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Abstract: With the upgrade of additive manufacturing (AM) equipment, pure copper and various
Cu-based alloys with almost full density have been successfully produced, maintaining their excellent
thermal and electrical conductivity and good mechanical properties at high temperatures as well.
In this paper, a model with a series of inclined surface structures was designed and fabricated to
investigate the structural design on the formability of CuCrZr alloy produced by laser powder bed
fusion (LPBF). The typical structure dimensions of the as-built samples were measured and compared
with their corresponding dimensions and the inclined angle (α) and the relative angle (γ) between
the inclined surface and recoating directions. The results demonstrate that the inclined structures
with α < 50◦ were fabricated either with varying buckling deformation and powder adhesion or
in failure for severe distortion. The differences (Ld) between the typical structure dimensions and
their models increase with the decreasing of α. It has been observed that Ld reaches 1 mm when α is
20◦ and drastically reduces to around 200 µm when α is above 50◦. When α < 50◦, Ld is generally
increasing with a rising γ value from 0◦ to 180◦, significantly affecting the dimensional accuracy.

Keywords: laser powder bed fusion (LPBF); CuCrZr alloys; structural design; formability; mechanical
deformation

1. Introduction

As one of the most typical and promising additive manufacturing (AM) techniques,
laser powder bed fusion (LPBF) can process major categories of materials with its high focus
laser energy beam implemented, and thus is widely adopted in various industries. Up to
now, many kinds of alloys have been fabricated and studied using LPBF, such as Al-based
alloys [1–5], Fe-based alloys [6–10], Ni-based alloys [11–15], Cu-based alloys [16–19], etc.

For copper and copper alloys, due to their excellent electrical and thermal conductivity,
they are widely used in many fields, such as aerospace, and petrochemical and mechanical
applications, such as radiators, heat exchangers, and cooling systems due to its high thermal
conductivity [20]. Early research on additive manufacturing of copper and copper alloys
focused on the selective laser sintering (SLS) [21,22] and cold spraying [23,24]. Due to the
low absorption rate and high reflection rate of copper when using the laser with 1062 nm
wavelength, it is difficult for standard LPBF parameters to manufacture bulk copper parts
with high density. In recent years, with high power laser widely equipped in LPBF devices,
there have been increasing kinds of copper alloys successfully produced and studied,
such as CuCrZr [25–27], Cu-Sn [18,19,28], Cu-Zn [17,29,30], Cu-Ni [16,31], Cu-W [32–34],
Cu2O [35], etc.

The current research on copper and copper alloys mainly focuses on process parameter
optimization and performances of fabricated parts. For pure copper, Ikeshoji et al. [36]
obtained samples with 96% relative density at 800 W laser power. Jadhav et al. [37] deeply
analyzed the densification mechanism of pure copper using a small focus laser (35 µm) and
pointed out that the bulk solid copper parts with near full density (99.3% relative density)
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can be fabricated in a keyhole regime prior to the onset of keyhole-induced porosity. For
copper alloys, there are more investigations on these issues. Zhang et al. [17] fabricated
a Cu10Zn alloy with high density (99.97%) under very high laser power (1800 W) and
they found that there is crystallographic texture in as-built samples, which results in an
anisotropy on micro-hardness. Jadhav et al. [38] adopted a novel method to coat a very thin
film of Sn on pure copper powders to produce CuSn0.3 powders, significantly improving
the laser absorptivity of the raw powder, which is in favor of producing highly dense Cu-Sn
products. As one of the precipitation hardenable Cu-based alloys, substantial attention
has been drawn to selective laser melted CuCrZr alloys in recent years due to their good
mechanical strength at high temperatures, and excellent thermal and electrical conductivity.
With the most updated optimized the process parameters, LPBFed CuCrZr samples can
obtain a high relative density of more than 99%, with the as-built sample showing strong
anisotropy [39]. Salvan et al. [25] studied CuCrZr alloy (Cr: 0.5–1.2%, Zr: 0.03–0.3) in detail
and the results demonstrated that direct aging resulted in better mechanical properties
compared to the as-built samples, due to the formation of nano-scaled Cr precipitates.

However, for the influence of structural design on the formability of copper and
copper alloys produced by LPBF, there are only few studies involving these issues. In this
regard, this paper further investigated the formability of Cu-Cr-Zr alloy based on previous
work [39]. The model with different inclined structures to determine the forming limits
in LPBF was designed in order to investigate the influences of angles, including inclined
angles and the relative angles between the scraper recoating direction and the inclined
direction, on the dimensional accuracy of Cu-Cr-Zr alloy produced by LPBF. The fabrication
dimensions of the samples were compared with their corresponding theoretical models and
the dimension accuracy with the variation of angles above was measured and evaluated.

2. Materials and Methods
2.1. Materials and Sample Fabrication

The powder material used in this study was gas-atomized Cu-Cr-Zr alloy (Grinm
Advanced Materials Co., Ltd., Beijing, China) with the chemical composition exhibited
in Table 1. The size of the powders was measured using a laser particle size analyzer
(Mastersizer 2000, Malvern Instruments Ltd., Malvern, UK), and the powder morphology
was observed by a scanning electron microscope (SEM) with JSM-7800F, JEOL Ltd., Tokyo,
Japan, as shown in Figure 1a,b, respectively. The particle size of this powder ranges
from 15 µm to 53 µm, with the average size of 27 µm. As shown in Figure 1b, most
particles exhibit a nearly spherical shape with few satellite particles around. The spherical
morphology contributes to the excellent mobility and thus spreadability during LPBF.

Table 1. The chemical compositions of the Cu-Cr-Zr alloy. Reprinted with permission from ref. [39].
Copyright 2020 Elsevier B.V.

Elements Zr Cr Cu Impurities

Content (wt.%) 0.43% 0.66% balance ≤0.2%
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Figure 1. (a) Size distribution of the powder material and (b) SEM image of the powder.

All samples analyzed in this study were fabricated on a commercial LPBF machine
XDM250 (Suzhou XDM 3D Printing Technology Co., Ltd., Suzhou, China), equipped with
a 500 W single-mode ytterbium fiber laser. The mean diameter of the laser beam spot was
90 µm with Gaussian profile energy intensity distribution. In addition, a 67◦ rotation of
scanning direction between every two consecutive layers with a raster scanning strategy in
every single layer was employed. During the manufacturing process, the oxygen content
in argon atmosphere was controlled below 700 ppm and the substrate temperature was
maintained at 80 ◦C. After cutting off from the substrate, the samples were immersed into
alcohol solution (95%) to wash off the powder residues adhered to the sample surface in
an ultrasonic-cleaning machine. In the following tests and characterization, the typical
morphology of the inclined surface was observed and pictured with Digital Microscope
VHX-1000 (Keyence, Osaka, Japan). The digital vernier caliper was used to measure the
sample size.

2.2. Methods
2.2.1. Density Optimization

Table 2 is the central composite design (CCD) experiment from the response sur-
face method (RSM). The maximum density in the design matrix reached 99.25% (relative
to 8.95 g/mm3) and the analysis of variance (ANOVA) results demonstrated that the
density reached maximum value when the process parameters were 425 W laser power,
650 mm/s scanning speed, and 110 µm hatch distance and the validation results proved to
be 8.883 g/cm3 (99.25% relative density). In this regard, the core parameter setting in the
current work was selected.

Table 2. Design matrix of the CCD experiment and the corresponding densities and relative densities
of the LPBFed Cu-Cr-Zr specimens.

Standard
Order

Run
Order

Factors Response

Laser Power
(W)

Scanning Speed
(mm/s)

Hatch
Distance (µm)

Density
(g/cm3)

Relative
Density (%)

1 1 410 480 72 8.867 99.08
2 13 440 480 72 8.874 99.15
3 16 410 720 72 8.872 99.14
4 19 440 720 72 8.876 99.17
5 10 410 480 110 8.872 99.12
6 11 440 480 110 8.871 99.14
7 14 410 720 110 8.873 99.14
8 12 440 720 110 8.876 99.18
9 18 400 600 90 8.878 99.21
10 6 450 600 90 8.883 99.25
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Table 2. Cont.

Standard
Order

Run
Order

Factors Response

Laser Power
(W)

Scanning Speed
(mm/s)

Hatch
Distance (µm)

Density
(g/cm3)

Relative
Density (%)

11 3 425 400 90 8.869 99.09
12 17 425 800 90 8.879 99.21
13 15 425 600 60 8.875 99.17
14 2 425 600 120 8.875 99.16
15 7 425 600 90 8.881 99.23
16 9 425 600 90 8.877 99.18
17 4 425 600 90 8.872 99.13
18 20 425 600 90 8.874 99.15
19 8 425 600 90 8.873 99.14
20 5 425 600 90 8.877 99.18

2.2.2. Schemata and Definition of Structure Angles

For convenient description, the inclined-angle α and azimuth-angle γ were defined as
the slope degree and lying style of the sample in LPBF, respectively, as shown below:

γ = < Onp, Opf >; (1)

α = < On, Ofex >; (2)

where On is the normal vector of the inclined surface, Onp is the projection of On in the
plane that is parallel to the build substrate, Opf is the vector parallel to the recoating
direction, and Ofex is the vector perpendicular to the build substrate, as shown in Figure 2.
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Figure 2. The schematic diagram of inclination angle α and azimuth angle γ.

With the angle γ increasing from 0◦ to 180◦, it is obvious that the inclined surface
transforms from along to against the recoating direction. Similarly, the inclined surface gets
steeper with α increasing in the range of 0◦ to 90◦. In addition, because the similar forming
environment of the inclined surfaces can be found when the degree of γ changes in the
range 0–180◦ and 180–360◦, only the azimuth-angle γ within 0–180◦ was considered when
the forming experiments were designed.

2.2.3. Experiment and Sample Model Design

As described above, the sizes of γ and α affect the LPBF manufacturing. Therefore,
a series of experiments were designed to investigate the influences of γ and α values on
the forming performances of Cu-Zr-Cr alloy in LPBF. For γ, 0◦, 45◦, 90◦, 135◦, and 180◦

were considered. Under every situation of γ, the changes of α should be taken into account.
A comprehensive model was designed in this paper for more effective investigation, as
shown in Figure 3. The model possesses series of inclined angle structures: 20◦, 30◦, 40◦,
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50◦, 60◦, and 70◦, and between each inclined structure, a 0.3 mm high transition zone was
designed to avoid interaction of the adjacent inclined structures during their construction.
In general, inclined structures with steeper slope are manufactured more easily. Therefore,
the inclined surfaces of the model with larger α were designed at the lower part of the
model, ensuring successful manufacturing of the model. In this regard, the total number
of the experimental samples to investigate the effects of α angle on formability could be
reduced to 10.
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When manufactured, the models above were placed on the build platform in ways
of 0◦, 45◦, 90◦, 135◦, and 180◦ sample-azimuth-angle(γ). In this condition, the Onp of the
inclined surface was parallel to the recoating direction when γ was 0◦.

3. Results and Discussion
3.1. Marking Principles and Statistical Results

In this work, the fabrication results can be classified into four categories:

A. Building process cannot continue due to severe deformation of the inclined surface
structures, leading to the collision between the scraper and deformation zone of the
sample. The corresponding structures above are marked “×” in Table 3.

B. For the inclined structure that has a certain buckling deformation but can be reluctantly
fabricated, the label “
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Table 3. Experimental and statistical results of the inclined structures formed by LPBF.

α (◦)
γ (◦)

0◦ 45◦ 90◦ 135◦ 180◦

10◦ × × × × ×
20◦
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50◦

√ √ √ √ √

60◦
√ √ √ √ √

70◦
√ √ √ √ √

80◦
√ √ √ √ √

The corresponding statistical results are presented in Table 2. It is obvious that the
structures with α within the ranges of 50–80◦ were fabricated successfully without buckling
deformation, while the structures with α less than 50◦ were fabricated either with varying
degrees of buckling deformation and powder adhesion or in failure for severe distortion.
For structures with 40◦ of α, they were all fabricated without buckling but possessed heavily
powder adhesion, while for the structures with 20◦ or 30◦ of α, the buckling deformation
of the structures varied with the differences of γ. During sample manufacturing, heavy
distortion was observed in all the structures with α of 20◦ and the collision between the
distortion zone of the samples against the scraper might cause a damage risk for the scraper.
Therefore, fabrication of 10◦ structures were intentionally stopped and they were identified
as failure by default. As presented in Figure 4, the edges of slope structures are not covered
by the recoated powders (Figure 4a), which demonstrated that the structures with 30◦ of α
generated a certain degree of distortion behaviors during fabrication. Heavy deformation
can be intensified when the α of the slope structures decreased to 20◦, as presented in
Figure 4b.
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Figure 4. Fabrication images of the inclined structures (a) after powder spreading (α = 30◦) and
(b) after forming (α = 20◦) during LPBF.

3.2. The Inclined Angle α on the Forming Performance

To reveal the forming performance of the samples quantitatively, the dimension
accurancy was determined by measuring the edge of the inclined surface to the vertical
plane of the fabricated samples and then compared to their corresponding models, as
shown in Figure 3b. The dimensions of the samples were measured, as shown in Table 4
above the “/” mark. In order to represent the influence of the α and γ on the forming
performance clearly and intuitively, the differences (Ld) of the sample from the edge of
inclined surface to the vertical plane between samples and corresponding models were
calculated, which are listed in Table 4 below the “/” mark.
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Table 4. The measured sample dimensions and the differences compared with their model.

γ (◦)
A (◦)

20 30 40 50 60 70

0 10.74/−0.76 9.40/−0.06 8.47/0.09 7.90/0.22 7.34/0.19 6.94/0.21
45 10.74/−0.76 9.45/−0.01 8.48/0.1 7.88/0.2 7.35/0.2 6.95/0.22
90 10.7/−0.8 9.45/0.01 8.48/0.1 7.86/0.18 7.35/0.2 6.92/0.19

135 – 9.32/−0.14 8.4/0.02 7. 78/0.1 7.34/0.19 6.93/0.2
180 10.61/−0.89 9.43/−0.89 8.43/0.05 7.8/0.12 7.33/0.18 6.92/0.19

Average 10.70/−0.8 9.41/−0.05 8.45/0.072 7.84/0.16 7.34/0.19 6.93/0.20

Model size 11.50 9.46 8.38 7.68 7.15 6.73

Figure 5 exhibits the histograms of Ld under different γ conditions. The Ld in Figure 5
is the average of the differences of structures with different α but the same γ. It is clear that
the dimensions of the inclined structures are less than those of their corresponding models
when the α is 20◦ and 30◦, respectively. However, when the α is above or equal to 40◦, the
sizes of the inclined structures are greater than those of their models and the corresponding
Ld increases with an increasing α value. In the end, the Ld remained at about 0.2 mm when
the α was above 60◦. It is worth mentioning that the existence of the differences between
the forming size and the model size is reasonable before the LPBF machine is calibrated
for a certain material. In this regard, as the difference becomes stable after 60◦, we assume
0.2 mm to be a reasonable variable under the experimental condition in this work, and thus
set it as the dimension accuracy standard in this work. According to the analysis above, it
could be determined that the forming size is consistent with the model size in the condition
of α ≥ 60◦. Moreover, the differences between the forming size and model size tend to be
bigger with a decreasing α value under the condition of α ≤ 40◦, which is ended with the
differences of 1 mm at α = 20◦.
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In general, the thermal conductivity of powders is less than their corresponding bulk
materials. Hence it will cause excessive energy accumulation when using the normal pro-
cess parameters, and thus defects such as bucking deformation, massive powder adhesion,
and balling phenomena will be formed [40]. For inclined structures with different α, the
powder surface area on which the laser scanned directly differs with varying α and so do
the corresponding defects and degree of warping. Figure 6 shows the building schematic
diagram of the inclined structures.
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Figure 6. The schematic diagram of the fabrication of the inclined structure.

In the current scanned layer, the width of the forming area a(α) that is directly built
on the powders can be described in Equation (3), where h is the thickness of the layers
and α is the inclined angle. When defining the first and second derivative of α with
respect to Equation (5), as shown in Equations (4) and (5), respectively, the value of a′(α)
is constantly smaller than 0 while a′′(α) is constantly greater than 0 with α varying from
0 to π/2, demonstrating that Equation (3) is a strictly monotonically decreasing concave
function. Hence, an increasing trend of a(α) can be deduced with a decreasing α, which
is in accordance with the change of Ld. Moreover, it is also intuitively inferred from
Equation (3) that a(α) tends to be infinite when α is towards zero and tends to be zero when
α is towards π/2.

a(α) =
h

tan(α)
(3)

a′(α) = −(csc(α))2 (4)

a′′ (α) =
2 sin(α)
cos(α)

(5)

Therefore, the forming environment of the edge of the inclined surface gets worse with
a decreasing α and when γ = 0◦, as shown in Figure 7, under which condition the balling
phenomena, irregularity of melt line, and power adhesion would emerge and worsen.
Comparing Figure 7a–d, the balling phenomena, irregularity of melt lines, and powder
adhesion were alleviated with the α increasing from 30◦ (Figure 7a) to 60◦ (Figure 7d),
which is in accordance with the analysis of the Figures 5 and 6. Hence, it can be concluded
that the inclined angle α has a significant influence on the surface quality of the inclined
structures and the forming surface quality is worse for the surfaces with smaller α. In
addition, the defects above would interact with the scraper during recoating course and
cause bigger differences between the forming sample and model dimension, which will be
discussed in detail in Section 3.3. While under the conditions of larger α, the a(α) area is
narrower and the forming environments are similar to those of the core zone, resulting in
smaller dimension differences, as shown in Figure 7d.
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Figure 7. The surface morphology of LPBFed inclined structures with different α but the same γ = 0◦

and (a) α = 30◦, (b) α = 40◦, (c) α = 50◦, (d) α = 60◦.

Figure 8 shows the histograms of the differences between the highest and the lowest
point of the inclined surfaces with different α degrees, which were extracted from the
topography contrast images of Figure 7. The histograms can quantitatively show the
morphology differences of the surface with different α degree through the local height
differences. The local maximum height differences increase with the decreasing inclined
angle α and the increasing trend tends to be bigger in smaller α condition. Specifically,
the maximum height difference (723 µm) occurred on the inclined surface of 30◦ and is
three times higher than that of the 60◦ inclined surface (208 µm), while the local height
differences of α = 50◦ surface is 243 µm which is only higher than that of α = 60◦ inclined
surface by 33 µm.
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3.3. The Azimuth Angle γ on the Forming Performance

Figure 9 shows the behaviors of Ld with the variation of sample azimuth-angle γ. It
can be found that the value of Ld slightly varied with the azimuth-angle γ for the inclined
structures with the same α degree. For the inclined structures with α = 60◦/70◦, the Ld
maintains at roughly 0.2 mm, namely the forming sizes are almost the same as the model
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sizes. However, for the inclined structures with α ≤ 50◦, the forming sizes of them are
smaller than those of the corresponding models in varying degrees and their Ld generally
increases with an increased γ value from 0◦ to 180◦.
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model with the variation of γ.

In addition, a negative correlation between the initial buckling deformation and
inclined angle α can be determined from Figure 9. Above all, it can be concluded that the
azimuth-angle γ has an apparent influence on the forming performance when α < 50◦, and
a slight influence when α ≥ 50◦. On the one hand, during LPBF fabrication, the issues of
the interaction between the scraper and the sintered area cannot be ignored, especially for
the inclined or similar inclined structures. As described above, the edges of the inclined
surfaces were not well fabricated because of the energy accumulation resulting from the
poor thermal conductivity of the Cu alloy powder compared with the solid parts, which
causes defects such as balling, powder adhesion and buckling deformation (Figure 7). On
the other hand, with α = 60◦/70◦, the area a(α) is so small and so are corresponding defects
that the initial defects are fewer. Therefore, the interaction of the scraper and the defects of
the inclined structures with bigger α was gentle relative to that of smaller α.

Figure 10 shows the schematics of the interaction between the scraper and the edges
of the inclined surface structures during the recoating process in LPBF. In Figure 10b, when
the γ is in the ranges of 90◦ to 180◦, the initial buckling deformation gets worse. In this
situation, the force F2, generated from the collision between the scraper and the sintered
part during the recoating process, is perpendicular to the deformed surface up, which
deteriorates the initial deformation, while for the inclined surfaces with γ in the ranges of
0◦ to 90◦, as shown in Figure 10a, the force F1 is perpendicular to the deformed surface
down and will restrain the initial buckling deformation resulting in the alleviation of the
buckling deformation. In this regard, the increase of the Ld with the γ increasing from 0◦ to
180◦ can be well explained.



Sustainability 2022, 14, 14639 11 of 14Sustainability 2022, 14, 14639  11  of  14 
 

 

Figure 10. Schematics of the interaction between the scraper and the edges of the inclined surface 

structures: (a) the inclined surface along with the recoating direction and (b) the inclined surface 

against the recoating direction. 

It is worth mentioning that although using Ld to evaluate the buckling deformation 

of the samples is not outstanding, the corresponding buckling deformation is remarkable. 

As shown in Figure 11, it is clear that with the same α, warping effects are more serious 

on the top surface of the samples in γ = 180° (Figure 11a) than the samples in γ = 90°, 45°, 

0°. For the samples in γ = 180°, the whole edge of the top surface warps relative to the 

forming plane up. When the γ = 90°, warping is alleviated, while for the samples in γ < 

90°, only the corner of the edge of the top surface slightly warps. 

 

Figure 11. Images of LPBFed parts with different inclined structures in different γ condition (the α 

of the top structures is 20°), (a) γ = 180°, (b) γ = 90°, (c) γ = 45°, (d) γ = 0°. 

4. Conclusions 

In this work, the influences of the azimuth‐angle γ and the inclined‐angle α on the 

formability of Cu‐Cr‐Zr alloy produced by laser powder bed fusion have been systemati‐

cally studied and the following conclusions are summarized: 

(1) The forming statistical results demonstrate that the inclined structures with α > 50° 

were fabricated successfully without buckling deformation, while those α < 50°were 

fabricated either with varying degrees of buckling deformation and powder adhe‐

sion or  in  failure  as  severe distortion. Under  the  current process parameters,  the 

equipment dimension compensation is around 0.2 mm larger than the model size. 

(2) The dimensions of the inclined structures are less than those of their corresponding 

models when α < 50° and are roughly equal to the models when the α > 50°. Further, 

the differences (Ld) increase with a decreasing α, which reaches 0.3 mm when α is 30° 
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It is worth mentioning that although using Ld to evaluate the buckling deformation of
the samples is not outstanding, the corresponding buckling deformation is remarkable. As
shown in Figure 11, it is clear that with the same α, warping effects are more serious on the
top surface of the samples in γ = 180◦ (Figure 11a) than the samples in γ = 90◦, 45◦, 0◦. For
the samples in γ = 180◦, the whole edge of the top surface warps relative to the forming
plane up. When the γ = 90◦, warping is alleviated, while for the samples in γ < 90◦, only
the corner of the edge of the top surface slightly warps.
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4. Conclusions

In this work, the influences of the azimuth-angle γ and the inclined-angle α on the
formability of Cu-Cr-Zr alloy produced by laser powder bed fusion have been systemati-
cally studied and the following conclusions are summarized:

(1) The forming statistical results demonstrate that the inclined structures with α > 50◦

were fabricated successfully without buckling deformation, while those α < 50◦ were
fabricated either with varying degrees of buckling deformation and powder adhesion
or in failure as severe distortion. Under the current process parameters, the equipment
dimension compensation is around 0.2 mm larger than the model size.

(2) The dimensions of the inclined structures are less than those of their corresponding
models when α < 50◦ and are roughly equal to the models when the α > 50◦. Further,
the differences (Ld) increase with a decreasing α, which reaches 0.3 mm when α is
30◦ and drastically increases to 1 mm when α is 20◦ for the interaction between the
scraper and the serious deformation.
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(3) Defects, such as balling phenomena, irregularity of melt lines, and powder adhesion,
deteriorated with a decreasing α. The maximum height differences between the
highest point to the lowest point reach 723 µm when the α is 20◦, which drastically
reduces to around 200 µm when the α increases to above 50◦.

(4) For the CuCrZr alloy, the azimuth-angle γ has a significant influence on the forming
performance when α < 50◦ and a very slight influence when α ≥ 50◦. The differences
Ld generally increases with the increasing γ value from 0◦ to 180◦ with α < 50◦. These
phenomena mainly result from the interaction between the scraper and the severe
deformation of the edges of the inclined surface.

(5) For the parts that possess inclined structures, they are recommended to be placed on
the build substrate along with the recoating direction to avoid interaction between
the scraper and the severe deformation of the edges of the inclined surface. In
addition, for the Cu-Cr-Zr structures with inclined angle α < 50◦, support structures
are recommended to assist the structures fabrication to avoid bucking deformation
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