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Abstract

Additive manufacturing (AM) technique, such as selective laser melting (SLM) is a modern method for
materials fabrication and formation. In this study, AlICoCuFeNi HEA parts are fabricated by SLM using pre-
alloyed powders prepared by atomization process. The effect of processing parameters on microstructures,
microhardness and compression property of SLM-fabricated HEA parts are systematically investigated. Results
show that input laser energy density involved in laser power and scan speed plays a significant role in the
densification behavior. A near-full 99.03% density is achieved as an energy density of 102.5 J/mm®. The alloys
consist of simple body-centred cubic (BCC) structure and exhibit the highest microhardness up to 541.17 HV,
and compressive strength of 1621.1 MPa due to the BCC solid solution strengthening. The study reveals that
SLM is advantageous to produce the high-entropy alloy with high density, good mechanical properties and even
complicated shapes.
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Introduction

High-entropy alloys (HEAs) with multi-principal elements have experienced extensive research and
attract enormous attention over the past decade [1]. It is typically composed of at least five major constituents
with each elemental concentration between 5 and 35 at.%, which breaks through the design strategy of
traditional alloys based on one or two principle elements [2]. Due to its high mixing entropy, the simple solid
solution structure with multi-elements is easier formed in the HEAs during solidification instead of intermetallic
compounds, such as body-centered cubic (BCC), face-centered cubic (FCC) and/or hexagonal close-packed
(HCP) structures [3-4]. HEAs have been reported to possess great potential for engineering applications
attributed to their many unique properties, such as high hardness, good mechanical strength and ductility, high
wear and corrosion resistance and excellent thermal stability [5-8].

High-entropy alloys are usually prepared by arc melting technology or casting methods [9-10]. However,
these conventional processing techniques are limited to widespread use of HEAs in highly demanding
applications, such as component segregation due to sluggish cooling rate and high costs in the preparation of
bulk materials. In addition, the sizes and shapes of bulk ingots prepared using these techniques are limited. To
solve these problems, additive manufacturing (AM) such as selective laser melting (SLM), laser engineered net
shaping (LENS) and electron beam melting (EBM) technologies, called three-dimensional (3-D) printing, have
received much attention in the recent years [11-12]. This technique can automatically fabricate multifunctional
parts in a layer-by-layer manner directly from three-dimensional computer-aided design (CAD) model.
Compared to traditional subtractive manufacturing methods, AM can create complex shapes and controlled
porosity in a shorter time and with lower cost.
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Up to date, a large amount of efforts have been focused on the fabrication of metals and alloys parts
using AM and it is verified the feasibility of building a metal part from a range of powders, including stainless
steel, titanium alloys and nickel superalloys [13-16]. Moreover, AM study of high-entropy alloys has gathered
great deal of attention and is still developing. For instance, I. Kunce et al. [17] successfully fabricated thin-
walled samples of the AICoCrFeNi high-entropy alloy using the laser engineered net shaping (LENS) method,
which demonstrated that the laser scan rate had a significant effect on the microstructure, and increasing the
cooling rate reduced the average grain size of the LENS-produced alloy. Jithin et al. [18] also studied the bulk
AlICoCrFeNi high-entropy alloy manufactured by direct laser fabrication (DLF) from simple elemental powder
blends. It was concluded that microstructure and mechanical properties of the direct laser sintered samples were
very similar to those produced by arc melting, indicating DLF was a successful technique to fabricate bulk high-
entropy alloys. And recently, Hiroshi et al. [19] had carried out a comprehensive study of fabricating
equiatomic AlCoCrFeNi HEA prepared via selective electron beam melting (SEBM). The SEBM alloy
possessed fine modulated structure of the B2/BCC phases and exhibited much higher plastic deformability than
the cast specimen, without significant loss of strength. In addition, Yevgeni et al. [20] reported that FeCoCrNi
high-entropy alloy successfully fabricated using SLM and the part with fine microstructure and enhanced
mechanical properties is obtained. It showed that SLM technology was a promising method to fabricate the
HEAs and showed great potential. In this study, equiatomic AICoCuFeNi high-entropy alloy is fabricated by
SLM using pre-alloyed powders. The effect of processing parameters on phases, microstructure, density and
mechanical property of SLM-fabricated HEA parts is systematically studied and discussed in detail.

2. Experimental

The starting material used in this study is gas atomized AlCoCuFeNi high-entropy alloy powder. The
main chemical composition of the powder is given in Table 1. The HEA powders show a spherical morphology
(Fig.1 (a)) in the size range of 15-53 um with an average of 30 um (determined by Malvern laser particle size
analyzer). The particle size distribution is displayed in Fig. 1(b).

Table 1: Chemical composition of the employed powder determined by EDX analysis

Powder material Al Co Cu Fe Ni
HEA 20.43 20.43 19.19 22.39 17.55

1 10 100 1000
Particle Size (um)

Fig. 1 AlCoCuFeNi high-entropy alloy powder: (a) particles morphology, (b) powder particles size distribution.

The experiments are carried out on a commercial SLM 250 (YZSLM-250) machine equipped with a 500

W fiber laser that has a wavelength of 1.07 pum. The diameter of the focused laser spot size is about 30 pm. The

maximum laser power and scanning speed are 500 W and 5000 mm/s respectively. The layer thickness is

constant at 30 pm and the hatch spacing is always 40 um. All SLM parts are produced in a closed environment

filled with argon as a protective gas. The oxygen content in the build chamber is controlled to < 0.1% and to
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prevent the oxidation of iron during the fabrication process. Based on a series of preliminary experiments, in
this study, the parameters used for preparing the samples are shown in Table 2. During fabrication by SLM, an
alternating x/y raster scan strategy is used to build each part. The direction of scanning is rotated at 90°
between consecutive layers. Also, the laser energy density E (J/mm?) is used to appraise the density of the parts
and to optimize the parameters, which is defined as the energy supplied by laser beam in unit volume as shown
in Eq.(1) [21] :

E=— (1)
Where 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).

Table 2: Parameter range used for SLM of HEA

Samples Laser powder [W]  Scan speed [mm/s] E”e[rnglr/n?r?%Sity
S1 185 1000 92.5
S2 195 1000 97.5
S3 205 1000 102.5
S4 195 900 108.3
55 195 800 121.8

For microstructure analysis, samples are prepared using standard techniques and chemically etched at
room temperature, by a solvent composed of 97 ml and 3 ml HNOj (every 100 ml solution). The microstructure
is determined using the optical microscopy (OM, Axio Imager) and the scanning electron microscopy (SEM,
ZEISS SUPRA 55) operated at back-scatter electron (BSE) mode. The chemical compositions of different
selected micro-areas are analyzed by SEM energy dispersive spectrometry (EDS), and phase identification is
characterized by PHILIPS APD-10 X-ray diffraction (XRD) with Cu target whose characteristic wavelength A
(Kal) = 1.54056 A. The working voltage and current are 40 kV and 40 mA, respectively. The scan range is
from 10° to 90°, and the scanning rate is 2°/min. The density of the parts is measured bythe Archimedes method.
The parts are weighed in air and in ethanol to determine the density. In this work, the relative density is depicted
as a percentage of the material’s theoretical density of 2.68 g cm™. The micro-hardness tests are carried out on
the as polished surface using a Vickers hardness tester (HXD-1000TM) by applying 200 g load for a duration
time of 10 s. Each sample is measured at least seven sets of data, take the average hardness as the final outcome.

3. Results and Discussion

3.1 Relative density

The density of SLM-processed samples is measured by the Archimedes method and image analysis
method. The effect of laser energy density on the relative density is shown in Fig. 2 and the surface
morphologies of corresponding samples processed using various parameters is illustrated in Figs. 3. The density
of the samples increases with the increasing the energy density up to 102.5 J/mm®, at which point the density of
samples is greater than 99%, i.e., nearly full density, which can be seen from Fig. 2. When laser energy density
is less than 102.5 J/mm’ (samples S1 and S2), more irregular-shaped cracks or pores can be observed in the
surface morphology as shown in Figs. 3(a) and (b). This is because that the powder could be incompletely
molten due to lower energy put, that result in the occurrence of balling phenomena and unmelted particles
formation. Therefore, the balling and dross may cause the development of pores and dross that even detriment
extremely the surface integrity and densification of the parts, which can be confirmed by Fig. 2. On increasing
the energy density up to 102.5 J/mm’, a number of pore defects are eliminated and only very small spherical
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pores are sporadically observed in the sample S3 as depicted in Fig. 3 (¢) and (d). This is because the relatively
enhance laser energy density resulted from increasing the laser power or decreasing the scanning speed lead to a
higher temperature of the melting pool. It is evident that, during the laser scanning, higher laser power could
provide sufficient heating energy to melt the powders, and the slower scanning speed could ensure a longer time
to melt all powders layer completely. Thus the appropriate energy density is able to make a stable molten pool
at optimized parameters combinations of laser power and laser scanning speed. Moreover, the relative density
becomes steady and then slightly drops with the energy density increases as seen from Fig. 2. It is due to the
increment of energy input lead to an increase in melt pool size resulted from melting the adjacent powder, and
then making not enough powders for the following scanning and melting. Consequently, more metallurgical
pores formed in the part when the excessive energy input as shown in Fig 3 (e).

Relative density (%)
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Fig. 2 Relative density of SLM processed samples at various energy densities.
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Fig. 3 Optical micrograph images of SLM processed samples.

3.2 Phase analysis and microstructure characterization

X-ray diffraction (XRD) patterns of AICoCuFeNi high-entropy alloys manufactured by SLM are shown
in Fig. 4(a). All diffraction peaks are identified as a simple ordered body-centred cubic (BCC) crystal structure.
On the basis of Gibbs phase rule, F = C — P + 1 (Here F is a degree of freedom, C is the number of components,
and P is the number of phases), the number of equilibrium phases in a C component system at constant pressure
is P=C + 1, while the P > C + 1 holds true for the non-equilibrium solidification phase number. However, in
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this research, the phase number of AICoCuFeNi HEA is much less than the maximum equilibrium number of 6
given by the Gibbs phase rule. The formation of single BCC solid solution phase is attributed to the high mixing
entropy effect, which is common in the case of equiatomic multicomponent alloys. The mixing entropy of an
alloy with 5 elements in equal-molar ratio is 13.37 J/kmol. The high mixing entropy from multi-principal
elements thus can effectively increase the confusion extent in the alloys and favor the formation of a solid
solution. Figs. 4(b)-(d) show the backscattered electron micrograph (SEM) and EDS compositional analysis of
the SLM-processed S3 sample. SEM images of the high-entropy alloy further confirm the single-phase BCC
structure, and the additive alloying elements are distributed in the multi-element BCC solid solution. The EDS
results clearly demonstrate that all elements are uniformly distributed with no visible segregation. This is due to
the sluggish diffusion of the alloying elements, which is one of the main features of high-entropy alloys. Fig.
4(d) shows the optical micrograph of the SLM-processed sample S3. The sample is polished and etched by the
mixture of nitric acid 3 ml and alcohol 97 ml. It can be seen that the cross-section view of the melt pool
produced by different layers is visible, which indicates that complete melting of the powder occurred. The
interwoven laser scan tracks and hatching between two neighbor layers demonstrate the similar scan strategy in
horizontal and longitudinal direction between alternating layers.
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Fig. 4 XRD analysis and microstrucuture of the SLM-processed samples.
3.3 Mechanical properties

Fig. 5 shows the variation of microhardness for all SLM-processed high-entropy alloy samples. As it can
be seen, the SLM-processed AlCoCuFeNi HEA possesses a relatively high hardness and the maximum
microhardness value reaches up to 541.17 HV, for sample S3, which is greater than that of processed by
conventional arc-melting manufacturing techniques [22]. This enhancement of hardness is ascribed to the solid
solution strengthening of the BCC solid solution phases in the alloys as shown in Fig. 4. Moreover, the
microhardness of SLM-processed parts exhibits an obvious increase from sample S1 to sample S3, and then for
the sample S4 and sample S5 alloys, the hardness values undergoes slight decrease as the increment of laser
energy input. It is therefore apparent that the hardness changes synchronously with the increment of laser
energy input and there is a strong correlation between hardness and density. The microhardness is enhanced by
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improvement of densification. The decrease in the micohardness can be attributed to the present of defects in
the samples with reduced relative density.

Compressive stress-strain curve of the SLM-processed high entropy alloys is shown in Fig. 6 (a) at room
temperature, and Fig. 6 (b) displays the corresponding compressive feature image. The compressive strength of
the alloys improves significantly as the energy density is increased, and the sample S3 shows the highest
compressive fracture strength, which is as high as about 1621.1 MPa. This high compressive strength may be
mainly due to the BCC solid solution from multi elements. The difference in components atomic radius results
in larger lattice distortion, and thus enhances the solid-solution strengthening effect. For the sample S1 and S2
alloys, the compressive strength decrease with a reduced relative density. In the compression test, the pores or
unmelted powder particles in the alloys may lead to stress concentration, which is harmful to the strength.
Cleavage steps are observed on the fracture surface as shown in Fig. 6(b), we can see that, the type of fracture is
brittle cleavage. The rough facts in the fracture surface indicate the poor ductility.
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Fig. 5 Micro hardness variation of the SLM-processed HEA samples.
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Fig. 6 Compressive properties of the SLM-processed HEA samples.
4. Conclusion

In this study, equiatomic AlICoCuFeNi high-entropy alloy is successfully fabricated via selective laser
melting. The laser energy density involved in laser power and scan speed is demonstrated to influence the
densification behavior. The HEA part with near full density of >99% can be obtained when the input energy
was higher than 102.5 J/mm’. It shows the SLM-processed HEA parts mainly consist of simple BCC phase and
relative high hardness because of solid solution strengthening. Moreover, it was found that microhardness
enhanced as the applied laser energy density increased. The optimally produced HEA part with almost-full
density exhibited the highest microhardness value up to 541.17 HV» and compressive strength of 1621.1 MPa.
These optimized parameters were applied for the production of bulk specimens and dodecahedron unit cells as
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shown in Fig. 7. The study underpin that SLM is feasible and advantageous to produce high-entropy alloy with
high density and good mechanical properties.

() (b)

Fig. 7 Photograph of SLM-processed HEA samples with bulk-form and 3D-dodecahedron structures.
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