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Abstract: The effects of process parameters on the densification, microstructures, and mechanical properties, as well as 
the temperature dependence of the mechanical properties, of a NiCoCr medium-entropy alloy fabricated with selective 
laser melting were studied. The results indicate that the microstructures and mechanical properties are not linearly 
related to the volume energy density (VED) but are affected by the scanning speed and laser power. The optimal process 
parameters are identified as a scanning speed of 800 mm/s and a laser power of 250 W, while the VED is only 57 J/mm3 
lower than the highest value of 68 J/mm3. The yield strengths of the optimal sample are ~819, ~709 and ~618 MPa at  
77, 200, and 293 K, respectively. The temperature dependence of the mechanical properties is determined and verified 
by the experimental results. 
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1 Introduction 
 

Recently, high-entropy alloys (HEAs) and 
medium-entropy alloys (MEAs) have attracted 
extensive interest in the material science 
community owing to their unique microstructures 
and promising properties [1−6]. Unlike 
conventional alloys such as Al alloys, Fe alloys, Ti 
alloys, TiAl alloys, and FeAl alloys based on one or 
two principal elements, HEAs and MEAs are 
defined as alloys containing multiple principal 
elements, as proposed by YEH et al [1] and 
CANTOR et al [2]. Due to the high configurational 
entropies, the simple solution structures (mostly 
FCC or BCC) of HEA and MEA lead to superior 
properties, such as good microstructural stability, a 
combination of high yield strength and ductility, 

and outstanding wear resistance [7−9]. 
As representative HEAs, the cantor-wu alloy 

and its suballoys with FCC structures have been 
widely studied [2,10,11]. Among the FeNiCoCrMn 
alloys and their suballoys, such as NiCoCr, FeNiCr, 
FeNiCo, and FeNiCoCr, the equiatomic NiCoCr 
MEA had the best combination of mechanical 
strength and fracture toughness. Most researchers 
have prepared NiCoCr by vacuum arc melting or 
mechanical alloying and have applied different 
postprocessing methods, such as rolling, forging, 
and annealing treatment. However, many casting 
defects, including shrinkage, pores, and serious 
segregation, exist in as-cast materials, and   
further processing is required to remove these 
defects. Moreover, it is difficult to manufacture 
specimens with complex geometry because of 
disadvantages related to the cost and efficiency for 
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practical applications. 

Additive manufacturing (AM) is a flexible 
processing technique that has been applied to the 
production of complex three-dimensional metal 
parts. Recently, researchers have employed AM to 
prepare HEAs and MEAs, such as AlxCoCuFeNi 
[12−16], CoCrFeNiMn [17−19], NbMoTaW [20], 
and FeCoCrNi [21,22]. Selective laser melting 
(SLM) is mainly used in the AM-fabricated HEAs 
and MEAs described above due to its low cost, high 
efficiency, and good reliability [23]. 

Recently, some researchers have begun using 
SLM to prepare NiCoCr. NIU et al [24] 
systematically analyzed the phase composition, 
microstructure evolution, mechanical properties and 
metallurgical defects of an equiatomic NiCoCr 
MEA fabricated by SLM and found that the yield 
strength (~605 MPa) of the SLM-printed samples 
significantly exceeded that of the samples prepared 
with other techniques due to the ultrafine 
microstructure in the SLM-prepared samples at 
room temperature. KHAIMOVICH et al [25] 
investigated the influence of the SLM parameters 
on residual stress. PAN et al [26] tuned the strength 
and ductility balance of a NiCoCr MEA with 3 wt.% 
TiC by SLM, and the printed material showed 
excellent mechanical properties, including an 
ultimate tensile strength (UTS) of 1340 MPa, a 
yield strength (YS) of 1020 MPa, and an elongation 
(EL) of 15.6% at room temperature. However, these 
studies mainly investigated the effects of SLM 
parameters on the microstructures and properties at 
room temperature. NiCoCr has excellent fracture 
toughness, tensile strength, and ductility at 
cryogenic temperatures [27], giving it potential for 
deep-sea applications. HAN et al [28] prepared a 
NiCoCr MEA with a hierarchical structure by SLM, 
and this material exhibited superior cryogenic 
mechanical properties, but the temperature 
dependence of the mechanical properties of a 
NiCoCr MEA printed by SLM has rarely been 
reported. 

Because the temperature of a material in a 
specific application generally differs from 
experimental test temperatures, it is essential to 
understand the mechanical properties at a specific 
temperature for practical applications of metals and 
alloys. WU et al [29] elucidate the temperature 
dependence of the yield strength by experiments 

and calculations, but the samples were prepared by 
casting, cold rolling, and recrystallization. 
Therefore, the temperature dependence formula 
proposed by WU et al [29] is not fully applicable to 
NiCoCr MEAs fabricated by SLM. 

An important disadvantage of SLM technology 
is that the formation process easily generates pores, 
which worsens the mechanical properties of metal 
parts. Therefore, it is very important to study the 
influence of density on the mechanical properties of 
materials. Most of the current research on process 
optimization considers volume energy density 
(VED) [30]:  

PD
vht

=                                (1) 
 
where D is the VED (J/mm3), P is the laser power 
(W), v is the scanning speed (mm/s), h is the 
hatching space (mm), and t is the layer thickness 
(mm). However, the VED is not a reliable 
parameter for material synthesis by SLM [31]. For 
example, there are different optimal VEDs 
corresponding to different parameters in the reports 
of NIU et al [24] and HAN et al [28] for preparing 
NiCoCr by SLM. Therefore, optimizing the process 
parameters to prepare dense NiCoCr MEA by SLM 
is the basis for the follow-up of this study. 

In this study, we investigated the influence of 
SLM process parameters on the density of NiCoCr 
MEA to identify the optimal process parameters. 
The densest specimen was then used as the study 
object to investigate the temperature dependence of 
the mechanical properties of the as-built NiCoCr 
MEA. 
 
2 Experimental 
 
2.1 Raw materials 

Raw NiCoCr MEA powder was prepared using 
gas atomization from vacuum-induction-melted 
ingots. As shown in Fig. 1(a), the NiCoCr MEA 
powder exhibited a nearly smooth spherical shape 
with a few satellite particles. The particle diameter 
distribution was measured via a laser particle size 
analyzer (Ma-stersiga), as shown in Fig. 1(b). The 
powder had a particle size distribution ranging from 
12.7 to 76.0 μm and an average size of about 
34.1 μm (Dv10=21.4 μm, Dv50= 34.8 μm, and 
Dv90=55.8 μm). 
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Fig. 1 Raw NiCoCr medium-entropy alloy powders:   
(a) SEM image; (b) Powder size distribution 
 
2.2 SLM process 

SLM experiments were performed on an 
FS271 M machine (Farsoon, Inc., China). The 
machine was equipped with a 500 W fiber laser 
with a focal laser beam diameter of 90 mm. During 
the SLM process, rectangular specimens 
(30 mm × 6 mm × 6 mm) were prepared with a 
hatch space of 110 μm and a layer thickness of 
50 μm. The molten pool was protected with inert 
argon. A steel plate was used as the building 
substrate. The SLM processing parameters are 
shown in Table 1. The scanning direction rotated  
67° between the Nth and (N+1)th layers with raster 
scanning patterns, as shown in Fig. 2. After the 
SLM process, specimens were removed from the 
substrate plate by electrical discharge machining 
(EDM). 
 
2.3 Microstructural analysis 

In this work, the crystal structures and phase 
components of the powder and printed NiCoCr 
MEA were analyzed by X-ray diffraction (XRD) 
(Shimadzu, Japan) with Cu-target radiation at 
40 kV and 40 mA. The specimens were scanned 

over a 2θ range from 20° to 80° with a scanning 
rate of 1.2(°)/min. 

The tops of the printed NiCoCr specimens 
were wet ground using emery paper with grits 
ranging from #120 to #2000, followed by a 
V2P-1364 vibratory polisher to obtain mirror- 
finished surfaces. The microstructure was observed 
with a CX40MB optical microscope (OM). To 
obtain greater understanding of the microstructural 
evolution of the printed specimens, EBSD was 
performed. 

 
Table 1 Parameter settings for SLM process 

Specimen 
Scanning 

speed/ 
(mm∙s−1) 

Laser 
power/ 

W 

VED/ 
(J∙mm−3) 

Density/ 
(g∙cm−3) 

Relative 
density/% 

N1 800 250 57 8.26 99.54 

N2 1200 250 38 8.14 98.07 

N3 1600 250 28 7.68 92.53 

N4 800 300 68 8.25 99.40 

N5 1200 300 45 8.23 99.16 

N6 1600 300 34 7.97 96.02 

N7 800 350 80 8.24 99.28 

N8 1200 350 53 8.23 99.16 

N9 1600 350 40 8.07 97.23 

 

 
Fig. 2 Schematic illustration of SLM scanning strategy 
 
2.4 Mechanical properties testing 

Tensile specimens with a dogbone shape 
(gauge length 20 mm; width 4.0 mm; thickness 
1.0 mm) were prepared perpendicular to the build 
direction. Tensile tests were performed at a strain 
rate of 10−3 s−1 using a screw-driven tensile testing 
machine (SHI-MADZU AGS-X 50 kN) with a full 
range extensometer (SHIMADZU Non-Contact 
Digital Video Extensometer). Selected specimens of 
printed NiCoCr were tested at 77, 200, and 293 K. 
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3 Results and discussion 
 
3.1 Densification 

The densities of the printed NiCoCr specimens 
were obtained according to the Archimedes method, 
and the results are shown in Fig. 3. At laser powers 
of 250, 300, and 350 W, the density of the NiCoCr 
specimens gradually increased with decreasing 
scanning speed, as shown in Fig. 3(a). With an 
increase in scanning speed, the VED decreased 
according to Eq. (1), resulting in incomplete 
melting of the NiCoCr powder, increasing the 
amount and size of the pores, and consequently 
decreasing the density of the printed NiCoCr. 
Therefore, printed NiCoCr specimen with the 
lowest density (~7.68 g/cm3) was N3, whose 
scanning speed was 1600 mm/s and laser power 
was 250 W. Representative OM images of the top 
view of different specimens are also presented as 
insets in Fig. 3(b). For Specimen N3, many tiny 
pores were observed, LIN et al [32] reported similar 
results. The density increased with increasing laser 
power when the scanning speed was 1600 mm/s. 
When the scanning speed was 1200 mm/s, the laser 
power increased from 250 to 300 W, and the density 
increased from 8.14 to 8.23 g/cm3. However, as the 
laser power further increased, the density remained 
constant. When the scanning speed was 800 mm/s, 
the density of the specimen hardly changed with 
increasing laser power because the VED of the 
above conditions was sufficient for the NiCoCr 
powder to melt completely. It can be seen that 
scanning speed had a greater impact on density than 
the laser power. 

There were two stages in which the density 
varied with increasing VED, as shown in Fig. 3(b). 
In the first stage, the specimen density gradually 
increased with increasing VED up to 57 J/mm3, and 
the highest relative density measured was 99.54%. 
During the first stage, as the VED entering the 
powder bed increased, the temperature field of the 
molten pool tended to increase, which reduced the 
tension of the molten pool and improved its 
flowability [33]. Therefore, the pores were filled by 
the melt, and the density increased. However, when 
the VED exceeded 57 J/mm3, the relative density 
began to decrease slowly with increasing VED, 
which was defined as the second stage. The stability 
of the molten pool could be reduced at a higher 

VED, and the unstable melt tended to form globules 
and splashes, making the gas more likely to be 
trapped in the melt. This resulted in the formation 
of microcracks and thus a lower density. 

The optimal experimental parameter in this 
study was Specimen N1, whose relative density was 
99.52%, higher than the ~98.9% [24] and close to 
the 99.7% [28]. Therefore, Specimen N1 was 
chosen to investigate the temperature dependence of 
the mechanical properties of the NiCoCr printed by 
SLM. 
 

 
Fig. 3 Effect of scanning speed and laser power (a), and 
VED (b) on SLM processed density and microstructures 
 
3.2 Phase constitution 

The XRD results of the NiCoCr powder and 
printed NiCoCr Specimen N1 are shown in Fig. 4. 
The characteristic peaks of Specimen N1 and the 
NiCoCr powder were the same characteristic peaks 
of the FCC, but there was a shift of the (111) peak 
to the right in the XRD pattern of Specimen N1. 
This indicates that the original single FCC phase of 
the NiCoCr powders was retained after the SLM 
printing process. There were fewer (111) grains in 
the top view of the printed NiCoCr than those    
in the NiCoCr powders, indicating that the printed 
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Fig. 4 XRD patterns of NiCoCr powder and Specimen 
N1 
 
NiCoCr possessed fewer (111) grains in the top 
view, consistent with the EBSD results shown in 
Fig. 5. The orientations were closely related to the 
scanning strategies adopted during the SLM process, 
leading to more grains growing in the 〈200〉 and 
〈220〉 directions. The 2θ angle of the peak of (111) 
in the printed NiCoCr specimen was higher than 
that of the NiCoCr powder. The volatilization rate 
of Cr was 2−3 orders of magnitude higher than that 
of Co and Ni, and Cr had a larger atomic diameter 
than Co and Ni [24], leading to shrinkage of the  

NiCoCr lattice constant after the SLM process. The 
lattice constant of the printed NiCoCr was 3.5617 Å, 
which is less than that of the NiCoCr powder 
(3.5656 Å). According to the Bragg formula 
2dsinθ=nλ, for a fixed wavelength, a small crystal 
plane spacing leads to an increase in the diffraction 
angle, resulting in a shift of the diffraction peak to 
the right. 
 
3.3 Microstructures 

The three printed specimens with the highest 
relative densities are N1, N4, and N7, whose 
scanning speed was the same and the laser power 
increased, i.e., 250, 300 and 350 W, respectively. 
Therefore, the effects of the laser power on the 
microstructures and mechanical properties were 
studied. 

EBSD maps of the microstructure at the top of 
specimens N1, N4 and N7 are shown in 
Figs. 5(a−c), respectively. Due to the relatively low 
scanning speed (800 mm/s) and laser power (250 
and 300 W), the scanning tracks were obviously in 
line with the scanning direction between the two 
continuous layers of 67°, and the width of the 
scanning track was ~110 μm, corresponding to a 
scan interval of ~110 μm, as shown in Figs. 5(a) 
and (b). However, when the laser power increased 

 

 
Fig. 5 Inverse pole figure (IPF) (a−c) and grain boundaries (e−f) of Specimens N1 (a, d), N4 (b, e), and N7 (c, f) 
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to 350 W, the scanning tracks were difficult to 
observe, as shown in Fig. 5(c). This phenomenon 
may be caused by the increase in the molten pool 
diameter beyond the scanning interval after the 
laser energy increased to 350 W. The 
microstructures of Specimens N1, N4 and N7 were 
composed of columnar grains with average sizes of 
14.63, 15.56 and 11.95 μm, respectively, which are 
finer than those of samples fabricated by laser-aided 
additive manufacturing (~105.2 μm) [34], casting 
and homogenizing (~800 μm) [35], and cold rolling 
and recrystallization annealing (~41 μm) [29]. The 
finer grain size was mainly attributed to rapid 
solidification with a high cooling rate (~105 K∙s−1) 
in the SLM process, which was favorable for the 
development of excellent fine columnar grains [12]. 
The IPF maps shown in Figs. 5(a−c) revealed that 
the columnar grains grew in a random 
crystallographic orientation. Due to the scanning 
strategy of rotating 67° layer by layer, there were 
different temperature field conditions of grain 
growth between the upper and lower layers, 
resulting in different preferred growth directions in 
the adjacent layers (upper and lower) and finally 
leading to formation of a large number of grain 
structures with random orientations and irregular 
shapes. The printed NiCoCr HEA with randomly 
oriented grains exhibited isotropic mechanical 
behavior. 

The high-angle grain boundaries (HAGB, blue 
lines, misorientation ≥15°) and low-angle grain 
boundaries (LAGB, red lines, misorientation ≤5°) 
are shown in Figs. 5(d−f). The fractions of HAGB 
and LAGB are shown in Table 2. HAGBs were 
mainly distributed along the scanning track, while 
LAGBs were mainly located near the centerline of 
the molten pool at the laser power. As the laser 
power increased from 200 to 350 W, the fraction of 
HAGBs decreased from 56.3% to 26.4%. The 
kernel average misorientation (KAM) map of 
Specimen N1 is shown in Fig. 6. The average KAM 
value of Specimen N1 was 1.4°, and the KAM 
mainly reflected the geometrically necessary 
dislocation density tensor (ρGND) that can be used as 
an approximate measure of the true dislocation 
density under the condition of elastic‒plastic 
deformation unloading. 

 
3.4 Mechanical properties 

The tensile curves of printed NiCoCr MEA 
Specimens N1, N2, N3, N4 and N7 are shown in 
Fig. 7(a). Specimen N1 had the best tensile property 
in this study. Tensile properties are basically 
positively correlated with density. The YS, UTS, and 
EL decreased as the scanning speed increased from 
800 to 1600 mm/s when the laser power was 800 W, 
consistent with the relative densities of Specimens 
N1, N2 and N3. The tensile properties decreased 

 
Table 2 Average grain sizes, fractions of HAGB and LAGB, and tensile properties of Specimens N1, N4 and N7 at 293 K 

Specimen Laser  
power/W 

Average  
grain size/μm 

Fraction of 
LAGB/% 

Fraction of 
HAGB/% YS/MPa UTS/MPa EL/% 

N1 250 15 34.6 56.3 618 837 42 
N4 300 16 43.5 45.2 610 811 33 
N7 350 12 54.4 26.4 600 758 25 

 

 
Fig. 6 Kernel average misorientation (KAM) map (a) and distribution (b) of Specimen N1 



Ya-jun LUO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1547−1557 1553 

 

 

Fig. 7 Engineering tensile stress‒strain curves of 
Specimens N1, N2, N3, N4 and N7 at room temperature 
(a) and Specimen N1 at 77, 200, and 293 K (b), and 
temperature dependence of 0.2% offset yield stress of 
Specimen N1 (c) 
 
with increasing laser power when the scanning 
speed was 800 mm/s (N1, N4, and N7). As shown 
in Table 2, the fractions of HAGBs and the laser 
power were negatively correlated. The lattice 
distortion and interface energy of the HAGBs were 
higher than those of the LAGBs. The HAGBs 

hindered dislocation movement caused by plastic 
deformation of the metal, which improved the 
mechanical properties. Therefore, the highest 
HAGB fraction resulted in the best tensile property 
of Specimen N1 among Specimens N1, N2, N3, N4 
and N7. 

As the specimen with the highest density and 
the best mechanical properties at room temperature, 
N1 was selected to investigate the tensile properties 
at 77 and 200 K. The engineering tensile stress‒
strain curves of the printed NiCoCr are shown in 
Fig. 7(b), and the YS, UTS and EL of the printed 
NiCoCr specimens at 77, 200 and 293 K are shown 
in Table 3. The YS of the printed NiCoCr was 
higher than that of the NiCoCr prepared by 
traditional casting and rolling at 77, 200 and  
293 K [29,36−38], but the UTS of the printed 
NiCoCr was lower than that of the NiCoCr 
prepared by traditional casting and rolling at 77, 
200 and 293 K [29,37,38]. The reason may be that 
the printed NiCoCr is not completely dense and has 
defects. 

The relationship between the YS and 
temperature of NiCoCr prepared by casting and 
rolling was revealed [29], but the YS of the printed 
NiCoCr was higher than that of NiCoCr prepared 
by other methods. This means that the relationship 
between the YS and the temperature of NiCoCr 
prepared by SLM should be investigated. YS is 
known to be a combination of frictional stress (σfr), 
grain boundary strengthening (∆σgb) and dislocation 
strengthening (∆σdis):  
σy=σfr+∆σgb+σdis                                         (2)  

According to a previous study [29], the lattice 
frictional stress can commonly be explained by the 
Peierls stress (σp), which is given by  

fr p p
m

( ) ( ) ( ) 2π0 expσ T σ T σ T
T

 
= = ⋅ − 

   
        (3) 

 
where σp(0) is the Peierls stress at 0 K (465 MPa), 
and Tm is the melt temperature (1690 K). 

Based on the Hall–Petch relationship, 
 

y
gb =

K
σ

d
∆                               (4) 
 
where Ky and d are the Hall–Petch slope for slip and 
grain size, respectively. The Hall‒Petch slope does 
not vary with the temperature [29], and its value is 
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Table 3 Comparison of mechanical properties of CrCoNi MEA fabricated by other methods and SLM 

Processing 
history 

77 K  200 K  293 K Gauge 
dimension/ 

mm 
Source YS/ 

MPa 
UTS/ 
MPa 

EL/ 
% 

 YS/ 
MPa 

UTS/ 
MPa 

EL/ 
% 

 YS/ 
MPa 

UTS/ 
MPa 

EL/ 
% 

SLM 819 1158 28  709 993 38  618 817 42 20×4×1 This 
work 

Cold rolled, annealed 510 1300 75  390 1000 76  320 850 60 10×2×1 Ref. [28] 
Cold forging, cross 

rolling, recrystallization 560 1230 45  − − −  360 870 38 20×4×1.2 Ref. [36] 

Swaged, recrystallized 657 1311 90  560 1060 68  440 890 73 12.7×3×1.5 Ref. [37] 

 
569 MPa∙μm1/2. From the EBSD images, the 
average grain size was ~15 μm; therefore, the 
contribution of y /K d  was approximately 
152 MPa. 

The strengthening of the dislocation (∆σdis) can 
be estimated according to the following Taylor’s 
law of hardening:  

dis SSD GND= +σ MαGb ρ ρ∆                  (5) 
 
where M is the Taylor factor, α is the Taylor 
constant, G is the shear modulus, and b is the 
component of Burgers vector. For the NiCoCr MEA, 
the above parameters were M=3.06 [39], α=0.2 [40], 
G=87 GPa [29], and b=0.253 nm [41]. ρSSD and 
ρGND are the dislocation densities of statistically 
stored dislocations (SSD) and geometrically 
necessary dislocations (GND), respectively. 
Dislocation entanglements that form SSD usually 
occur only during deformation, but there is no 
deformation during the SLM solidification process; 
therefore, the proportion of SSD is very small, and 
SSD can be ignored [42]. Therefore, GND can be 
calculated using the kernel average misorientation 
(KAM) map according to Eq. (6) [23]:  

GND
2= kυ

b
ρ

µ
                              (6) 

 
where υk is the average value of KAM (1.3°), and μ 
is the step size (3 μm) during the EBSD 
measurement. Therefore, the GND was estimated to 
be 5.98×1014 m−2, and the contribution of the 
dislocation density was approximately 329 MPa. 

Therefore, Eq. (1) can be written as  

y
2π=465exp 481

1
( )

690
T Tσ  − + 

 
            (7) 

 
To check the validity of these concepts, the 

experimental yield stress data and the curves of 
Eq. (7) are plotted in Fig. 7(c). The results agree 

well with the experimental results. 
 
4 Conclusions 
 

(1) When the scanning speed was 800 mm/s, 
the density and tensile properties decreased with 
increasing laser power. When the laser power was 
250 W, the density and tensile properties decreased 
with increasing scanning speed. 

(2) Specimen N1 had the best process 
parameters; that is, the speed was 800 mm/s, and 
the laser power was 250 W. The UTS, YS, and EL 
of Specimen N1 were 317 MPa, 618 MPa, and  
42%, respectively. The YS of the printed NiCoCr 
was higher than that of the NiCoCr prepared by 
traditional casting at cryogenic and room 
temperatures. 

(3) The relationship between the yield strength 
and temperature of the NiCoCr MEA printed by 
SLM was established and was consistent with the 
experimental data. 
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选择性激光熔化打印等原子比 NiCoCr 中熵合金 
力学性能与温度的相关性 
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2. 湖南工程学院 新能源汽车轻量化湖南省工程研究中心，湘潭 411104 

 
摘  要：研究工艺参数对选择性激光融化制备的等原子比 NiCoCr 中熵合金致密度、显微组织和力学性能的影响，

以及该合金的力学性能与温度的相关性。结果表明，显微组织和力学性能不与激光的体积能量密度呈线性相关，

其主要是受扫描速度和激光功率影响。扫描速度为 800 mm/s 且激光功率为 250 W 为最佳的工艺参数，但是在该

工艺参数下的体积能量密度仅为 57 J/mm3，低于最高能量密度 68 J/mm3。以最佳工艺制备的样品在 77、 200 和

293 K 温度下测得的屈服强度分别为~819、~709 和~618 MPa。通过计算揭示力学性能的温度相关性方程，并得到

实验验证。 

关键词：选择性激光熔化；中熵合金；NiCoCr；低温；力学性能 

 (Edited by Xiang-qun LI) 
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