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Abstract: In the present study; an AlICoCrFeNi high-entropy alloy (HEA) component was produced
by laser melting deposition (LMD) technique. Then; a heat-treatment process based on the detection
results of Differential Scanning Calorimeter (DSC) was used. The effects of heat treatment on the
phase transition; microstructure and mechanical properties of the AICoCrFeNi component were
systematically studied. The results showed that low-temperature heat treatment (600 °C) had little
effect on the microstructure and mechanical properties of component. The 800 °C heat treatment
precipitated o and face-center cubic (FCC) phases near grain boundaries in the component. The
high dislocation capacity of FCC phase and precipitation strengthening of o phase improved the
strength and plasticity of this component. However; hard and brittle o phase was not conducive
to uniform distribution of microhardness. High-temperature heat treatment (1000 °C) caused the
o phase to remelt and increased FCC phase content at grain boundaries; resulting in a significant
increase in strength and plasticity. Although the microhardness of the AlICoCrFeNi component after
this heat treatment was reduced; the good strength and plasticity will facilitate its application in the
structural field.

Keywords: AICoCrFeNi-HEA component; heat treatment; microstructure; mechanical properties;
o phase

1. Introduction

AlCoCrFeNi was one of the first investigated high-entropy alloys (HEAs) [1]. Good
mechanical properties [2-5] have led to significant attention for this HEA. The advantages
of AlCoCrFeNi-HEA encouraged the use of a variety of preparation methods. However,
in practical application, AICoCrFeNi components are non-equilibrium solidification-state-
prepared by casting or additive manufacturing. Therefore, in order to make the structure
and performance of the AICoCrFeNi components stable, heat treatment, which can ef-
fectively reduce the residual stress and supersaturated solid solution generated in the
non-equilibrium preparation process, is essential.

A. Munitz et al. [6] prepared AlICoCrFeNi-HEA by arc melting. Heat treatment be-
tween 650 °C and 975 °C led to the transformation of body-center cubic (BCC) matrix into o
phase in the interdendritic region, and heat treatment at 1100 °C led to the transformation of
o phase into BCC structure. ].T. Liang et al. [7] fabricated AICoCrFeNi-HEA powder by gas
atomization process. After annealing at 900 °C for 3 h, the phase composition consisted of
face-center cubic (FCC) + BCC phase, and after 12 h, the phase composition consists of FCC,
BCC and o phase. PF. Zhou et al. [8] prepared AlCoCrFeNi-HEA using spark plasma com-
paction (SPS), nano o phase was formed during annealing. With the increase of annealing
temperature, the size and quantity of nanoscale precipitation increased. D.Y. Lin et al. [9]
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only obtained AlNi3 phase by vacuum heat treatment of the AICoCrFeNi-HEA coating
prepared by supersonic air-plasma spraying. L.Q. Wang et al. [10] prepared thick-layer
AICoCrFeNi-HEA coating by means of atmosphere plasma spraying (APS). With the in-
crease of temperature in the range of 600-900 °C, rod-shaped FCC structure was embedded
into the BCC matrix, and grew together as the temperature rose. W.M. Guo et al. [11] found
that the laser-cladding layer of AICoCrFeNi-HEA can obtain BCC single phase after 700 °C
treatment. Large number of FCC and o particles distributed on the grain boundaries of
BCC phase matrix after 900 °C and 1100 °C heat treatment.

For AlCoCrFeNi-HEA obtained by different preparation methods, there were obvious
differences in the heat-treatment process and corresponding microstructure evolution. The
existence of such differences urges scholars to establish the coupling relationship between
the preparation method of AlICoCrFeNi-HEA and the heat-treatment process, in order
to obtain corresponding excellent properties and promote the future development and
industrial application of this HEA [12-14]. In recent years, additive manufacturing (AM)
has gained increasing attention in the field of HEAs manufacturing, as it not only can
effectively overcome the problems in traditional preparation methods such as element
segregation, shrinkage and coarse grains, but also fabricate the complex structure [15-17].

L.E Huang et al. [18] successfully synthesized AICoCrFeNi-HEA with BCC structure by
laser-melting deposition (LMD). Q.X. Sui et al. [19] prepared AlCoCrFeNi-HEA with BCC
structure using the direct-energy deposition (DED) method, and the microstructure changed
from a columnar grain structure to an equiaxed dendrite structure. P.D. Niu et al. [20] fab-
ricated AlCoCrFeNi-HEA by selective laser melting (SLM), and the SLM sample was
composed of disordered BCC and ordered BCC (B2). AlICoCrFeNi-HEA obtained by dif-
ferent kinds of additive manufacturing methods had a basically similar microstructure.
However, a small number of scholars found differences in the evolution of their microstruc-
tures after heat treatment with different additive components. R. Wang et al. [21] used
direct laser fabrication (DLF) to prepare AlICoCrFeNi-HEA. After aging at 800 °C, 1000 °C
and 1200 °C, needlelike and platelike FCC phases precipitated along grain boundaries.
H.R. Sistla et al. [22] successfully fabricated AlFeCoCrNi-HEA with laser-aided direct-
metal deposition, and annealing at high temperature led to the o phase transition. Therefore,
different additive manufacturing methods should be matched with the corresponding heat
treatment process to obtain AlIFeCoCrNi components with better mechanical properties
than those before heat treatment.

Consequently, in the present study, AICoCrFeNi-HEA components were fabricated by
LMD. The influence of high-temperature conditions on the evolution of phases, microstruc-
ture, and properties of the components were investigated systematically.

2. Experimental Procedures
2.1. Raw Materials and Fabrication of the AICoCrFeNi Components

The base metal used in the LMD process was 45# steel (Huijiaying machinery process-
ing factory, Tianjin, China), and its chemical composition is shown Table 1. The surface of
the 45# steel was cleaned with acetone before the LMD process. The AlICoCrFeNi HEA
powders used in this study were purchased from Jiangsu Vilory Advanced Materials
Technology Co., Ltd. (Jiangsu, China). The LMD process was performed using a HANSGS-
RJ0016-F3K laser machine (Han’s Laser Technology Industry Group Co., Ltd., Shenzhen,
China), as shown in Figure 1la. The LMD parameters were as follows: Laser power of
1300 W, scanning velocity of 6 mm/s, laser beam spot diameter (negative defocus) of 3 mm,
argon shielding gas at flow rate of 25 mL/min, transfer speed of 2.5 rpm, multi-track
overlap ratio of 30%, and lift distance of 1 mm in Z direction.

Table 1. Chemical composition of 45# steel (wt.%).

Mn

P S Si Cr Ni Cu Fe

0.046

0.065

0.035 0.035 0.24 0.025 0.025 0.25 Bal.
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Figure 1. (a) Laser-melting deposition system; (b) AICoCrFeNi powders; (c) the fabricated AlCoCr-
FeNi component; (d) DSC analysis results for the fabricated AICoCrFeNi component.

The molar ratio of the alloying elements in the AICoCrFeNi HEA powders was 1:1:1:1:1
(Al:Co:Cr:Fe:Ni). The purity of the HEA powder was 99.0-99.5% and its granularity was
50-150 um, as shown in Figure 1b. The particles mainly have a low diameter (~70 um).
The AICoCrFeNi components were produced using a vertical ‘S’ type trajectory in plane
(X-Y). The Z direction is the building direction. To prevent the formation of cold cracks, the
bottom of base metal was heated to a temperature of 500 °C. The fabricated AlICoCrFeNi
component is shown in Figure 1c.

2.2. High-Temperature Heat Treatment

The phase-transition temperature for the AlICoCrFeNi component was accurately
measured by a TGA/DSC 1/1600 Differential Scanning Calorimeter (DSC, Mettler Toledo
Technology (China) Co., Ltd., Shanghai, China) with a heating rate of 45 °C/min. As
shown in the results (Figure 1d), two transition temperatures were obtained (639.74 °C and
970.23 °C). Therefore, in the present work, temperatures of 600 °C, 800 °C and 1000 °C
were selected for the heat-treatment process. The heat treatment is carried out on the
furnace of model TL1700 (Tianjin Marvel Technology Co., Ltd., Tianjin, China) and the
annealing atmosphere is vacuum. The heat treatment process involved the following steps:
heating from room temperature to 200 °C for 60 min and then heating from 200 °C to the
heat treatment temperature (600 °C, 800 °C or 1000 °C) at a rate of 5 °C/min. After reaching
the required temperature for 5 h, it shall be cooled in the furnace.



Metals 2022, 12, 767

40f12

2.3. Microstructure Characterization

Metallographic samples were cut from the fabricated AICoCrFeNi components, ground
and polished as per standard metallographic procedure. The identification of phases
in the component was conducted using a D8 advanced X-ray diffractometer (Rigaku
D/max/2500PC, Hitachi Co., Ltd., Tokyo, Japan) at a scanning speed of 4°-min~! and
a range of 20° to 100°. The XRD data obtained was analyzed using Origin Pro 8.5 soft-
ware. Electron backscattered diffraction (EBSD) analysis was conducted using a TESCAN
MATIA3 machine (Tisken (China) Co., Ltd., Brno, Czekh) equipped with Channel 5 software.
Step sizes of 2 pum and 4 pm were used. Furthermore, transmission electron microscope
(TEM, FEI Co., Ltd., Hillsboro, OR, USA) was used to obtain high magnification elec-
tron images and to determine the distribution of alloying elements and selected area
diffraction patterns.

2.4. Mechanical Properties

Compression test was conducted using a CS5-44100 electronic universal testing ma-
chine at a loading rate of 1 mm/min. Three compression-test samples were produced for
for each condition of the AICoCrFeNi component, with a diameter pf 4 mm and length of
6 mm. The rotation symmetry axes of the cylindrical samples were perpendicular to the
plane (X-Y). Quanta FEG 250 scanning electron microscope (SEM Hitachi Co., Ltd., Tokyo,
Japan) was used to characterize the fracture surface after the compression test.

The micro-hardness of the AlICoCrFeNi components was measured using MHV2000
micro-hardness tester, under a load of 500 g and 15 s dwell time. The test was conducted
on the X-Z plane, and 10 points were tested in both the X and Z directions, making a total
of 100 points. The tests were conducted at intervals of 0.2 mm.

3. Results and Discussion
3.1. Phase and Microstructure of the AICoCrFeNi Components

The XRD patterns of the AICoCrFeNi components before and after the heat treatment
processes are presented in Figure 2. At present, there is no PDF card of high-entropy alloy,
so it is calibrated with reference to the diffraction patterns of FCC and BCC structural
materials. The as-fabricated AlICoCrFeNi component consisted mainly of BCC phase.
No phase transformations occurred after the heat treatment at 600 °C. After the heat
treatment at 800 °C, both FCC and o phases appeared. However, after the heat treatment
at 1000 °C, the o phase disappeared and the FCC and BCC phases remained. The phases
transformations observed in the AlICoCrFeNi components after the heat-treatment processes
in this study are consistent with the results of the previous studies [22-26].
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Figure 2. XRD results of the AlICoCrFeNi components before and after high-temperature treatment.
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The results of the XRD analysis in Figure 2 shows the types of phases in the Al-
CoCrFeNi components before and after high-temperature treatment. However, the phase
distribution could not be determined using XRD. Therefore, high-power EBSD was used
to determine the phase in the components, as shown in Figure 3. Compared with the as-
fabricated component, the phase in the component heat-treated at 600 °C did not change, as
shown in Figure 3a,b, which is consistent with the XRD results. As shown in Figure 3c, FCC
phase precipitated at the grain boundaries of the BCC phase in the component heat-treated
at 800 °C, but o phase was not detected. The contents of FCC and BCC phases in this
component were 1.62% and 98.4%, respectively. Since the XRD and EBSD analysis gave
contradictory o phase results, the type and distribution of phase structures in the 800 °C
heat-treated component were further analyzed by TEM. The FCC and BCC phases in the
component are rich in Al-Ni and Cr-Fe-Co, respectively, while the o phase is an hexagonal
close-packed (HCP) structure rich in Cr-Fe-Co, as shown in Figure 4b,c. Both the FCC and o
phases are mainly distributed near the grain boundaries (GB), and the FCC phase is mainly
elongated, while the o phase tends to be elliptical, as shown in Figure 4a. Phase boundary
(PB), GB, HCP, FCC and BCC are shown in Figure 4.

(b)

20Hm ZOEm
B :CC B rCcC

Figure 3. EBSD-phase analysis results of the AICoCrFeNi components before and after high-
temperature treatment: (a) as-fabricated; heat-treated at (b) 600 °C, (c) 800 °C, and (d) 1000 °C.

The content of the FCC phase in the component heat-treated at 1000 °C increased
significantly to about 12.7%, as shown in Figure 3d. In addition to being distributed at the
grain boundaries, the FCC phase also precipitated inside the grains.
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Figure 4. TEM analysis results of the AICoCrFeNi components after 800 °C high-temperature treat-
ment: (a) high-magnification electron images; (b) selected area diffraction patterns; (c) distribution of
alloying elements.

The BCC—FCC transformation in the AICoCrFeNi component is controlled by the
nucleation-growth mechanism [26]. Since the BCC structure has a lower atomic bulk
density (68.00%) than the FCC structure (74.00%), it can accommodate small solute atoms
(such as Al) more easily [27]. However, when the content of Al element with large atomic
radius in the BCC is too much, the lattice distortion would gradually increase and the
lattice structure would become unstable. The precipitation of the FCC phase would occur
under the combined action of high temperature and high distortion energy. As a result, the
BCC to FCC transition occurred in the AlICoCrFeNi component heat-treated at 800 °C, as
the temperature is higher than that of the first phase-transition point (Figure 1d).

With increasing heat-treatment temperature, the Al, Ni and Cr elements in the Al-
CoCrFeNi component began to come together. The Cr element would separate from the
Al and Ni to form a Cr-rich phase (i.e., 0 phase) when the heat-treatment temperature
exceeded the first phase transition temperature (i.e., 639.74 °C) [6-8,11,22]. The o phase
would disappear above 975 °C [21]. Therefore, after the heat treatment at 1000 °C, the
AlCoCrFeNi component would contain only FCC and BCC phase structures.

3.2. Mechanical Properties of the AICoCrFeNi Components

Figure 5 and Table 2 show the compression test results of the AICoCrFeNi components
before and after the high-temperature treatments. Compared with the as-fabricated AlCoCr-
FeNi component, the strength and plasticity of the component heat-treated at 600 °C did
not change significantly. The heat treatment at 800 °C significantly improved the strength
and plasticity of the component. The strength of the component heat-treated at 1000 °C
remained basically unchanged compared to that of the component heat-treated at 800 °C,
but its plasticity improved significantly. Both 800 and 1000 degrees are composed of the
FCC phase and BCC phase (Figure 3), so the fracture morphology is similar. Although the
compression test results for the four components (as-fabricated and heat-treated) varied,
they all failed via brittle fracture, the fracture surfaces exhibited typical cleavage fracture
morphologies, as shown in Figure 5(a2-d2).
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Figure 5. Compression test results, fracture macro morphology and fracture micro morphology of the
AlCoCrFeNi components before and after high-temperature treatment: (a, al and a2) as-fabricated;
heat-treated at (b, b1 and b2) 600 °C; (c, ¢1 and ¢2) 800 °C; and (d, d1 and d2) 1000 °C.

Table 2. Compression test results of the AlCoCrFeNi components before and after the high-
temperature treatments.

Compressive Ultimate

Strength (MPa) Strain (%)
As LMD condition 2405.15 18.32
After 5h at 600 °C 2313.34 17.99
After 5h at 800 °C 3402.62 24.19
After 5 h at 1000 °C 3502.29 39.36

Figure 6 shows the micro-hardness distributions in the cross-section of the AICoCrFeNi
components before and after high-temperature treatment. The horizontal axis represents the
10 positions selected for hardness testing. The component heat-treated at 800 °C shows the
maximum average hardness value and also the largest fluctuation of the hardness values.
The as-fabricated component shows the second highest average hardness value. The
average hardness of the component heat-treated at 600 °C is slightly lower than that of the
as-fabricated one. Both the as-fabricated and 600 °C heat-treated components show small
fluctuations of the hardness values. The 1000 °C heat-treated component has the minimum
average hardness and also small fluctuation of the hardness value. The high fluctuation
of the hardness value of the 800 °C heat-treated component indicates that the hardness
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distribution is not uniform, which is not helpful in improving the overall performance
of the structural component. This is caused by the incomplete phase transformation of
AlCoCrFeNi after heat treatment at 800 °C [9].
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Figure 6. Micro-hardness results of the AICoCrFeNi components before and after high-temperature
treatment: (a) as-fabricated; heat-treated at (b) 600 °C; (c) 800 °C; and (d) 1000 °C.

3.3. Strengthening Mechanism in the AICoCrFeNi Components

In order to systematically explain the mechanical properties of the AlICoCrFeNi compo-
nents before and after the high-temperature treatments, the type and evolution of strength-
ening mechanisms in the components are analyzed based on three factors: fine grain
strengthening, dislocation strengthening and precipitation strengthening.

Grain refinement is helpful in improving the yield strength of materials [28,29]. The
Grain size was calculated using the statistical method of grain radius of EBSD, as shown in
Figure 7. The number on the horizontal axis represents the number of grains. Grain size of
the as-fabricated, 600 °C, 800 °C and 1000 °C heat-treated AlICoCrFeNi components was
18.39 um, 19.81 pm, 19.24 um and 14.49 um, respectively. The particle size distribution in
Figure 7d has two peaks, around 20 and 4 micrometres. The peak value is about 4 microns,
which is caused by the precipitation of the FCC phase. This is why the average grain size is
small compared to cases in Figure 7a—c. Grain boundaries are strong obstacles to dislocation
movement, and the reduction of the length scale of the characteristic tissue leads to the
reduction of the mean free path of dislocation, and thus increases the strength [30,31]. Low-
temperature heat treatment has little effect on the grain size of the AlICoCrFeNi component
(Figure 7a,b). Therefore, it would also have little effect on the mechanical properties. The
grain size of the 800 °C heat-treated component is not much different from that of the as-
fabricated and 600 °C heat-treated components. Since the effect of fine-grain strengthening
is small, the obvious improvement in strength is due to other strengthening methods. The
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reduction of grain size in the 1000 °C heat-treated component could effectively contribute
to the improvement of the final strength and plasticity.

Average

19.81pm

0 200
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001 101

Average
19.24um

400 600 800 1000

Number

400 600 800 1000 0 200
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0 200

1000

T T T T 1 1 T
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Figure 7. Grain size and IPF detection results of the AlICoCrFeNi components before and after
high-temperature treatment: (a,al) as-fabricated; heat-treated at (b,b1) 600 °C; (c,c1) 800 °C; and
(d,d1) 1000 °C.

Generally, in crystalline materials, plastic deformation is caused by dislocation move-
ment. However, as the number of dislocations increases, the interaction between them can
hinder their movement to a certain extent [32-34]. In other words, the higher the number
of dislocations in the matrix, the higher the strength. The Kernel average misorientation
(KAM) method was used to determine the local dislocations from the EBSD data [35].
The KAM'’s weighted average could be used to quantitatively calculate the geometrically
necessary dislocation (GND) density (pSND), as expressed in Equation (1) [36,37]:

oND _ 2 KAMaye
p = T M
where b is the Burgers vector (2.35 x 1071) and p is the step size. The step size of the
AlCoCrFeNi component before/after heat treatment was 0.4 pum.

Figure 8a—d show the distribution of the KAM values. Figure 8(al-d1) show the KAM
diagrams for the as-fabricated and heat-treated AICoCrFeNi components. Their pSNP
values were 9.728 x 102 m~2, 7.537 x 10> m~2, 7.417 x 102 m~2 (7.241 x 10> m—2
for BCC, 1.805 x 10' m~2 for FCC), and 1.329 x 10" m~2 (1.169 x 10'®* m~2 for BCC,
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2.424 x 10" m~2 for FCC), respectively. The low-temperature heat treatment (600 °C)
could result in little reduction of the dislocation density caused by residual stress in the
AlCoCrFeNi component. Two phases, FCC and o phases, precipitated in the 800 °C heat
treated component. The brittle o phase has very weak dislocation tolerance (Figure 4), and
the soft FCC phase has a strong dislocation tolerance (Figure 4). However, due to the low
content of FCC phase, the dislocation density in the component is basically the same as that
in the 600 °C heat-treated component. The content of FCC phase in the 1000 °C heat-treated
component increased significantly, and the o phase disappeared, resulting in the increase
of dislocation density. Therefore, in addition to the fine-grain strengthening, dislocation
strengthening also contributed greatly to the strengthening mechanism in the 1000 °C
heat-treated component. However, dislocation strengthening is not the main strengthening
mechanism in the 800 °C heat-treated component. Its strengthening mechanism needs to be
further discussed. In addition, dislocation strengthening is not an effective strengthening
mechanism for low-temperature heat-treated components.
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Figure 8. EBSD-KAM detection results and EBSD-KAM distribution curve of the AICoCrFeNi

components before and after high-temperature treatment: (a,al) as-fabricated; heat-treated at (b,b1)
600 °C; (c,c1) 800 °C; and (d,d1) 1000 °C.

Among the as-fabricated and heat-treated AICoCrFeNi components, only the 800 °C
heat treatment promoted the precipitation of the o phase. Therefore, since fine-grain
strengthening and dislocation strengthening mechanisms have been excluded, precipitate
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strengthening of brittle, hard phase would be the main strengthening mechanism in the
800 °C heat-treated AlICoCrFeNi component. The o phase is mainly distributed at the
grain boundaries (Figure 4a), resulting in uneven distribution of microhardness and also
a significantly increased hardness value, as shown in Figure 6¢. During the compression
test of the 800 °C heat-treated component, the FCC phase with high dislocation density at
the grain boundaries and the pinning effect of the brittle o phase effectively hindered the
dislocation movement and significantly improved the strength. However, the brittle o phase
is prone to crack under the action of forces, reducing the plasticity of the component [38].
Therefore, the strength of the 800 °C heat-treated component is significantly higher than
that of the low-temperature heat-treated component, but its plasticity is inferior to that of
the 1000 °C heat-treated component.

4. Conclusions

(1) The effects of heat treatment on the phase transition, microstructure and mechanical
properties of the AICoCrFeNi-LMD were systematically studied.

(2) Low temperature heat treatment had no obvious effect on the microstructure and
mechanical properties of AlICoCrFeNi component.

(3) Heat treatment (800 °C) beyond the first phase transition temperature (639.74 °C)
precipitated FCC and o phase in the AlICoCrFeNi component, resulting in a 997.47 MPa
strength increase and 5.87% plasticity increase. However, the distribution of microhardness
values fluctuated greatly.

(4) Heat treatment at 1000 °C made the o phase disappear in the AlICoCrFeNi com-
ponent, and the FCC phases distributed near the grain boundaries promoted the further
enhance of plasticity, but the hardness value e is reduced to 511.75HV 3.
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