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Abstract

The article focuses on the mechanical properties of mould parts created using 3D printing technology, for use in the production of castings
by High-Pressure Die Casting (HPDC). The mould shapes produced by 3D printing technology bring innovative approaches to optimising
production processes. H13 tool steel is widely used for its excellent mechanical properties and resistance to thermal stress. The study focuses
on the comparison of the mechanical properties of mould parts produced by traditional methods and 3D printing, with emphasis on their
strength, hardness and wear resistance under repeated working cycles. The experimental part includes roughness measurements and tests of
mechanical properties, which provide important data on the ability of these components to withstand high mechanical loads and temperature
fluctuations during the HPDC process. The results of the study show the advantages and limitations of 3D printing compared to traditional
manufacturing processes and give insight into the use of additive technologies in industrial manufacturing. Specifically, the study identified
clear quantitative differences in mechanical properties: the 3D printed mould parts had comparable ultimate tensile strength and yield strength
to conventionally manufactured parts, but significantly lower ductility (below 1% compared to about 20% in traditional parts) due to higher
porosity (0.25-0.30% compared to 0.03-0.04%). Additive mould parts exhibited higher hardness (approximately 510 HV) compared to
conventional parts (approximately 450 HV). Surface roughness of the 3D printed parts was more variable, highlighting the need for
optimising printing parameters. Thus, additive technology offers benefits in stable hardness and comparable strength, albeit at the expense
of reduced ductility and increased variability in surface quality. The research also includes an analysis of the effect of repetitive loading on
the mechanical properties of the mould parts made of H13, which provides valuable information for improving their durability and reliability
in practice. This research contributes to the development of 3D printing technologies in the field of HPDC and offers new opportunities for
improving the efficiency and quality of manufacturing processes in industrial applications.
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1. Introduction

Selective Laser Melting (SLM) is an advanced state-of-the-art
technology for manufacturing components with minimal porosity,
leading to improved mechanical properties and strength of a
material under static and dynamic loading. Porosity decreases with
increasing energy density (VED), while the hardness of the AISI
H13 material increases. Energy density must be set correctly in
order to achieve satisfactory mechanical properties [1]. SLM
technology produces H13 steel components with a tensile strength
of about 1900 MPa, yield strength of 1500 MPa, ductility of 6-10%
and hardness of 540-570 HV. These properties are due to the fine
microstructure created during the SLM process. SLM at a printing
speed of 200 mm/s leads to optimum mechanical properties,
including the highest hardness values when compared to lower or
higher printing speeds [2]. Porosity in additively manufactured
components adversely affects their mechanical properties,
especially the material's fatigue resistance. The optimisation of 3D
printing and post-processing parameters are crucial for the
production of high quality parts [3]. H13 steel produced using SLM
technology has a tensile strength of 513 MPa, whereas the
conventionally manufactured H13 material reaches 659 MPa. No
heat treatment was applied to any of the samples. Furthermore,
additive H13 has a significantly lower ductility of less than 1%
compared to the conventional material, which has a ductility of
21%, leading to brittle fracture. The hardness of the additively
manufactured material averages around 450 HV, while the
conventional samples show an average of 218 HV. This difference
may be due to different heat treatment processes, such as annealing
[4]. The H13 steel produced by the SLM technology achieves a
tensile strength of 1837 MPa and a ductility of 8.5% due to the
hierarchical microstructure containing martensite as the base
matrix. Residual austenite (6-9%) and 500 nm cell structures
contribute to grain hardening and increased resistance to
deformation [5]. The samples are manufactured at a printing speed
of 800 mm/s and a laser power of 200 W. The higher proportion of
residual austenite in these samples can lead deformation-induced
martensitic transformation. This phenomenon contributes to the
material's ability to harden during deformation, thus improving its
mechanical properties [6]. In the porosity analysis for H13 steel, a
lower porosity with a value of 0.4% was observed in the middle of
the samples. This porosity was found in samples produced at 800
mm/s with a laser power of 230 W. The defects discovered may
further accelerate crack propagation [7]. Porosity is a key aspect
affecting the mechanical properties of components produced by
additive manufacturing [8]. Pores can form during the melting and
solidification process of the powder, and their occurrence has a
direct effect on the strength, hardness and durability of the
components [9]. Targeted control of the microstructure around the
pores during printing with SLM technology can partially
compensate for the negative effect of porosity on mechanical
properties. This can be achieved, for instance, by creating harder
phases using rapid cooling [10]. Another important factor is surface
roughness, also closely related to the SLM manufacturing
technology. In additive manufacturing, uneven material melting
and cooling occurs, potentially producing a rougher surface, about
6 to 12 pum, than traditional machining methods (e.g. CNC
machining) where roughness values are <1 pm depending on the
technology. Surface roughness plays a key role in evaluating wear,

fatigue resistance and surface quality [11]. In combination with the
presence of pores, further deterioration of the mechanical
properties may occur, requiring detailed analysis and optimisation
of process parameters [12]. Important process parameters include
printing speed, laser power and construction orientation. These
parameters have a direct impact on the resulting porosity and
surface roughness. The right combination of printing speed, laser
power and construction orientation minimises porosity and
produces a smoother surface. For example, a lower printing speed
with optimal laser power and vertical the part construction
orientation generally delivers higher quality [13]. Effective control
of printing speed, laser power and construction orientation in the
SLM technology allows porosity to be reduced to below 0.5%,
achieving surface roughness below 10 pm and improving the
mechanical properties of H13 tool steel, which significantly
increases its usability in industrial applications, such as for the
production of moulds and tools with high wear resistance [14].

State-of-the-art a 3D metal printing technologies are starting to
be used in the production of mould components as part of the trend
towards modernisation and increasing competition in this field,
giving rise to new knowledge and possibilities of high-pressure die
casting that cannot be achieved by traditional production
technologies. This includes, for instance, the ability to create
complex structures and conformal cooling channels. This paper
describes methods used to analyse components after operational
testing in the die-casting plant of MOTOR JIKOV Slévarna a.s.
The aim of applying additively manufactured mould parts was to
replace conventionally manufactured components with additively
manufactured components. Additive technology offers several
advantages, such as the possibility of lightweight components to
save material. Within this paper, additively and conventionally
manufactured components are analysed and compared, with a focus
on their mechanical properties. The analyses use evaluation
methods such as microtensile testing, microhardness, surface
roughness,  microstructure  determination, and  porosity
measurements.

2. Solution methods

The components were produced in cooperation with MOTOR
JIKOV Fostron a.s (MJF) and three universities - University of
West Bohemia (UWB), Technical University in Liberec (TUL) and
University of Technology and Economics in Ceské Budgjovice
(UTE). MJF designed and produced the components in cooperation
with TUL using additive SLM technology. The material analyses,
which are the focus of this paper, were performed at UWB. The
methods for testing the selected components are described in the
following sections.

2.1. Testing methods

The components were tested under operational conditions at
the MOTOR JIKOV Slévarna a.s. die casting plant. The testing
involved their deployment in a mould for die casting of aluminium
alloys, where the expected lifetime was 120,000 casting cycles. The
testing was performed on Colosio PFO1000 die-casting machines

ARCHIVES of FOUNDRY ENGINEERING Volume 25, Issue 4/2025, 54-62 55



with a maximum locking force of 9810 kN and a maximum
injection force of 738 kN.

The designations of the alloys, their chemical compositions, and
recommended casting temperatures are as follows:

e AL 226 (AISi9Cu3): approximately 680-720 °C

Table 1.
Chemical composition AlSi9Cu3
AL 22

Prvek % AlSIoCu3
Al zbytek
Si 8,0-11,0
Fe 1,3 max
Cu 2,0-4,0
Zn 1,2 max
Mg 0,05-0,55
Pb 0,35 max
Mn 0,55 max
Sn 0,25 max
Ni 0,55 max
Ti 0,25 max
Cd X
Cr 0,15 max
Li 0,003 max
Be 0,02 max
Bi 0,05 max

After the operational testing of the components, the following
analyses were performed:

- Porosity measurements

- Microtraction test

- Microhardness

- Surface roughness

- Microstructure determination

Porosity was measured using an Olympus LEXT OLS5000
laser confocal scanning microscope, which allows the detection of
pores in the internal material structure. The size and shape of the
pores can be quantified in the images obtained.

The tensile properties were determined by tensile testing on
small samples performed on an MTS test machine. The strain rate
was kept very low to avoid dynamic effects that could affect the
results. The test speeds were controlled by the Al method
according to EN 6892-1. The testing was carried out under
controlled environmental conditions at a constant temperature to
minimise the effects of environmental factors on the material's
mechanical properties. In this manner, yield strength, ultimate
strength, ductility and elastic modulus were measured.

Vickers microhardness was measured on the UHL-VMHt-
002V device. Due to the small impression size and the possibility
of measuring diagonals under the microscope, this method is very

accurate and enables the relevant values to be determined for
comparing additive and conventional components.

Surface roughness was measured on the working part of the
machine using an OLX 3000 confocal light microscope. This
method enables an accurate assessment of material surface
properties. The confocal microscope uses the optical sequence
principle, where individual surface points are focused at different
depths, making it possible to obtain a detailed three-dimensional
image of the surface. This image can be subsequently used to
determine surface roughness and other topographical parameters.

Microstructure determination was performed on selected
areas of the conventional and additive components. An Olympus
BX 61 light microscope was used for this analysis.

2.2 The analysed components and samples

Figure la shows the entire component from which the test
specimens were prepared for mechanical property testing. The test
specimens were prepared from conventional and additive
components. Attention was paid to the component's working part,
a hexagon coming into contact with the liquid metal, as shown in
Figure 1.

Iq’lTﬂTITIWIW\‘lmV\\“\XT
N 3 4 o
a) the whole component b) working part detail
Fig. 1. Example of an aluminium die-casting mould component

In the case of both conventional and additive technology, the
analysed components were manufactured from AISI H13 material
(W.ar 1.2344). This steel is widely used in hot work tooling
applications. It is characterised by good wear resistance at high and
low temperatures, good strength at high temperatures, resistance to
thermal fatigue, high ductility and toughness. The chemical
compositions from the material sheets [15] and [16] for the
conventional and powdered AISI H13 steel used to produce the test
components are listed in tables 1 and 2.

Table 2.
Chemical composition of the additive H13 tool steel powder
provided by the manufacturer [15]
Cr Mo Si \ Mn C
Min 4.75 1.10 0.80 0.80 0.20 0.32
Max 5.50 1.75 1.20 1.20 0.60 0.45
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Table 3.
Chemical composition of the conventional H13 tool steel
provided by the manufacturer [16]
Cr Mo Si \4 Mn C
Min 4.70 1.30 0.80 0.80 0.20 0.30
Max 5.50 1.70 1.20 1.20 0.50 0.45

Four components were selected for the testing of the
mechanical properties, as shown in Table 5.

Table 6.
Description of the components selected for the testing of
mechanical properties

Samples Manufacturing Pre-test status

Table 4. method
Mechanical properties of H13 tool steel [15], [16] C-1 Conventional 127 840 cycles
Tensile Yield strength Elongation C-2 Conventional 127 840 cycles
Materials  strength— YTS -YS 5 3D-1 SLM 127 840 cycles
(MPa) (MPa) (o) 3D-2 SLM 127 840 cycles

H13 1770 1450 7.4
H13 powder 1720 1528 4 The primary purpose of the testing was to compare the

The production of the components was carried out in several
steps at MJF. The aim was to achieve the required mechanical
properties and dimensional accuracy. These steps involved:

- SLM additive machining technology
- heat treatment

—  machining to final dimensions

—  coating.

The selective laser melting (SLM) method was used to produce
the additive components, during which the laser gradually melts
and bonds the layers of coated powder. The basic parameters of 3D
printing are shown in Table 4.

Table 5.

Parameters of 3D print
Layer height 40 um
Laser power 350 W
Scanning speed 1216 mm/s
Laser path spacing 0,12 Mm

Additive manufacturing using the SLM technology results in
rapid heating and subsequent rapid cooling of the material, which
can lead to internal stresses. To minimise internal stresses, improve
the microstructure and achieve the required hardness (46 +2 HRC)
and high-temperature resistance, heat treatment was performed
after 3D printing.

Heat treatment was carried out on both conventional and
additive components using the same procedure, involving
homogenisation annealing at 1080 °C for 60 minutes, preheating 1
at 650 °C for 15 minutes and preheating 2 at 850 °C for 15 minutes.
The austenisation temperature was 1030 °C for 30 minutes with a
cooling rate of 28 °C per minute. Further, tempering was carried
out at three temperatures: temperature 1 was 570 °C for 3 hours,
temperature 2 was 590 °C for 3 hours and temperature 3 was 555
°C for 3 hours. The resulting hardness after heat treatment
representing homogenising annealing, quenching and tempering
was 46-47 HRC, which is 460-470 HV.

The components were machined to the final dimensions using
conventional technologies - turning and milling. In the last stage of
the production process, the components were coated. A
nanocomposite PVD coating ALWIN® (CrAlSiN), resistant to
material sticking to the tool, was applied to the surface. This
coating has a high heat resistance of over 1000 °C, making it ideal
for use on tools in high-pressure die casting of aluminium alloys.

properties of conventionally and additively manufactured
components. For this purpose, we selected two conventionally
manufactured components with the designations C-1 and C-2, and
two components produced by additive manufacturing with the
designations 3D-1 and 3D-2, as seen in Figure 2. The components
were subjected to operational testing and were deployed in a die-
casting mould. The components were deployed in the mould for
127 840 casting cycles, representing the service life limit of these
components. The testing was carried out at the pressure foundry of
MOTOR JIKOV Slévarna a.s.

a) Sample C-1 b) Sample C-2 c)Sample 3D-1  d) Sample 3D-2

Fig. 2. Components for test sample production — conventional
(a, b) and additive (¢, d) manufacturing

As mentioned above, each component was subjected to tensile
testing, hardness and roughness measurements, as well as
microstructure and porosity determination.

Roughness was analysed at six points on the hexagon of the
component, which is the working part that comes into contact with
the metal and is subject to the most extensive wear. The
measurement points can be seen in Figure 3.

Surface roughness measurement sites

g

28101

P el e

Fig. 3. Roughness measurement points
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After completion of the roughness, porosity and hardness
measurements, the cut components were used to produce samples
for micro-tensile testing, see Figure 4. Four specimens were made
from each of the components and subjected to tensile testing. The
sample shown in Fig. 4 has a thickness of 1.2 mm.

Fig. 4. Diagram of the tensile testing sample (mm)

3. Results and discussion

3.1. Porosity

The porosity measurement also included an assessment of the
micro-purity of conventionally and additively manufactured
components, due to the likely effect on the material's mechanical
properties. Figure 5 shows an example of porosity distribution in a
conventional and additive component.

C-1

C-2

3D-1

3D-2

Fig. 5. Example of porosity distribution in a conventional and 3D
printed component

Table 6 shows the inclusions values of all the evaluated
components. As expected, higher inclusions volumes of 0.25 and
0.30 % were found for the additively manufactured components.
Despite this, the inclusions volume in the additively manufactured
components was low. The higher inclusions volume was most likely
due to the printing parameters. Further testing will be used to
optimise the printing parameters to reduce the porosity volume,
which will then approach the values of conventionally manufactured
components. For conventionally manufactured components,
inclusions amounted to 0.03 and 0.04%.

Table 7.
Porosity of the conventional and 3D-printed H13 samples
Conventional Inclusions 3D-printed Porosity
samples (%) samples (%)
C-1 0.04 3D-1 0.30
C-2 0.03 3D-2 0.25

3.2 Tensile test

A tensile test was carried out on the components designated C-1,
C-2, 3D-1 and 3D-2. Figure 6 shows the ultimate tensile strength
results for the conventional and 3D-printed H13 steel components.
The ultimate strength values measured on the worn C-1 and C-2
conventional components were in very good agreement. The
measured quantities reached identical mean values with a low
standard deviation. This shows that this material exhibited consistent
mechanical properties even after operational testing. Component 3D-
1 differed by 3.4% compared to the conventional components.
Furthermore, the strength limit of component 3D-2 is 15.2% lower
than that of theconventional components. The results show that
conventional H13 steel retains consistent mechanical properties even
after wear. Component 3D-1 has a comparable strength to the
conventional material (3.4% variation), while component 3D-2
shows a significantly lower strength (15.2%), indicating the
variability of properties in 3D printing. This was most likely
influenced by temperature changes or post-treatment.

1600
1550
1500
1450

= 1400

% 1350

£ 1300

=]

1250
1200
1150

Conventional manufacturing

1480

Additive manufacturing

1480

1100 - T
C-1

C-2

3D-1

3D-2

Fig. 6. Comparison of strength limits of the conventional and
additive components

The determination of the yield strength is presented in Figure 7.
The values measured on worn components C-1 and C-2 of the
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conventional material were in very good agreement. Components C-
1, C-2 and 3D-1 show very good values. The values measured on
component 3D-1 were 3% higher than those measured on the
conventionally manufactured components. Furthermore, the yield
strength of component 3D-2 was 4.2% lower than for the
conventional components. The conventional material shows a stable
yield strength even after wear. Component 3D-1 has a slightly higher
yield strength of 3 %, indicating good mechanical properties. On the
other hand, the yield strength of component 3D-2 is lower by 4.2%,
confirming the variability of properties in 3D printing. This is
unlikely to have been influenced by temperature changes or
subsequent modifications.

1500
1450 |
1400 -
1350 -
. 1300 1307
g 1300 -
< 1250 A
wn
4 1200 -
1150 -
1100 -|
1050 |

1000 -

Conventional manufacturing | Additive manufacturing

._.
U
G
.

—
(]
L7
[=]

C-1 C-2 3D-1 3D-2
Fig. 7. Comparison of yield strength of conventional and additive
components

Figure 8 compares the ductility results of conventional and 3D-
printed components. For the conventional components, ductility
values of over 20% were measured. The worn 3D-printed
components 3D-1 and 3D-2 had ductility values below 1%. Lower
ductility is a well-known phenomenon in additive steels, caused by
higher porosity, which was also evident in components 3D-1 and
3D-2.

25 Conventional manufacturing Additive manufacturing
20.64 20.71
20 1
g
: 15 ~
2
=
£10 -
=
=
5 -
0.73 0.51
0 . . K \ | . C wl
C-1 C-2 3D-1 3D-2
Fig. 8. Comparison of the ductility of conventional and additive
components

3.3. Microhardness test

All components’ microhardness was measured in 1cm sections.
The measurements were taken at points marked 1-9 as seen in Figure
9.

Fig. 9. Hardness measurement points

Figure 10 shows the hardness values of components C-1 and C-
2. There is a sharp increase in hardness at points 1 and 2, reaching a
peak of 540 HV. Thereafter, the hardness decreases rapidly,
stabilising from indentation 3 onwards at approximately 460 HV
with minor fluctuations. Overall, the component's hardness stabilises
after the fluctuation at indentation 2. The hardness value initially rises
sharply to 550 HV. At indentation 3, the value stabilises around 450
HV with slight fluctuations. Components C-1 and C-2 show a
significant hardness fluctuation at point 2, indicating that non-
standard processing has occurred during the technological
processing, namely machining. An increase in hardness values at
point 2 can be observed for both components. At the other points, a
decrease and subsequent stabilisation of the values at a lower level
(C-1460 HV, C-2 450 HV) can be observed.

Figure 10 shows the trend of hardness values of components 3D-
1 and 3D-2. The values of sample 3D-1 initially decrease from 517
HV to 510 HV. Such a small variation can be neglected, and the
hardness may be considered constant. The values of sample 3D-2 are
in the range of 502-518 HV.

600
A
500 / \
T 450 | Q. om0 o o
=)
=
& 400
350
53D —<3D-2 c1 c-2
200 4 S0l e
250 ‘ . . ‘ . ‘ . .
1 2 3 4 5 6 7 8 9

Measurement position (-)

Fig. 10. Comparison of hardness measurements— 3D-1, 3D-2,
C-1,C-2

3.4. Surface roughness measurement

The next measurement involves determining the surface
roughness of the components. The average surface roughness
values are shown in Figure 11.

As can be seen, for the conventional components C-1 and C-2,
the measured roughness values were fairly consistent with a low
variance of the individual measurement values. The roughness was
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measured as 1.1 pm. Different values were found for the additively
printed components 3D-1 and 3D-2. A value of 1.2 pum was
measured for component 3D-1 and 1.8 um for component 3D-2.
The mean roughness value of the 3D-1 component was at the level
of the conventional C-1 and C-2 components, although the higher
standard deviation value suggests that roughness varied more on
the individual hexagon walls (at the measurement positions).
Similarly, the additive component 3D-2 was found to have a
roughness approximately 0.6 - 0.7 pum higher than the other
components, which may be attributed to the higher wear under the
foundry operating conditions. Surface roughness measurements
were conducted on the surfaces of components that had been coated
with a PVD coating.

2,5 Conventional manufacturing Additive manufacturing
2,0 A 18
g
=1,5 A
E 11 1.1 1.2
)
. 1,0 -
=4
0,5 -
l],l] ‘ T T
C-1 C-2 3D-1 3D-2

Fig. 11. Roughness of the component's working part

3.5. Light microscopy of conventional and
additive components

Light microscopy was performed in three defined areas of the
conventional and additive components, as seen in Figure 12, with
attention focused on the working part of the components, marked
‘crown’ in the illustration.

In Figure 13, microstructures can be observed at the edge of the
crown of the conventional components. This type of structure shows
that the components have undergone heat treatment and have been
subjected to thermal stresses in the operating conditions at the

foundry.

component C-1 a) component C-2
Fig. 13. crown— edge, conventional, LM

In Figure 14, microstructures can be observed at the edge of the
crown of the additive components. Using light microscopy, layers on
the surface can be seen that have been formed by coating with the
ALWIN® (CrAlSiN) nanocomposite PVD coating, which provides
the tool with resistance to material sticking. These layers are not
uniform and range in size from 80 to 200 pm.

Va) éémponent 3D-1 b)

component 3D-2
Fig. 14. crown— edge, 3D print, LM

Figure 15 shows the microstructures in the centre of the crown of
the conventional part. This type of structure indicates that the
material was subjected to heat treatment, leading to grain refinement
and improvement in mechanical properties such as strength, hardness
and resistance to thermal effects.

50 pm

a) component C-1 b) corhonent Cc-2
Fig. 15. crown— edge, conventional, LM

Figure 16 shows the microstructures in the crown centre of the
additive components. None of the images of the microstructures
preserves the characteristics of additive manufacturing. Thus,
without careful description of the components throughout the
processes, we cannot tell from the microstructures whether the
component is conventional or additive. Traces of additive
manufacturing were removed by the heat treatment, during which the
material was homogenised.
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a) component 3D-1 b) component 3D-2
Fig. 16. crown — edge, 3D print, LM

4. Conclusions

Our research involved measuring and evaluating the mechanical
properties of H13 tool steel components produced by additive and
conventional technologies.
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Porosity had a major effect on the ductility of the printed
components, with a higher porosity leading to a significant
reduction in material ductility. The additively manufactured
components generally had higher porosity than the
conventional components. Values of 0.25% and 0.30% were
measured for the additive components, and 0.03% and 0.04%
for the conventional components.

Tensile tests showed that the yield strength and ultimate tensile
strength of the additively manufactured components were
comparable to the conventional components despite the larger
variance.

The printed components were found to have a similar yield
strength to the conventional material, despite the higher
porosity. However, the ductility of the additive components is
very low. The measured ductility was 20.6% and 20.7% for the
conventional components, while the additive components
showed values of 0.5% and 0.7%.

Material hardness was more stable in the additively
manufactured components than in the conventional
components. In the conventional components, hardness
stabilised after a fluctuation at point 2, indicating the material's
relative homogeneity following heat treatment. The hardness
values in the conventional components were around 450 HV,
while the hardness values in the additive components were
around 510 HV. Thus, at the end of the service life of the
components, hardness was found to have been affected in the
casting machine. The component's hardness after heat
treatment was 460-470 HV. The results show that the hardness
of the conventional components was 10 HV lower at the end
of their service life. On the other hand, the hardness of the
additive components was 40 HV higher than the hardness after
heat treatment.

The surface roughness of additively manufactured components
showed more variability than conventional components,
indicating the importance of adjusting the printing parameters.
The average surface roughness was 1.104 and 1.135 pm for the
conventional components but 1.186 and 1.775 um for the
additive components.

Detailed light microscopy showed that the characteristics of
additive manufacturing have not been preserved, having been

Additively  manufactured
mechanical

removed by heat treatment resulting in homogenisation. It is
impossible to tell from the images of the microstructures
whether the component is conventional or additive. The clear
visibility of the surface coating, still present at the end of the
specified service life, is interesting to note.

components  exhibited inferior

properties and higher porosity compared to

conventionally produced parts. Nevertheless, these differences had
no negative impact on the specified service life of 120,000 cycles
— all tested components reached this threshold without any damage.
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