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Abstract: CuCrZr alloy has the advantages of good electrical conductivity, thermal conductivity, high
hardness, crack resistance and high softening temperature. It is extensively used in important fields
such as rail transit, aerospace, thermonuclear fusion and electronic information. Due to its high melting
point, reflectivity, thermal conductivity, etc., it is more difficult to manufacture by selective laser melting
(SLM). In this work, the effect of SLM process parameters on the characteristics of CuCrZr samples,
such as relative density, hardness and tensile properties, has been investigated using orthogonal
experiment method. The experimental results show that laser power is the main factor affecting the
properties of the alloy. The tensile strength of the alloy increases with an increase in laser power; it first
increases and then decreases with an increase in scanning speed. The optimal combination of process
parameters in this paper is as follows: laser power is 240 W, scanning speed is 750 mm/s and scanning
spacing is 0.07 mm. The relative density, ultimate tensile strength and hardness of the alloy fabricated
by best SLM process parameters was 98.79%, 347 MPa, 133.9 HV, respectively.

Keywords: selective laser melting; CuCrZr alloy; process parameters; relative density; tensile properties

1. Introduction

Copper and its alloys have excellent electrical conductivity, thermal conductivity and
corrosion resistance. They are widely used in electrical, metallurgy, machinery manufactur-
ing, aerospace, defence industry and other fields, where they are made into lead frames for
integrated circuits, overhead contact lines for electrified railways, radiators, aviation thrust
chambers, etc. [1-3]. Copper alloys are mostly prepared by traditional casting processes.
However, it is difficult to fabricate parts with complex structures and internal runners,
so that greatly limit the application of copper alloys. Three-dimensional printed copper
alloy parts have good mechanical properties, excellent microstructure and surface quality
that make them easier to polish. They are widely used in jewellery and cultural education
and can also be used to manufacture micro radiators and aerospace engine combustion
chamber components.

Selective laser melting (SLM) is an additive manufacturing process. According to the
Computer Aided Design (CAD) 3D model, the laser melts the powder layer by layer along
the path planned by the path planning software. Due to its high thermal conductivity
and electrical conductivity, the laser powder bed melting of copper and copper alloys has
become an increasingly popular topic. However, copper alloys have excellent thermal
conductivity and higher reflectivity. This makes it difficult for lasers to continuously melt
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the powder, which leads to difficulties in melting copper alloys and controlling the quality
of powder metallurgy. Concurrently, higher laser power will cause certain damage to the
laser device. Huang et al. [4] prepared pure copper parts using SLM technology and studied
the influence of the process on the microstructure evolution and mechanical properties
of pure copper parts. Lodes et al. [5] used electron beam melting (EBM) technology to
manufacture pure copper parts with a relative density of up to 99.5%. Tian et al. [6]
fabricated Cu-13.5A1-4Ni-0.5Ti copper-based shape memory alloy using SLM technology.
By optimising the parameters, an almost completely dense copper-based sample was
obtained, and its phase and microstructure were characterised.

With the development of the electronics industry, the need for high-strength and
high-thermal-conductivity copper alloys is increasing, and copper—chromium alloys are
increasingly favoured as typical precipitation-strengthened copper alloys. CuCrZr has
excellent mechanical properties and electrical conductivity, alongside thermal conductivity,
so it has broad development and application prospects [7-9]. The study of CuCrZr alloys
prepared using SLM technology has become a research hotspot. Ma [10] established a
statistical model of the influence of processing parameters on relative density using the
responding surface method and analysis of variance, obtained the optimal SLM process
parameters of CuCrZr alloy and prepared nearly fully dense samples. The microstructure
and mechanical properties of the sample were studied. Compared with deformed copper
alloys, SLMed CuCrZr has a considerable tensile strength (~321 MPa), but its elongation
at break (25%) is much higher than that of forged samples (15%). Sun et al. [11] used
an ANSYS simulation to determine the approximate process range of the CuCrZr alloy
produced by SLM. Then, the effects of laser power, scanning speed and hatching distance
on the mechanical properties of CuCrZr alloy in the range of SLM process parameters
were investigated by experiments. When the laser power was 460 W, the scanning speed
was 700 mm/s and the hatching distance was 0.06 mm, the optimal performance of the
alloy was obtained. The tensile strength was 153.5 MPa, the hardness was 119 HV, and
the roughness was 31.384 pm. Guan et al. [12] studied the effect of heat treatment on
CuCrZr alloy manufactured by SLM. As the ageing temperature increased, the strength of
the alloy gradually decreased, and the electrical conductivity gradually increased. After
ageing at 500 °C, the strength and electrical conductivity of the alloy reached 490 MPa and
73% IACS, respectively. Wallis et al. [13] studied CuCrZr samples fabricated using SLM
and discussed the influence of heat treatment on the microstructure and properties of the
samples. Compared with conventional heat treatment, direct age-hardening improved the
mechanical properties, and clusters of Cr and CuxZry, particles were detected in the sample.
Hu et al. [14] studied the changes in the microstructure and mechanical properties of Cu-
Cr-Zr alloys prepared by selective laser melting (SLM) with different scanning parameters.
By optimising the scanning parameters, a CuCrZr specimen with a relatively high relative
density (99.5 £ 0.3%) was obtained, with a strength of (280 £ 6 MPa) and a plasticity of
(23.4 £ 0.4%). However, the mechanical properties of CuCrZr alloy prepared by SLM in
these studies are lower than forging. Therefore, it is necessary to improve the mechanical
properties and processing efficiency of SLMed CuCrZr alloy by adjusting laser power,
scanning speed, hatching distance, scanning strategy, etc.

In the study, the CuCrZr alloy samples were fabricated through SLM to determine
which of the process parameters were optimised by orthogonal experiments. The effects of
scanning power, scanning speed and hatching distance on the properties of SLM CuCrZr
alloy samples were analysed.



Metals 2022, 12, 701

30f13

2. Materials and Methods
2.1. Experimental Materials and Equipment

The CuCrZr powder produced by gas atomisation was used in the SLM manufacturing
process, and the chemical composition is shown in Table 1. The size distribution of CuCrZr
powder was measured by Mastersizer (S3500, Microtrac, Osaka, Japan), its particle size
distribution ranged from 15.25 pm (D10) to 46.59 pm (D90), with an average particle size
of 29.98 um, as shown in Figure 1. A SU5000 (Hitachi, Tokyo, Japan) SEM was used to
characterise the microstructure of the CuCrZr powder and observe the fracture morphology
of tensile parts. Figure 2 shows the microstructure of the CuCrZr powder. Most of the
powder particles are spherical or nearly spherical, with a smooth surface and good fluidity
that is beneficial to the flatness of the powder layer to ensure the formation of SLM. A
small part of the powder particles presents irregular shapes, and the small powder particles
are adsorbed around the large powder particles. EP-M150 (E-PLUS 3D, Beijing, China)
equipment was used to process CuCrZr alloy samples. It is equipped with a 500 W Yb: YAG
laser with a wavelength of 1064 nm and a spot size of 70 um with a Gaussian distribution.
To reduce the temperature gradient, the substrate preheating temperature was 100 °C, the
powder layer thickness was 30 um, and a scanning strategy of 67° rotation per layer was
adopted. During the printing process, the oxygen content of the moulding chamber was
less than 0.02% and protected by argon gas.

Table 1. Chemical compositions of CuCrZr alloy powders.

Element Cr Zr Cu
Content (wt. %) 0.75 0.077 Bal.
14 . T = T . T . T . -"I__.,__i-——1 = T 100
12
i Dmean | 29.98pm | 7 80
10 D10 15.25um
D50 28.85um
8 46.59pm | 60

40

Frequency (%)

20

Cumulative Frequency (%)

0 10 20 30 40 50 60 70 80
Particle Size (um)

Figure 1. Particle size distribution of CuCrZr powder.
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Figure 2. SEM image of CuCrZr powder.

2.2. Experimental Design

Since there are many factors affecting the forming quality of SLM, it will be a heavy
workload to carry out research in full factor mode. Therefore, this experiment adopts a
3-factor 4-level orthogonal test method [15]. The three factors selected in this paper are
laser power, scanning speed and hatching distance, mainly because these three factors have
great influence on forming quality when the same SLM equipment prepares parts. In order
to avoid large workload and more reliable test results, Taguchi L16 was used to generate
general results which have four levels for each factor. The process parameters used are
shown in Table 2. In this experiment, an orthogonal test was used to prepare the CuCrZr
sample with a size of 10 mm x 10 mm x 10 mm, as shown in Figure 3.

Table 2. Process parameters of alloys fabricated by SLM.

. Hatchin:
Group Test Number Laser Power Scanning Speed Distancf
P (W) V (mm/s)

D (um)
No. 01 160 650 50
No. 02 160 750 60
A No. 03 160 850 70
No. 04 160 950 80
No. 05 200 650 60
No. 06 200 750 50
B No. 07 200 850 80
No. 08 200 950 70
No. 09 240 650 70
No. 10 240 750 80
c No. 11 240 850 60
No. 12 240 950 50
No. 13 280 650 80
No. 14 280 750 70
D No. 15 280 850 60

No. 16 280 950 50
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Figure 3. CuCrZr samples fabricated by SLM.

2.3. Experimental Feature

Completed samples were removed from the 304 stainless steel base plate via wire
electrical discharge machining (Wire-EDM). The separated samples were polished with
sandpaper until the surface was bright and without scratches. A Zeiss optical microscope
(Axio Scope A1, Carl Zeiss AG, Oberkochen, Germany) was used to shoot the pores of the
cross-section. Image J—an image-processing software (V 1.8.0, National Institutes of Health,
Bethesda, MD, USA)—was used for relative density measurement. At least 20 pictures were
measured for each sample, and the average value was taken. The Vickers hardness tester
(JMHVS-1000AT, Shanghai Material testing Machine Factory, Shanghai, China) was used
to test the Vickers hardness of the samples: we pressed it into the surface of the samples
with a test force of 200 g and kept it there for 10 s. Then we measured 10 indentations for
each sample and took the average value as the final result. The electronic universal testing
machine (AG—X PLUS, Shimadzu Corporation, Kyoto, Japan) was used to complete the
test of the tensile sample; the tensile speed was 1 mm/min, and the stress—strain data were
collected before the sample was broken. The same kinds of tensile specimens were tested
three times, and the results were averaged.
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3. Results and Discuss
3.1. Relative Density

In order to ensure the accuracy of relative density calculation, no less than 20 optical
images were collected for each sample. After removing the highest and lowest values, the
average value was taken as the final result. Figure 4 shows the relative density measurement
results and statistical errors of volume fraction of the pores driven from the image analysis
of 16 samples manufactured by SLM. It is obvious from Figure 4 that when laser power is
240 W, scanning speed and hatching distance have little influence on relative density. The
relative density of sample No. 15 is the highest, reaching 98.98%. This is mainly because at
this process parameter, there is enough energy to completely melt the powder and enough
time for the gas inside the powder bed to escape, etc.
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Figure 4. Relative density of samples fabricated by SLM with different process parameters.

Figure 5 is the main effect diagram of alloy relative density under various process
parameters obtained through orthogonal analysis. Figure 5a shows that when the laser
power is increased from 160 W to 280 W, the compactness of the samples first shows a trend
of increasing, then decreasing. When the laser power is too low, the energy absorbed by
the powder becomes too low to be completely melted, the viscosity of the melt becomes
higher and the fluidity becomes poor, resulting in poor lap quality between the melt
channels and poor continuity of the melt channels. In addition, there are more irregular
pores in the sample where the powder is not completely fused, resulting in a low relative
density of the sample. When the laser power is 200 W, the sample relative density is
significantly improved, as shown in Figure 6a,b. When the laser power rises to 280 W,
the powder absorbs so much energy that the melt begins to evaporate. Fast expansion
of vapor leads to explosions in the boiling melt [16]. The splashed particles adhere to
the surface of the sample and cause a poor weld lap. Excessive laser power can cause
spheroidisation and even burn. In addition, a large amount of molten metal evaporates,
resulting in many circular pores on the surface of the sample, thereby reducing the relative
density of the sample. When the laser power is high, the solidification time of the molten
pool is prolonged, the hydrogen in the molten pool reaches the local solubility limit and
nucleation generates bubbles. The bubbles diffuse from the bottom of the molten pool and
the heat-affected zone to the top and eventually form many hydrogen holes, so the hole
defects are obvious [17,18], as shown in Figure 6¢,d.
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Figure 5. The influence of process parameters on the relative density of samples: (a) Laser Power,
(b) Scanning Speed, (c) Hatching Distance.
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Figure 6. Optical micrograph of sample: (a) No. 2, (b) No. 6, (c) No. 10, (d) No. 14.
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As the scanning speed increases, the relative density of the sample slowly increases
and then decreases, as shown in Figure 5b. When the scanning speed is too low, it is
easy to make the local liquid phase too much, resulting in nodules and decreased relative
density [17,18]. Concurrently, when V is too small, due to the strong Marangoni effect,
defects such as spheroidisation and pores are easily formed in the molten pool, so the
overall relative density value is not high. When the scanning speed is 950 mm/s, the high
scanning speed makes the cooling rate of the molten pool faster, the width and depth of the
molten pool are reduced and the melting channel is prone to discontinuity, which leads to
a decrease in relative density.

Figure 5c¢ shows that as the hatching distance increases, the relative density of the alloy
first increases and then decreases. The smaller the hatching distance, the greater the internal
stress and the greater the temperature gradient, which is likely to cause spheroidisation and
even lead to warpage deformation of the samples. Since the melting channel is elliptical
during the forming process, the two melting channels are distributed in a wave shape.
When the hatching distance is too large, the overlap area between adjacent melting channels
is reduced, resulting in a large amount of unmelted powder in the trough area and forming
many pores of very large size. A reasonable hatching distance can make the powder in the
overlapping area between adjacent melting channels fully melt, and the molten metal can
be completely spread, reducing the generation of pores. The body energy density formula
can be used to express the influence on density. The formula is as follows:

P

where E is the energy density of the laser body, P is the laser power, v is the scanning speed,
d is the hatching distance and  is the thickness of the powder layer.

Table 3 shows the results of the analysis of the influence of process parameters on
relative density. The p-value of the laser power is the smallest, indicating that the laser
power is the main factor affecting the relative density, followed by the scanning speed, and
the hatching distance has the least influence.

Table 3. Results from the regression analysis of the data.

Source DF Adj SS Adj MS F-Value p-Value
Laser power 3 9.964 3.321 2.94 0.052
Scanning speed 1 5.278 5.278 4.67 0.109
Hatching distance 1 3.387 3.387 3.00 0.305
Error 12 13.565 1.130 - -
Total 15 23.529 - - -

3.2. Effect of Process Parameters on the Microhardness of SLM Alloy

The main effects plot showing the variation of the hardness of SLM alloy with laser
power, scanning speed and hatching distance is plotted in Figure 7. When the laser power
is 280 W, the average hardness of the sample reaches 135.3 HV0.2. The laser energy density
increased with the increased of laser power, which resulted in strong metallurgical bonding
between powder particles [19]. When the laser power is 160 W, the average hardness of
the sample becomes the lowest because when the sample gets less energy, the powder
cannot be fully melted, and the fluidity of the metal solution becomes poor, resulting in
the sample having more pores and lower relative density. When the scanning speed is
750 mm/s, the hardness of the sample becomes higher. CuCrZr is a precipitated hardened
copper alloy [20,21]. Under the action of pressure, precipitated Cr atoms hinder the sliding
between grains, thus improving the hardness of the alloy [11]. However, with the increase in
scanning speed, the hardness of samples decreased, which was mainly caused by Cr atoms
in solid solution.
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Figure 7. The influence of process parameters on the hardness of samples: (a) Laser Power,
(b) Scanning Speed, (c¢) Hatching Distance.

Table 4 shows the average hardness value of the upper surface of the sample. From
the table, the hardness of the Group A samples is lower. As the laser power increases, the
hardness value of the alloy increases, and rate of increase decreases.

Table 4. The average hardness value of the upper surface of the sample.

Experiment No. Microhardness (HV0.2) Experiment No. Microhardness (HV0.2)

1 97.4 £1.56 9 139.9 £ 2.39
2 125.7 £ 0.85 10 138.4 £1.91
3 120.9 + 1.06 11 125.5 + 0.14
4 1229 £ 0.35 12 128.7 £ 1.48
5 117.3 £ 0.38 13 138.9 £2.12
6 139.1 + 0.57 14 133.8 +£1.77
7 138.9 £ 297 15 129.8 £1.27
8 124.8 £ 0.64 16 138.8 £ 0.99

3.3. Strength of the SLMed Alloy

Figure 8 shows the main effect diagram of the influence of the process parameters on
the tensile properties of the samples. When the laser power is 280 W, the tensile and yield
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strengths of the sample become the largest at 339 MPa and 153 MPa, respectively. With a
laser power of 160 W, the tensile and yield strengths of the sample are the smallest. This is
due to the increase in void defects at higher scanning speeds, which intensifies the initiation
and propagation of cracks. Figure 8b shows that as the scanning speed increases, the alloy’s
tensile and yield strengths show a slow downwards trend. This is because the increase in
scanning speed leads to instability of liquid relative flow, imbalance of the interface and
crystal failure. Figure 8c shows that as the hatching distance increases, the alloy’s tensile
and yield strengths decrease, but the decrease is smaller. Thus, the hatching distance has
little effect on the alloy’s tensile and yield strengths. In summary, there are differences in
the properties of CuCrZr alloys prepared with different process parameters.
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Figure 8. The influence of process parameters on the tensile properties of samples: (a) Laser Power,
(b) Scanning Speed, (c¢) Hatching Distance.

Figure 9 shows the stress—strain curves of CuCrZr alloys prepared by SLM under
different process parameters. It can be seen from the figure that the CuCrZr alloy has no
obvious yield stage. When the load reaches the maximum, the sample breaks immediately.
Sample No. 4 has the lowest energy density and the lowest tensile strength, with a tensile
strength of 235 MPa and an elongation of 6.91%. Sample No. 14 has the highest tensile
strength, with a tensile strength of 347 MPa and an elongation of 17.26%. It can be seen
from Figure 9a that when the laser power is 160 W, the tensile strength of the SLM formed
sample is low, and the elongation is small. As the laser power increases, the tensile strength
and elongation of the pattern generally increase. Sample No. 16 has the highest energy
density, and compared with other samples in group D, the tensile strength and elongation are
significantly reduced. The ultimate tensile strength and elongation generally show a positive
growth trend, that is, the greater the ultimate tensile strength, the greater the elongation.
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Figure 9. Stress—strain curve of CuCrZr alloy fabricated by SLM under different process parameters.
(a) Group A, (b) Group B, (¢) Group C, (d) Group D.

Figure 10 shows a typical SEM image of the fracture of the CuCrZr alloy tensile sample.
Figure 10a—c show the fracture morphologies of sample No. 4 at low-magnification and
high-magnification, respectively. Figure 10a shows the poor metallurgical bonding of sample
No. 4 with many large irregular sizes defects on the surface of the tensile fracture. There are
many unmelted spherical powder particles in the interior and peripheral areas of the pores,
as shown in Figure 10b. Figure 10d—f are the low-magnification and high-magnification
fracture morphologies of Sample No. 14, respectively. The tensile fracture shows an obvious
necking phenomenon, and many micron-scale dimples appear, showing the characteristics
of ductile fracture. The structure shows that an increase in laser power can significantly
increase the tensile strength of the sample and significantly increase ductility.
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Figure 10. SEM images of the fracture morphologies of the tensile parts from (a—c) No.4 and (d—f) No.14.

4. Conclusions

In this paper, the effects of process parameters (laser power, scanning speed and
hatching distance) on the relative density, hardness and tensile strength of SLM alloys were
studied through orthogonal experiments, and CuCrZr alloys with good comprehensive
properties were prepared. The main conclusions are as follows:

When the energy density is low, there are many irregular pores on the surface of the
tensile fracture, and a large number of unmelted spherical powder particles exist in and
around the pores. With the increase in energy density, the overall trend of sample relative
density is to increase first, remain stable, and then slowly decrease. The laser power is the
main factor that affects relative density, followed by scanning speed, and hatching distance
has the least influence.

The hardness of the alloy keeps rising, and the rate of increase decreases with the
increase in laser power. With the increase in scanning speed, the hardness of alloy increases,
and the increase rate decreases. The tensile strength and elongation of the alloy increase
with the laser power. When the laser power is 280 W, the scanning speed is 750 mm/s, and
the hatching distance is 0.07 mm; the alloy has the greatest ultimate tensile strength and
the highest elongation. The tensile fracture shows an obvious necking phenomenon, and
many micron-scale dimples appear, showing the characteristics of ductile fracture.

The optimal combination of process parameters in this paper is as follows: laser energy
is 240 W, scanning speed is 750 mm/s and hatching distance is 0.07 mm. Under these
parameters, the ultimate tensile strength and elongation of CuCrZr alloy are the highest,
reaching 347 MPa and 17.26%, respectively. However, its relative density is still lower
than that of Ti6Al4V and 316L prepared by SLM technology. Therefore, future work will
focus on improving the relative density and mechanical properties of CuCrZr alloy through
post-treatment.
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