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Abstract

CuCrZr alloy is a widely preferred material in the space, defense,
and electronics industries with its high thermal and electrical
conductivity properties. There are limited publications
investigating the tribological properties of CuCrZr alloys
produced via the selective laser melting (SLM) method. In this
study, it was aimed to optimize the process parameters and
examine the effect of process parameters on density, hardness,
microstructure, and tribological properties of domestically
produced CuCrZr powder to be produced by the SLM method,
which allows the production of complex structured parts. The
optimum process parameters of the CuCrZr alloy were
determined as laser power of 435 W, scanning speed of 350
mm/s, layer thickness of 0.02 mm, laser diameter of 0.1 mm,
hatch distance of 0.1 mm, and energy density of 621.42 J/mm3.
The relative density, hardness, COF, and wear values of the
samples produced with the optimized SLM process parameters
were obtained as 99.22% and 96 HV, 0.5520 +0.1648, and 1.17x
104 (mm3/Nm), respectively.

Anahtar Kelimeler: CuCrZr; Segici lazer ergitme; Eklemeli imalat;
Tribolojik davranis.
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Oz

CuCrZr alasimi, yiiksek termal ve elektrik iletkenlik 6zellikleri ile
uzay, savunma ve elektronik endustrilerinde yaygin olarak tercih
edilen bir malzemedir. SLM yontemiyle Uretilmis olan CuCrZr
alasiminin tribolojik 6zelliklerinin incelenmesi Gzerine kisith
yayinlar mevcuttur. Bu galismada, yerli olarak dretilmis olan
CuCrZr tozundan, karmasik yapil pargalarin Gretimlerine olanak
saglayan segici lazer ergitme (SLM) yontemiyle Uretilmek lzere
proses parametrelerinin optimize edilmesi ve proses
parametrelerinin yogunluk, sertlik, mikroyapi ve tribolojik
ozellikleri Uzerine etkisinin incelenmesi hedeflenmistir. CuCrZr
alasiminin optimum proses parametreleri lazer glici 435 W,
tarama hizi 350 mm/s, katman kalinligi 0.02 mm, lazer gapi 0.1
mm, tarama araligi 0.1 mm ve enerji yogunlugu 621.42 J/mm3
olarak  belirlenmistir.  Optimize edilen SLM  proses
parametreleriyle Uretilen numunelerin relatif yogunluk, sertlik,
COF degeri ve asinma degerleri sirasiyla % 99.22 ve 96 HV,
0.5520 +0.1648 ve 1.17x 10 (mm3/Nm) olarak elde edilmistir.

Keywords: CuCrZr; Selective laser melting; Additive manufacturing;
Tribological behaviors.

1. Introduction

Laser-based powder-bed fusion is a class of additive
manufacturing processes that includes selective laser
melting (SLM). This method builds up metal particles
layer by layer to make a three-dimensional material by
selectively melting and joining them with a powerful laser
(Gokuldoss et al. 2017). The procedure is initiated by
spreading a slender layer of metal powder across a
construction platform. Following a pattern, a laser then
sweeps over the powder bed, selectively fusing the
particles by melting them. This action redifies the powder
into a singular layer, contributing to the production of the
designed three-dimensional part. The application of SLM
technology is diverse and includes various fields, such as
aerospace, automotive, medical, and tooling industries.
SLM is a desirable manufacturing process for components

such as orthopedic implants, heat exchangers, turbine
blades,
components, lightweight parts, and conformal cooling

circuit breakers, combustion chamber
inserts because of its flexibility in design and capacity to
create complex geometries (Tang et al. 2022, Yap et
al. 2015, Zezhou et al. 2023, Salvan et al. 2021). One of
the important advantages of SLM is its capability to
produce parts from various materials, including high-
performance alloys like titanium and nickel-based
superalloys (Frazier 2014), and copper alloys. Especially
the CuCrZr alloy is a precipitation-hardening alloy and has
become important in many industries due to its high
thermal and electrical conductivity combined with strong
mechanical properties (Wang et al. 2022). Sun et al.
(2020)

parameters of CuCrZr alloy and their effects on relative

investigated the determination of process
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density. They reported that the effect of laser power on
relative density is greater than the effect of scanning
speed, and at the same laser power, scanning speed is
more effective than scanning distance. Also, Ozkan et al.
(2024) used the taguchi and (ANOVA) analysis of variance
statistical method to determine the process parameters
of pure copper. In their study, it was reported that the
most effective parameters for relative density were layer
and hatch distance,

thickness, laser point size,

respectively. There is a little study on process
optimization via applying remelting strategies. The
process time is extended with the remelting application,
but this can be ignored due to the improvements
achieved in mechanical properties. Xu et al. (2024)
applied the remelting process and investigated
microstructure, mechanical properties, and conductivity
performance. And good conductive CuCrZr alloy with a
greater relative density and more consistent hardness
was produced by the remelting method in comparison to
the non-remelting specimens. Yaolong et al. (2024) found
a link between porosity and laser power and encountered
porosity problems at various rates. With the laser power
operated at 480W, they obtained spherical pores in the
range of 10-30 microns, and when the laser power was
reduced to 375W, they observed that the pore size
decreased, the amount of voids increased, and most of

the pores were close to spherical.

Studies have shown that careful optimization of these
parameters can lead to CuCrZr parts with mechanical
properties comparable to or even surpass traditional
fabricated parts. Prashanth et al. (2014), Xu et al. (2024),
Prabu et al. (2024), Murugesan et al. (2024) investigated
the tribological properties of partially molten particles
with columnar, cellular, and equiaxed structures and
defect-free surfaces of CuCrZr parts produced by the SLM
method. The equiaxed structure showed higher wear
resistance, and it was reported that the columnar grain
structure had less wear resistance due to its fine
structure. Fang et al. (2024) studied on process
optimization of CuCrZr and investigated microstructure,
mechanical properties and precipitates of CuCrZr alloys.
They stated that fewer defects were obtained when 163
J/mm? laser energy density was applied. Zhangping et al.
(2022) studied the effects of volumetric energy density
(VED) among scanning parameters on relative density,
microstructure, mechanical properties, and
crystallographic texture. They found that excessively low
VED leads to a lack of fusion and unmelted powder, while
excessively high VED leads to keyhole defect formation.
In their research with pure copper, Yan et al. (2020)
researched how linear energy density (laser power/laser

scanning rate) affected the relative density and
mechanical properties. They observed that when the
linear energy density was lower (0.35 J/mm), unmelted
powders and irregular pores were formed; when the
linear energy density was 0.5 J/mm, there was a small
amount of porosity; and when it exceeded 0.63 J/mm,
large pores were formed. The studies in the literature
researched the linear energy density parameter, or
specifically each parameter, to achieve parameter
optimization of CuCrZr alloy with the SLM method. In
addition, a few studies have examined the wear
properties of CuCrZr produced with SLM technology. In
the production of CuCrZr alloy with the SLM method, a
little study on the relationship between energy density
and relative density expressed as the ratio (laser
power/scanning speed x scanning distance x scanning
speed) could be found in the known literature. In
addition, this study is different from these studies in that
the CuCrZr alloy powder is produced domestically, a
remelting scanning strategy was applied and it
investigates the relationship between energy density,

relative density, hardness, and wear resistance.

This study was carried out with an infrared (IR) laser, and
the laser power was fixed at 435 W. A remelting strategy
was applied, and the highest density value was tried to be
obtained by combining with other parameters. A
comprehensive test evaluated key properties, including
hardness, relative density, microstructure, and wear
resistance. By systematically analyzing the results, the
identified
conditions and material characteristics, leading to the

study correlations between processing
optimization of production parameters. The study
promises to pave the way for more efficient, precise, and
cost-effective manufacturing processes, enhancing the
applicability and performance of CuCrZr alloys across

various industries.
2. Materials and Methods

In this research, CuCrZr alloy powders were produced
using the gas atomization system developed by Sentes-
BIR company. Gas atomization is a widely recognized
manufacturing technique known for its ingenuity in
producing spherical metal alloy powders with
extraordinary properties, largely due to the rapid
solidification =~ phenomenon  encountered  during
production. This method also vyields alloy powders
characterized by reduced oxygen content, thus improving
the overall quality of the resulting powders. However, it
should be recognized that the particle size distribution of
these powders typically covers the range of 1 um to 1

mm. The atomization of CuCrZr began by alloying the

415



Determination of SLM parameters, examination of microstructure, tribological properties of CuCrZr, GZKAN et al.

desired components in an induction furnace, followed by
pouring the molten alloy into the tundish. The gas
pressure is carefully controlled under the atomization
nozzle throughout the process. A precise adjustment of
gas flow is achieved, as shown in Figure 1. (10-12bar).
With this adjusted gas flow, powders with large grain
sizes are obtained. This regulated gas flow facilitated the
formation of particles covering a wide range of sizes. A
schematic illustration of the CuCrZr powder atomization
process is presented in Figure 1. To obtain the particle
size distribution in the 15 to 45 um range, an air classifier
and a 45 um screen were used. The intended outcome
was attained by the selective retention and separation of
particles within the designated size range made possible
by this screening and classification process. An Ermaksan
ENA 250 system (Ermaksan, Turkey) with a 500 W Yb-
Fiber laser with a wavelength of 1064 nm, a laser spot size
of 100 um, and a production volume of 250 mm x 250 mm
x 300 mm was used to construct the SLM CuCrZr samples.

Induction Furnace

l (Molten alloy)

Tundish

{Regulated gas
flow)

Atomization Nozzle

(Atomized
Particles)

Particle Collector

Figure 1. Schematic demonstration of the atomization process
of CuCrZr alloy powder.

A schematic of the SLM CuCrZr alloy manufacturing
process is shown in Figure 2. CuCrZr samples were
treated in a high-purity argon environment to avoid
material oxidation.

SLM Technology

Production and
characterization of

CuCrZr alloy CuCrZr alloy
powder powder
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Figure 2. Schematic demonstration for the SLM production process of the CuCrZr alloy.

The oxygen content was kept below 2500 ppm in the
chamber. To prevent the balling effect, a 316 L stainless
steel substrate was preheated to 80 °C. Due to its high
thermal conductivity, the substrate needs to be heated
between 80 °C and 120 °C to reduce heat dissipation and
ensure better adhesion of the copper sample to the
substrate (Raab et al. 2016). A 67° rotation angle between
layers was used, and a zigzag and remelting scanning

pattern was used. Energy density was calculated

according to the formula given in Eq.1. Zaneta (2019).

P
vxhxt

E=(—=>) (1)

where E (J/mm3) is the energy density, P (W) is the laser
power, v (mm/s) is the scanning speed, h (mm) is the
hatch distance and t (mm) is the layer thickness Zaneta
(2019), Xu (2024).
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Table 1 shows the process parameters that were used for
this search.

Table 1. Process parameters of the study

Sample number 1 2 3 4 5

Laser Power (w) 435 435 435 435 435
Scanning speed (mm/s) 350 500 350 500 650
Layer thick. (mm) 0.02 0.02 0.03 0.03 0.03
Laser spot size (mm) 0.1 0.08 0.12 0.14 0.08
Hatch distance (mm) 0.1 0.09 0.10 0.09 0.08

Energy density o/mm?) 621 483 414 322 278

Figure 3 shows the image of cuboid samples processed by
ENA 250 SLM printers. Characterization and test samples
were produced with dimensions of 10 mm x 10 mm x 10
mm to determine relative density, microhardness, and
wear resistance. The chemical composition of the
powder is analyzed via X-ray fluorescence spectroscopy
(XRF, Rigaku Supermini 200). Particle size analyzer
equipment (Malvern Mastersizer 3000E), which is a liquid
dispersion analysis method based on the principle of laser
diffraction was used, and the analysis was performed
according to the ASTM B822 standard to determine the
size distribution of CuCrZr powders. Powder density
measurement was done via a micrometric AccuPyc 11 1340
gas pycnometer.

Figure 3. a) Image of produced cuboid parts via SLM process of
CuCrZr alloy and b) ENA 250 SLM printer.

Figure 4 shows the powder density and powder flow
ability testers. Apparent density measurement was done
according to ASTM B212. Compressed density testing was
performed via an auto-tapping denser (auto-tapping
single station) according to ASTM B527. Additionally, to
measure the flow ability of the CuCrZr powder, a hall flow

test was performed with LPW brand equipment according
to ASTM B213. Using Cu Ka radiation (A = 1.5406 A a0kv,
40 mA, and 26 range of 30-80°), X-ray diffraction (XRD,
BrukerTM D8 Advanced Series Powder Diffractometer)
was used to perform the analysis. An energy dispersive
spectrometer (EDS)-equipped Carl Zeiss/Gemini 300
scanning electron microscopy, (SEM) was used to analyze
the morphological characteristics and chemical
composition of CuCrZr powders and SLM samples. The
Archimedes approach was utilized to analyze the relative
density values of bulk samples produced via the SLM

technology.

Figure 4. shows an image of powder density and flow ability
tester equipment a) Copper powder b) Apparent density tester
c¢) Graduated glass cylinder d) Compression density
measurement device.

The process involved calculating the average of three
weightings by measuring dry and wet weights in ethanol
and air conditions Ozkan et al. (2024), Tang et al. (2022)
calculated the relative densities of the samples using a
theoretical density of CuCrZr of 8.95 g/cm?3. Samples were
prepared for metallographic analysis using an ATM brand
sanding and polishing tool and a Metkon Ecopress 100
brand mounting device. SiC grinding papers with grits of
400, 600, 800, 1200, and 2500 were used to sand all of the
samples. Then, 1 um diamond suspensions were used to
polish each sample to conduct a metallographic
examination on CuCrZr. The obtained bulk samples were
examined microstructurally using an optical microscope
(Nikon-Eclipse  LV150N).
hardness

of Vickers
Qness Q10
microhardness tester for CuCrZr with 100gr and a dwell

Measurements

were performed using a

time of 15 seconds. Five measurements were taken for
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the hardness measurement from randomly selected
regions in the sample, and the average of these values
was computed.

The wear test parameters of CuCrZr, which were
manufactured via the SLM technique, are shown in Table
2. To investigate the wear resistance of bulk samples,
reciprocating dry wear tests were performed using 5 mm
chrome steel balls in a BRUKERTM UMT2 tribometer
according to ASTM E52100. A Leica stereo microscope
was used to assess the wear volumes of bulk materials.
The wear resistance of pure copper produced by SLM was
examined for the first time by Aksa et al. (2022) and the
test load, stroke, velocity and total distance were
determined by taking into account this work and device
capacity which was used in this study. The wear rate of
CuCrZr was calculated using Eq. 2 (Aksa et al. 2022).

Wear rate (mmg) _ Wear volume (mm3) 2)

Nm /) ~ Total wear distance(m) x test load (N)

Table 2. Wear test parameters of the search.

Test parameters Values

Test type Dry reciprocating

Test load (N) 3.5

Wear stroke (mm) 4

Velocity (mm/s) 7

Cycle 3750

Total distance (m) 30

Ball type ASTM 52100 chrome steel balls

Temperature (C°) Room temperature (2312)

3. Results and Discussions

As shown in Table 3, According to the XRF analysis result,
the powder composition with the EN

12420:2014 standard.

complies

Table 3. Chemical composition of the CuCrZr alloy powder.

Element Composition EN 12420:2024
Cu 98.5 Rest

Cr 1.02 (0.5-1.2)

Zr 0.0779 (0.03-0.3)

Fe 0.0320 Max.(0.08)

Si 0.0428 Max.(0.1)
Others <03 -

Powder particle size results are shown in Figure 5 (a).
Powder particle size is in the 24.4-50.8 um range; it has
been determined that it is suitable for use in SLM. As seen
in Figure 5 (b), XRD results of powder CuCrZr show the
face- centered cubic microstructure. The diffraction peaks
were found to be associated with the Cu phase. The (111),
(200), and (220) planes of the face-centered Cu were
identified as the source of the diffraction peaks at 26 =

43.24°, 50.38°, and 74.03° (Hu et al. 2023). Because of
their low concentrations in the copper matrix, no peaks
for the Zr and Cr particles were seen. Tang et al. (2022)
and Ma et al. (2020) worked with CuCrZr powder by
selective laser melting method in their study, and as
stated in their study, the Crand Zr elements in the powder
could not be detected in the XRD analysis due to the small
amount and limited device detection capacity (Tang et al.
2022), (Ma et al. 2020).

12
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Figure 5. (a) Particle size distribution analysis result of CuCrZr
powder (b) XRD patterns of the SLM CuCrZr powder.

SEM images of CuCrZr powder were shown in Figure 6 (a)
1000x image, b) 100x image. It can be seen that the
powder particles have a smooth surface and spherical
morphology, and some small particles are stuck to larger
particles. It also has a good surface quality that positively
affects fluidity. According to the SEM-EDS analysis given
in Figure 7, Cr and Zr elements were detected in the Cu
matrix. The analysis was made from the spectrum 1
region.

Figure 8 shows the microstructures of the samples
produced with different parameters by the SLM method.
All samples have non-circular and interconnected pores.
As can be seen in Fig. 8 (a—e), the diameter of the
porosities of the sample produced at the highest energy
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density (621.42 J/mm?3) is smaller, and the shape of the
porosities is more circular than the samples produced
with a lower energy density (278.84 J/mm?3). In this
investigation, we obtained a similar relationship between
porosity and energy density as a study by Zaneta (2019)
on processing titanium with DMLS technology.

Figure 6. (a) shows 1000X, (b) 100X SEM images of CuCrZr
powder.

453 Spectrum  Cr(wt.%) Cu(wt%) Zr (wt.%)
a0
351 Spectrum 1 3.15 85.64 11.22
% i
@
a o o] @
o
2 El 6 8 10 12 14
Energy keV

Figure 7. SEM-EDS results of CuCrZr powder

In their study they investigated the changes in porosity in
the material caused by energy density. It's reported that
porosity increased with the decrease in energy density.
Low energy density (33—71 J/mm?3) caused insufficient
melting of powder grains, small laser penetration depth,

and a small melt pool. It was observed that the porosity
decreased significantly in the range of 78-127 J/mm?, and
more spherical and smaller porosities emerged due to gas
bubbles in the powder. This is explained the filling of voids
between particulates with liquid. Also while the energy
density above 127 J/mm3 the porosity was increased
again (Zaneta 2019). Yunzhe et al (2024) studied on
CuCrZr produced by EBM (electron beam melting) process
and investigated the effect of the linear energy density on
electrical and
mechanical properties. It has been reported that low

microstructure,  nanoprecipitation,

energy density results in low relative density, while high
energy density results in microvoids.

A
i
| 48333 3/mm*

¥

414.28)/mm?

278.84 J/mm*

Figure 8. (a-e) shows 100X sample (1-5) optical microscope
images of CuCrZr before etching respectively.

Fig. 9 (a-c) shows the microstructure of sample 1 after
etching 100X, 200X, 1000X respectively. There are many
spherical, regular, and small porosities in the
microstructure. Grain boundaries are visible, and grain

sizes were observed in the range of 6-120 pum.

Friabn SRR
Figure 9. (a-c) shows sample 1 optical microscope images of
CuCrZr after etching 100X, 200X, 1000X respectively.
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Figure 10 show density value of fabricated sample with
various parameters via SLM and results were obtained
ranging from 93.48% to 99.22%. Xingchen et al.(2020)
determined that the optimum linear energy density (laser
power/laser scanning speed) was 0.50J/mm. And they
observed in their study that as linear energy density
increased, it increased in parallel with relative density and
started to decrease after the peak point. In this study
maximum relative density value %99.22 was obtained
with optimum energy density as 621 J/mm?3,

99.22
96.98
100 4 95.18
77
g 80
Z
5
3 60
Y]
2
ke
& 404
20 4
04
Sample 1 Sample2 Sample3 Sample4 Sample5
Figure 10. Relative density results of the study.
100 96
5 89 91
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Figure 11. Microhardness of the SLM CuCrZr alloy.

Figure 11 shows the hardness test results of the CuCrzr
samples. In this study, the highest microhardness value
and the highest density were obtained with sample 1.
Hardness and density values in an alloy are mostly
proportional to each other (Wang et al. 2022). In their
study, researchers determined that the highest hardness
value was at the optimum linear energy density and
stated that this was due to fewer defects in the
microstructure and higher relative density. And in their
study, it was observed that the hardness was lower under
the optimum energy density and decreased again after
reaching the optimum value (Yan et al. 2020). The results
show that the sample produced with the optimum energy
density of 621J/mm3 has the highest hardness value and
decreases in parallel with the energy density.

In the SLM process, as the CuCrZr powder melts at high

temperatures and solidifies by rapidly cooling, a
supersaturated solid solution that provides high strength
is obtained, creating an effect similar to the solution heat
treatment process (Wang et al. 2022). Wear test results
are reported in Figure 12 and Table 4. At the beginning of
the test, COF values increase and then become stable. The
COF values were shown in Figure 12 and determined to
be quite close to each other. The width and depth of the
wear traces of the sample with the highest hardness and
relative density and the sample with the lowest were
obtained as close to each other as possible. The wear
values of the CuCrZr sample are correlated by energy

density, hardness, and relative density.

1.0

——sample
0.9 | = Sample 5|
0.8 -

0.7 +

0.6 |
05
0.4 4

0.3 4

0.2 +

Average coefficient friction (COF)

0.1 4

0.0

T T T T T
o 2000 4000 6000 8000 10000

Time (s)

Figure 12. Average COF value of sample 1 and sample 5

Table 4. COF value of the CuCrZr via SLM process

Sample number Average COF Specific wear rate
value (mm3/Nm)

1 0.5520 +0.1648 1.17 x 10
0.6536 £0.2042 2.50 x 104

Figure 13. (a, b) Wear track image of SLM processed sample 1
and sample 5)

Stereomicroscope images of samples are shown in Fig.13.
With a deeper and wider wear track image denser wear
was seen in sample 5 than in sample 1. At the same time,
itindicates higher wear volume and lower wear resistance
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through its wear volume loss value and wear profile. The
higher hardness values of CuCrZr allow a higher level of
wear resistance to the loads during the sliding test. Also,
Figures 13 a) and b) show that the worn surface track
image of sample 1 is wider than sample 5.

4. Conclusions

This study investigated the optimization of production
parameters of domestically produced CuCrZr powder
with the domestic SLM printer Ermaksan ENA 250 and the
effect of process parameters on relative density,
hardness, microstructure, and wear properties. CuCrZr
alloy samples with different parameters were successfully
fabricated via the SLM method. The optimum parameters
were determined by revealing the density, hardness, and
wear resistance results of the domestically produced

CuCrZr powder samples processed by the SLM method.

Optimal process parameters for CuCrZr powder were
determined. Energy density is 621.42 J/mm?3, layer
thickness is 0.02 mm, laser spot size is 0.1 mm, hatch
distance is 0.1 mm, and laser power is 435 W, scanning
speed is 350 mm/s. The relative density, hardness, COF
value, and wear rate values of fabricated samples via
optimal SLM process parameters were obtained as
99.22%, 95.88 HV, 0.5520 #0.1648, and 1.17 x 10* Nm,
respectively. The highest relative density obtained with
sample 1. It is predicted that at optimum energy density,
the metallurgical bond between the layers is stronger,
porosity and other defects are less, and therefore higher
relative density and therefore higher hardness values are
achieved. As a result, the sample's hardness, density, and
wear rate were obtained in direct proportion. The sample
produced at the highest energy density has a smaller and
more circular porosity diameter than the sample
manufactured at a lower energy density, as seen by the
optical microstructure images.

All samples have noncircular and interconnected pores.
Considering the results, it can be said that when energy
density is higher, porosity diameter is smaller, relative
density is higher, hardness values are higher, and specific
wear rate values are lower. As a result of this study,
production with good mechanical properties has been
successfully carried out via the domestically produced
Ermaksan ENA 250 SLM printer using domestically
produced CuCrZr powder. Future studies are planned to
investigate the effect of heat treatment on mechanical
properties.
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