255 70 5 0 74 95 39 283 0.273
11 Warehouse 11~ 32 19 0 0 0 0 3 22 0.021
TOTAL 272 141 54 178 146 247 1038

After vehicles were grouped (groups with several vehicles) the costs and standards were calculated using the

arithmetic mean, based on data from RBLog (see Table 3).
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Table 2. Unit cost indicators for the MPS (propellant and lubricant material service) and operation, as well as fundamental fuel consumption
standards [16]

X Name of means of Unit cost index MPS, Unit operating cost index, Basic fuel consumption
! transport S; Mps [&] Siekspl. [&] standard, z; [ﬁ]
1 “Iveco Eurocargo” 2.24 15.00 27.7

2 “Iveco Stralis” 2.63 10.80 27.8

3 “Jelcz” P862 3.78 43.02 56.5

4 “VW Crafter” 0.79 3.67 11.5

5 “Star” 12.220 1.46 10.17 29.0

6 “Star” 200 1.43 6.73 22.0

7 “Star” 944 1.72 17.73 22.5

8 “Fiat Ducato” 0.74 2.67 12.3

9 “Opel Vivaro” 0.83 3.05 8.3

10 “Opel Movano” 0.83 4.05 13.5

11 “Ford Transit” 0.77 2.45 12.0

12 “Lublin” 0.83 2.15 14.3

Table 3. Unit costs indicators and standards after consolidation

. . . . . Basic fuel

(.}roup, Name of means of transport Unit coszt* index MPS, Unit oper;tmg cost index, consumption

J SjmMPs [E] S ekspl. [E] standard, z; | _dm3 ]
100 km

A “Iveco Eurocargo” 2.24 15.00 27.67

B “Iveco Stralis” 2.63 10.80 27.75

C “Jelcz” P862 3.78 43.02 56.5

D “VW Crafter” 0.79 3.67 11.50

E “Star” 12.220, “Star” 200, “Star” 944 1.59 13.95 24.50

F “Fiat Ducato”, “Opel Vivaro”, “Opel 0.80 287 12.05

Movano”, “Ford Transit”, “Lublin”

In order to consider the second and third options, transports were divided into 3 groups according to the weight
criterion, i.e., high-tonnage, medium-tonnage and delivery (marked with the letters “W”, “$” and “D”). Transports
marked with “B” and “C” (high-tonnage), “A” and “E” (medium-tonnage) and “D” and “F” (delivery) were assigned
accordingly to these groups. The numbers of transport runs were also aggregated (see Table 4). Total number of runs
for individual sets, taking into account three transport types, are listed in Table 5.

The third option assumes purchasing own fleet through leasing (Option 3), while employing own drivers. In order
to authoritatively compare each of the variants, it was assumed that leased vehicles would be similar to or same as the
means of transport used in the military. In light of the above the following was assumed:

e high-tonnage truck — “Iveco S-Way” (as an equivalent of the no longer manufactured “Stralis” used in the Polish
Armed Forces); a configuration with the following parameters was selected: DMC 26.0 t, 6 x 2 pusher axle
drive, “Cursor” 9 Euro VI 360 KM engine, 16-speed manual gearbox;

¢ medium-tonnage truck — “Iveco Eurocargo”; parameters: DMC 16.0 t, 4 x 2 rear axle drive, “Tector” 7 250 KM
engine, 9-speed synchronized gearbox;

o delivery van — “VW Crafter”; parameters: DMC 3.5 t, 4 x 4 drive, 2.0,177 KM engine, 6-speed gearbox.
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Table 4. List of transport runs completed in 2020 within RBLog, divided into tonnage groups

73

1 1 m [ v vi [ v [ vin [ Ix X X1 [ xu
H|M|V[H M]V[a[M|v]H|M|v[H[M]|V[H|M]V]H M[V[H] M |[v][H]M][V][H]M]V][H]M]V][H]M
Warchouse I 0 0 12 340 0100 101 10001 0120200222302200 1
Warchouse2 0 0 14 042 0210 13053011 0220 1403203302104
Warchouse3 0 0 03 302 3023 11020111 0120102001201 1112
Warchouse 4 1 001 105 101001005003 0030 0300300300200
Warchouse 5 0 1 003 202 10020050 300 12050 034 03 1003 1400 4 0
Warchouse 6 0 6 2 0 17112 9 122 3 112 5 8 1 1 101 4 43 2 121 5 8 4 10141 7 130 2 10
Warchouse 7 0 2 51 740 2116 40 121 231 5303 417626525402 4
Warchouse 8 2 1 34 101 3020 142260200232 132103133451
Warchouse 9 3 0 1 1 324 0630250830103 1910451831208 1040 10
Warchouse 10 0 7 7 0 137 4 17170 159 0 108 1 10210 128 0 8 0 0 237 0 13100 24 100 139
Warchouse 11 0 0 00 200 000200 4001002001 0070000003000
TOTAL 6 [17]20]19 [s2[32]25 [363912 [31 [30]15 [28[36]22 [18]4s]t1 Be[sola1 [16 25 [20]51 [3519 [46[40[15 |64 a9]t3 23 a1
43 103 o7 73 79 88 77 62 106 105 128 |17

Table S. Structure of transport tasks executed at 2.RBLog, divided into tonnage groups

Number of cruise trips for each means of transport, t;

i Warehouse Distance, d; [km]  Group, k

High-tonnage Medium-tonnage Vans
1 Warehouse 1 93 7 8 19
2 Warehouse 2 51 25 0 29
3 Warehouse 3 156 12 15 11
4 Warehouse 4 73 31 2 0
5 Warehouse 5 208 21 58 0
6 Warehouse 6 202 17 71 115
7 Warehouse 7 192 9 48 45
8 Warehouse 8 296 33 18 18
9 Warehouse 9 219 35 14 72
10  Warehouse 10 255 5 165 113
11  Warehouse 11 32 19 3

The second option (Option 2) assumes calling and using the services of a transport company in the on-call mode,
i.e., every time such a need arises. In order to conduct calculations for this option, the authors obtained actual transport
rates applicable in domestic transport. The information was provided by the transport company “BBA Transport
System Sp. z 0.0. Sp. K.”. Estimated rates are shown in Table 6. Averaged values were adopted for the calculations.

Table 6. Transport rates applied in the industry. Source: generic data obtained from “BBA Transport System”

k  Type of transport Transport rate [PLN/km]
1 High-tonnage 3.3-45

2 Medium-tonnage 2.8-3.3

3 Vans 1.5-2

In the case of this option, it was necessary to indicatively estimate fixed costs that would primarily be the expenses
associated with fleet maintenance and hiring drivers. Due to the maximum monthly load criterion, it was agreed that
it would be necessary to purchase at least one car of the first, three of the second and two of the third type. Moreover,
it will be necessary to employ six drivers.

The representatives of “Iveco” and “Volkswagen” were contacted in order to obtain financial information with
respect to leasing the aforementioned cars. When purchasing “Iveco” vehicles, it was possible to sign a leasing
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agreement for a period of 72 months, and 60 months for “Volkswagen” vehicles. The representatives of the 10"
“Warsaw Motor Regiment” (10 WPSAM) and the RBLog provided information on the salaries of civilian drivers.
The calculation takes into account a third-party liability insurance offer from “Uniga”. Due to the absence of
manufacturer data (except for “VW Crafter” — 9.56 dm?/100km), fuel consumption was assumed identical as for
military equivalents. Fuel prices was obtained from PKN “Orlen” (wholesale price as at 17 December 2021). The data
is shown in Table 7.

Table 7. Numerical data for calculating leasing costs. Source: data obtained from Iveco, Volkswagen, I0WPSAM, RBLog and PKN Orlen

A fuel ti
Monthly lease payment Monthly driver’s rate verage luel consumption,

k Type of transport Unit dm3
yp P [PLN] [PLN] P i
100 km
“Iveco S-Way” 1 4559.6 4160 27.8
2 “Iveco Eurocargo” 3 3409.93 4160 27.7
“VW Crafter” 2 2 642.44 3840 9.56
Wholesale price of diesel fuel cyy [;—2] 4746.00

The total annual fixed costs for the presented fleet (human factor included) amounted to PLN 539 332.
3. Fixed and variable cost calculation for individual transport options

The source literature contains a number of cost classification criteria; however, not all are equally significant. In
the case in question, it is important to distinguish costs into two basic groups, i.e., fixed and variable. Fixed costs in
the analysed transport options generally occur only when purchasing own fleet. The components of these expenses
include leasing instalments, driver salaries and third-party liability insurance premiums. Whereas the amount of
variable costs varied depending on the selected option. Table 8 lists calculated fixed and variable cost values, as well
as expenditure on fuel consumption, as being the main variable cost source.

Table 8. Fixed and variable cost structure

Option

1 2 3
Type Own transport ~ Transport on request ~ Leasing
Fixed costs [PLN] none None 539332
Variable costs [PLN] 2079 539 195
Fuel consumption [dm3] 45222.67 - 42 740.61
Average fuel consumption [%] 21.43 - 20.25
Average variable cost due to fuel consumption [PLN]  331.43 - 195.42

Knowing cost nature and structure enables plotting a dependence of total costs on the transport performance (see
Fig. 2). In addition, the data above allows to determine the operation intensity level, at which two selected options
generate the same expenses, so-called points of indifference.

The point of indifference analysis (see Fig. 2) indicate that for an intensity level of approximately 286 deliveries,
it is unimportant from the cost perspective, which of the two options (own transport or leasing) is selected, since they
both generate the same expenses. Similarly, the same costs were obtained for the on-call and leasing transport for an
intensity level of approximately 1 568. From the long-term costs perspective, the most beneficial option beyond 1 568
deliveries is leasing.

Table 9 shows total cost calculations for 3 different demand levels. As indicated by the compiled data, option
selection depends on demand quantity, i.e., the best option for a small demand is on-call, while in the case of many
orders, considering leasing is worthwhile.



Jarostaw Ziotkowski, Volodymyr Hutsaylyuk, Daniel Lukasiak 75

45
.40 ——— Own transport
4
i 35 Transport on
S 30 request
o
=25
@8 20
8
%) 15
©
s 10 ————
F o5 M/,

0

0 500 1000 1500 2000

Number of deliveries

Fig. 2. Total cost dependence as a function of operating intensity for the transport options considered

Table 9. Total cost for various demand levels

300 cruise 1000 cruise 1600 cruise
Total cost A

(low demand) (average demand) (high demand)
Own transport 623 700 2079 000 3326 400
Transport on request
071+ x-539 71 161 700 539000 862 400
Leasing 597 832 734 332 851 332

539332zt +x- 195zt

Table 9 above is only an example of calculations involving selected costs for three hypothetical scenarios. The
selection methodology should be based on the probability of each of them, since, de facto, not much is evident from
the information that the best option above 1 568 deliveries is leasing, if such a scenario would be unlikely in reality.
In such a case, and based on historical (forecast) data, it would be required to determine several possible scenarios
and calculate their probability. The results in this respect are shown in Table 10.

Table 10. Selected demand scenarios and their probability

Number of deliveries per month  Number of deliveries per year Number of realization  Probability [%]

to 70 to 840 2 17
70-90 960 5 42
90-110 1200 4 33
over 110 over 1 320 1 8

Table 11 lists the financial results for all options, taking into account the four scenarios considered in question.

Table 11. Financial results for the three considered options and four scenarios

Financial result of the i-th scenario for the j-th option, C;; [PLN] ;’arlant

i Amount of demand [deliveries / Probability of occurrence of a given scenario, P; Option 1 Option2  Option 3
year] [%]

1 to840 17 1746360 452760 703 132

2 960 42 1995840 517 440 726 532

3 1200 33 2494800 646 800 773 332

4 1320 8 2744280 711480 796 732
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The expected costs for the considered options were calculated according to the formula (13), with the results
depicted in Figure 3.

2500000
2182950 B Own transport
- 2000000 B Transport on request
E-l M Leasing
$ 1500000
®
>
® 1000000
9 744082
g 565850
4" 500000
0

Fig. 3. Expected values for the considered transport options [PLN]

A decision tree for the discussed issue was developed based on the principles above (see Fig. 4).

The conducted analysis enabled demonstrating the rightness in the statement that option 2, which involves using a
transport company in the on-call mode is the most suitable for the analysed case, if the cost criterion is taken into
account. This does not mean that it is the best solution in general. But if the issue is approached from the economic
perspective, it would be the most rational choice. Please note that rather few transport companies would be even
willing to accept so many orders at such a small distance, hence, in practice, this type of transport organization would
be impossible to implement at all.

840 deliveries (0,17) 1746360 PLN
960 deliveries (0,42) 1995840 PLN

demand 1200 deliveries (0,33) 2494800 PLN

1320 deliveries (0,08) 2744280 PLN

WO+1=2182950 PLN

Own transport

840 deliveries (0,17) 452760 PLN

choice of
transport
option

960 deliveries (0,42) 517440 PLN
Transport
onrequest demand 1200 deliveries (0,33) 646800 PLN

1320 deliveries (0,08) 711480 PLN

WO>=565850 PLN

Leasing

840 deliveries (0,17) 703132 PLN
960 deliveries (0,42) 726532 PLN
demand 1200 deliveries (0,33) 773332 PLN

1320 deliveries (0,08) 796732 PLN

WO3=744082 PLN

Fig. 4. A decision tree for the choice of transport option
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In addition, the supply system of the Polish Armed Forces, in terms of purposefulness, does not function to generate

profit. Its main task is to maintain constant availability and task worthiness, which is why it is important for it to have
an own transport base. Despite the fact that the option associated with using own fleet is the least economically
justified, the Polish Armed Forces should maintain and use own fleet, due to the specificity of its functional objective.

4. Conclusions

Based on paper, it is possible to formulate the following conclusions:

. Military logistics networks have other objectives than commercial ones, i.e., operating within a civilian market,

characterized by the so-called business processes. Their activity is not profit-oriented. Instead, it focuses on
maintaining task worthiness.

. Transport costs are always a significant contributor to the total expenses incurred by an enterprise. Propellant and

lubricant consumption is an important component therein.

. A transport option selection methodology should take into account not only the cost structure but also the forecast

demand. Such an approach ensures making an optimal selection decision.

. Within the analysed case study, transport organization should be based on calling a transport company in each case,

while military transport executed using own means of transport turned out the least advantageous in terms of
economy. In the case of the on-call transport option, one transport run would cost an average of PLN 539/delivery,
while in the case of own transport, the cost would amount to PLN 2 079/delivery.

. The option associated with leasing would turn out the best only upon a large demand of at least 1 568 deliveries

per year; however, such a demand level in military distribution networks is unlikely, which is confirmed by the
analysed example. The best option below this demand level would be the on-call transport mode.

. The average cost per delivery varied depending on the analysed option. Own transport turned out unprofitable due

to the significant share of costs associated with fuel consumption — an average of PLN 331.43/delivery. Purchasing
vehicles within option 3 (leasing) was also uneconomical due to the high fixed cost of PLN 539 332 per annum.
The said variant would be a cost-effective solution only upon a large number of executed deliveries.

. An analysis of the expected value, which takes the probability of a given scenario into account indicated that, in

the considered situation, it would be best to go with the option involving calling a transport company in each case,
since the expected value was the lowest and amounted to PLN 565 850 (for comparison, the expected values for
the other two options, i.e., own transport and leasing were PLN 2 182 950 and PLN 744 082).

. However, formulating the above conclusions does not mean that the Polish Army should withdraw from

maintaining and using own fleet, since the functional objective of this network is not income-oriented.
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Abstract

In this article, the results of a study of the mechanical properties of samples produced using the Additive Manufacturing Fused
Filament Fabrication technique are presented. The material used to manufacture the test pieces is Acrylonitrile Butadiene Styrene
doped with Kevlar. Three variants of printing sample layouts were adopted for the respective fabrication parameters. Monotonic
tensile tests were performed and yield strength, tensile strength and total strain were determined. Micro-fractography of the fracture
of the samples was presented. The mechanism of the fracture process was determined. It was shown that the pores between the
bonding paths are also important. They weaken the material by reducing the surface area and additionally act as notches. This often
leads to stress concentrations and the formation of a fracture source. Digital image correlation studies were also carried out on the
tested variants. As a result of the tests, the most favourable arrangement of the specimens depending on the loading axis was
determined. The test results showed a significant difference between the variants of the specimen arrangement. The force value
differs by about 20 % between the variants, while the strain range differs by 280 %. These values indicate how important the correct
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1. Introduction

The current global economic situation has led to an intensification in the search for new manufacturing and
prototyping techniques [1—4]. One of the main developments is the attempt to join materials that are difficult to weld,
or not wieldable, by traditional methods [5—7]. A second further direction is rapid material prototyping techniques [8—
11]. One of the most popular incremental manufacturing technologies is Fused Filament Fabrication (FFF). The
principle of this technology is the direct use of 3D models to prepare the process. During this process, a plastic wire,
called filament, is plasticised in a heated nozzle. Once extruded from the nozzle, the plasticised material is transferred
to the build platform, where the final shape is created. After the final formation of each layer of material, the build
platform is lowered to allow the next layer to be formed. The process is repeated to achieve the final shape of the
component. One of the most popular incremental manufacturing technologies is Fused Filament Fabrication (FFF).
The principle of this technology is the direct use of 3D models to prepare the process. During this process, a plastic
wire, called filament, is plasticised in a heated nozzle. Once extruded from the nozzle, the plasticised material is
transferred to the build platform, where the final shape is created. After the final formation of each layer of material,
the build platform is lowered to allow the next layer to be formed. The process is repeated to achieve the final shape
of the component. The current very popular materials used in the FFF technique are ABS, PLA, PET-G [12-15]. ABS
is a scratch-resistant material, as it has high hardness and impact strength. It is safe for humans, non-toxic and resistant
to diluted acids, lies, grease and salts. It has very good thermal insulating properties and at the same time does not
deform itself when temperatures change. It does not absorb moisture from the air and is unfortunately not resistant to
UV radiation. ABS is most commonly used for the manufacture of housings for consumer electronics, electronic
devices, automotive components (such car parts as trusses, wheel arches, some body parts). It can also be found in
toys, and is used in the manufacture of pipes (resistant to various aggressive environments) and many everyday
products. Aramid fibres are a material with enhanced strength properties. It is used in many industries, automotive,
special constructions as well as in the defence industry. The current trend is to design layered performance materials
with enhanced ballistic resistance [16—18]. This trend also applies to incrementally manufactured materials, which are
increasingly being subjected to a range of toughness tests [19-22]. The ever-growing interest in the use of FFF
technology and layered materials [23—25] in research and industry was the motivation to analyse the impact of using
aramid fibres in an FFF-based material. The aim of this study is to analyse the effect of different orientations on the
tensile properties of ABS material reinforced with aramid fibres (10 % of the total volume).

2. Materials and methods

For the test, it was used the Acrylonitrile Butadiene Styrene material provided by the “Spectrum Filaments Ltd.
Company”. ABS Kevlar consists of 90 % ABS and 10 % aramid fibers. ABS Kevlar is a constructive composite
fabricated on the basis of ABS with aramid fibers. The addition of fibers used ensures less shrinkage and very good
adhesion to the working platforms. The addition of aramid fibers reduces the weight of the material. Excellent
dimensional stability allows for 3D printing of objects with exact dimensions, which is especially important in projects
consisting of many elements. ABS Kevlar, which makes the material more thermal-resistant and improved from a
mechanical properties point of view.

To reach desirable elements properties it had been designed the following process parameters:

hotend temperature — 280 °C;
heatbed temperature — 100 °C;
chamber temperature — 60 °C;
layer thickness — 0.2 mm;
infill — 100 %;

part cooling intensity: 40 %;
printing speed — 50 mm/s;
nozzle diameter — 0.4 mm.
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To obtain proper plastic samples, “Intamsys Funmat HT” 3D printer was used. Thanks to the heating building
chamber, high-temperature hotend, and heated plate up to 160 °C, proper manufacturing of samples without thermal-
stresses was possible. The samples were made in three variants presented in Figure 1.

Fig. 1. Orientation of XYZ samples relative to the platform

To evaluate the mechanical properties, dog-bone shaped parts were fabricated by the FFF additive technology
printer according to ASTM D638 “Standard Test Method for Tensile Properties of Plastics”. For each test, five same
samples were prepared to make sure the obtained values of designed joints mechanical properties reliable. The
geometry of designed sample is shown in Figure 2.

a) b)

38

180

Fig. 2. a) Geometry of plain flat specimen tested under tensile loading (dimensions in mm); b) Sample picture of the picture
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Tensile tests and low cycle fatigue tests have been performed at room temperature by adopting an “Instron” 8802
axial servo-hydraulic testing machine (“Instron”, Norwood, MA, USA), with a load capacity of 250 kN and equipped
with an “Instron” 8800 controller. The uniaxial extensometer “Instron” 2630-112 with a gauge length of 50 mm (axial
travel +50 %) has been adopted to measure the axial strain during tensile tests. The dynamic extensometer “Instron”
2620-602 with a gauge length of 25 mm (axial travel £5 %) was used for strain-controlled tests. DIC — non-contact,
optical method from “Dantec Dynamics” (Ulm, Germany).

3. Tensile test — results, and discussion
All tensile tests were performed under room temperature conditions using a universal testing machine “Instron” 8802

with a quasi-static loading condition (5 mm/min). The results of the monotonic stretching curves are shown in
Figure 3.
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Fig. 3 Monotonic stretching curves

The Y-orientation had the highest tensile strength above 30 MPa and an elongation of 7 %. The X-orientation
achieved a strength of 26 MPa and an elongation of 3.7 %. The weakest performance is characterized by the Z-
orientation at 24 MPa and an elongation of 2.35 %. The obtained material properties included tensile strength and
elongation at break of the samples are presented in Table 1.

Table 1. Mechanical properties of samples tested

Type of property V%lue fo.r X- V%lue fo.r Y- V%lue fo.r Z-
orientation orientation orientation

Ultimate tensile strength (MPa) 26.14 30.35 24.19

Yield Strength (MPa) 254 28.1 22.40

Strain at break (%) 3.7 7 2.35

4. Digital image correlation — results and discussion

Digital image correlation allowed to observe the mechanism of deformation and cracks formation during the
monotonic tensile test. The results showed that in the elastic tensile range of the specimen, all orientations maintained
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a uniform level of strain. Only at the time of the UTSW of the X-orientation, traces of excessive deformation are
visible, these are places of filament delamination that run at an angle of 45 degrees to the sample axis. The remaining
Y and Z variants at the UTS point of the sample delaminated to form horizontal bands (see Fig. 5).

X-orientation

Reference sample Yield strength UTS After test
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Fig. 5. DIC analysis of all samples
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The resulting fractures were subjected to microfractographic examination. The results of these tests allow to
determine the cracking mechanism. No specific sources of crack formation can be seen in the X- and Y-orientation.
The X-orientation is characterized by brittle and plastic fracture at the same time. The orientation is characterized by
a course of plastic fracture. Orientation With a typical brittle fracture course (see Fig. 6).

Sample orientation
Y

Fig. 6. Fracture images for X, Y, and Z-oriented samples made of the ABS_Kev material
In any of the fractures, the fiber fragment does not cause a crack. The process of cracking occurs in the place where
the print lines and their delamination are joined. The resulting pores in the 7 orientation will reduce the volume of the

material and do not cause additional grooving due to the high plasticity of the material.

5. Conclusions

Based on the results obtained, the following conclusion can be drawn:
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1. Parts made in the FFF technology made of ABS Kev material are characterized by UTS higher UTS strength than
other popular materials available for this type of AM technology.
2. Samples made in Y-orientations are characterized by high adhesion between the layers similar to the UTS of the
ABS material.
. Cracks on samples fabricated in the Z directions indicate brittle failure similar to conventionally made materials
4. The Y-oriented test is characterized by properties similar to those of cast materials.

W
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Abstract

The study researched the strength properties of glass hollow spheres reinforced Polyamide of additively manufactured elements
(AM). The research shows the influence of the production direction of polyamide-based (PA) composites on the fundamental
strength parameters. All samples were tested in the three principal directions during the FFF process. In order to broaden the scope
of the research, additional digital-image-correlation tests were performed. The results indicate a high dependence of the production
directionality on the strength properties.
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1. Introduction

Polyamide-based materials are characterized by relatively high-performance properties, such as strength, hardness,
stiffness, fatigue, and good frictional properties. Due to their properties, PA materials are increasingly used in Additive
Manufacturing (AM) [1-3]. The following methods can realize elements made of PA-based materials with the use of
AM: Fused Filament Fabrication (FFF) or Selective Laser Sintering (SLS) [4—7]. These two methods can produce
geometrically complex parts and non-standard elements characterized by relatively good operational properties. Their
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production is relatively cheap in the case of the small-lot output [§—-10]. Among the most commonly used classes of
PA material, which are used in FFF and SLS technologies, we can distinguish PA6, PA11 and PA12 [11-13]. In the
FFF technology, the material is applied in the form of extruded lines, while in the SLS technology; the PA elements
are in the form of sintered particles. The connection between the powder particles and the extruded lines is in the form
of adhesive joints [14, 15]; hence the semi-crystalline nature of PA polymers [16] is better exposed in parts obtained
employing the FFF technology.

Hygroscopicity is an essential property of PA materials that can affect the properties of the AM part. Polyamide
with lower moisture content becomes brittle, its impact strength worsens, and its tensile strength increases. On the
other hand, with growing humidity, the flexibility and impact strength increase, but at the same time, the tensile
strength decreases significantly. In practice, when the fibre absorbs water (which may constitute approximately 10 %
of its mass), it affects the adhesion of the detail to the carrier plate and the adhesion between the layers, ultimately
increasing the roughness of the contour surface of the AM part shells.

Additionally, such a phenomenon may favour nozzle clogging or the “bubble effect” caused by overheating the
filament volume’s moisture [17]. Another critical issue related to PA-based materials is their susceptibility to warping
and deformation and a worse possibility of obtaining suitable quality shapes than other available polymers dedicated
to AM. Characteristics AM technology based on layer-by-layer production [18, 19] causes asynchronous volumetric
contraction, with additional regularity of molecular chains, which in turn worsens the squeeze of the AM part [20].
With the latest trends in PA technology, the production of material for AM weakens the crystallization ability and
hinders the regular arrangement of particle shapes [21]. A noticeable trend in research on elements made of PA is the
search for opportunities to improve selected properties of materials [22, 23].

The authors [23] showed that adding 10 % carbon fibres to the PA12 matrix could show a noticeable increase in
flexural strength. The positive effect of using fibres as an additive to PA-based materials was demonstrated also by
Chacon et al. [22]. Three-point bending tests recorded an incredible impact of glass fibers in PA composite samples.
The available literature provides results for specific PA materials or PA-based composites [24-26].

There is also a kind of approach based on comparing different PA materials and AM technology. Interesting results
are found in the work of Tiirk et al. [27], where the authors characterized the mechanical properties of the obtained
samples (Young’s modulus, yield strength under tensile strength and modulus of elasticity and creep). In the
publications reviewed, there is little data on the effect of each additive on material properties that would assist in
properly describing the effect of an exact additive compared to a pure base material. Hence, the study investigated the
effect of the addition of glass microspheres in the PA-based material on the strength properties in tensile tests. To
broaden the scope of the tests, samples for each material were tested in three different printing directions.

2. Materials and methods

For the research, the PA6 GK 10 material was used which was provided by the “Spectrum Filaments Ltd. Company”.
The PA6 GK10 is a glass-microbead-doped (10 % of the total volume of the material) composite. This reinforcement
enhances temperature resistance and thermal insulation and lowers the influence of humidity on mechanical properties
[28].

To reach desirable elements properties it had been designed the following process parameters:

hotend temperature — 300 °C;
heatbed temperature — 120 °C;
chamber temperature — 60 °C;
layer thickness — 0.2 mm;
outline shell thickness —2 mm;
infill — 100 %;

part cooling intensity — 40 %;
printing speed — 50 mm/s;
nozzle diameter — 0.4 mm.
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The test samples were made using the “Intamsys Funmat HT” 3D printer, which made it possible to obtain the
appropriate printing conditions. Thanks to the heated print chamber, high-temperature head and a heated plate up to
160 °C, it was possible to prepare samples without thermal stresses properly. In addition to testing the effect of the
dopant on the PA6 material, the influence of the orientation of the samples on the tensile strength during the AM
process was also taken into account. Strength tests were performed for five samples in each direction: X, Y and Z (see
Fig. 1).

Based on the provisions of the ASTM D638 “Standard Method for Testing the Tensile Strength of Plastics”
standard, dog bone-shaped specimens were prepared to determine the mechanical properties. Three identical samples
were prepared for each test to ensure the reliability of the mechanical property results as well as the ability to measure
strain using the standard method and digital image correlation (DIC). The geometry of designed sample is shown in
Figure 1.
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Fig. 1. Illustrative presentation of the orientation of samples: (a) in relation to the axis of the system and dimensions of investigated tensile
specimens; (b) based on ASTM D638 (dimensions in mm)

Tensile tests were carried out at room temperature and a constant displacement rate of 4 mm x min™! using servo-
hydraulic testing machine “Instron” type 8802 (Instron, Norwood, MA, USA), with a load capacity of 250 kN and
equipped with an “Instron” 8800 controller. The uniaxial extensometer “Instron” 2630-112 with a gauge length of 50
mm (axial travel +50 %) has been adopted to measure the axial strain during tensile tests. At the same time, a digital
image correlation (DIC) (non-contact, optical method) was used to measure three-dimensional (3D) deformations from
“Dantec Dynamics” (Dantec, Ulm, Germany).

3. Tensile test — results, and discussion

Table 1 summarizes the tensile strength test results of PA6 GK10 for each manufacturing directions. The table
contains the results of Ultimate Tensile Strength (UTS), Yield Strength (YS) and Strain at break. The standard
deviation of the values of the obtained results has been entered in the table as numerical values enclosed in brackets.

Table 1. Mechanical properties of samples tested

Type of property Value for X- Value for Y- Value for Z-

orientation orientation orientation
Ultimate tensile strength (MPa) 80.1 (+4.36) 55.8 (+4.02) 18.1 (£3.18)
Yield strength (MPa) 72.0 (£1.98) - -

Strain at break (%) 3.1(x0.22) 48.3 (+£6.62) 2.1 (x£0.21)
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From the analysis of the tensile test results for PA6 GK10 samples (see Table 1), it can be concluded that the
direction of sample production dramatically influences the strength properties. The highest UTS values of about 80
MPa were obtained for the X-orientation and were over four times higher than for the samples with the Z-orientation.
As well as, intermediate values were obtained for the samples made by the Y-orientation. These differences are most
evident in the comparative graph (see Fig. 2) of selected samples from each orientation. The yield strength was
determined only for samples with the X-orientation, and it was impossible to determine the yield point in the case of
the Y- and Z-orientations.
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Fig. 2. Representative stress-strain curves for selected samples from each orientation

The strain at break also showed considerable discrepancies depending on the orientation of the samples (see Table
1 and Fig. 2). The highest values, up to 50 %, were obtained for the pieces with the Y-orientation, while the samples
with the X- and Z-orientations presented over ten times lower value in comparison to the greatest deformation. This
confirms the observations contained in the works on similar materials [29].

4. Digital image correlation — results, and discussion

The deformation behaviour of the PA GK10 samples during the tensile test was monitored by DIC. The deformation
maps obtained for the three manufacturing directions are shown in Figures 3—5 for the X, Y and Z directions,
respectively. Figures 3, 4, and 5 show the deformation maps for the four loading phases of the samples.

Initial stage — sample unloaded (“Reference”).

The second phase — sample load causing strain corresponding to the yield strength (0.2 % strain).

Phase three — sample loading corresponding to the ultimate tensile strength (“UTS”).

Final step — sample destroyed (“After”).

Such a compilation of deformation maps enables qualitative analysis of samples produced in different directions.
The results clearly showed that the strain was almost homogeneously distributed in the specimens, mainly due to the
even distribution of glass hollow spheres reinforcements in the material tested. Only for the Z direction, the layered
direction of the maximum deformations on the sample surface was clearly observed (see Fig. 5), resulting from the
method of manufacturing the element.
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Fig. 3. Representative DIC results for specimens made in the X direction
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Fig. 4. Representative DIC results for specimens made in the Y direction

In the initial loading period (0.2 % strain), all samples showed a similar strain level on the entire surfaces of the
analysed measuring area. The most significant deformations were observed for the GK10_ Y3 sample, which is
consistent with the results shown in the curve in Figure 2. For samples made under the X and Z directions, a similar
level of maximum deformations was observed.
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Fig. 5. Representative DIC results for specimens made in the Z direction
Still, it is worth noting that the maximum strain was obtained at diametrically different load levels.
Conclusions

Based on the research carried out and the analysis of the obtained results, the following conclusions can be drawn:

. Elements produced in the FFF technology made of PA GK10 material are characterized by high sensitivity to the

direction of their production.

. The highest strength properties are shown in elements made in the X-orientation and the most significant

deformations in the Y direction.

. Measurements made by the DIC method showed that the most remarkable differences in the deformation course

occurred in the case of the samples made in the Z direction.
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