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Abstract: The effects of Fe content on the microstructure, phase constituents and microhardness of the as-cast, 800 °C- 
or 1000 °C-annealed Al7Cr20FexNi73−x (x=13−66) alloys were investigated. Not all these alloys are composed of the 
single FCC phase. The BCC and B2 phases are found. It is confirmed that the BCC phase in the Al7Cr20Fe66Ni7 alloy is 
transformed from the FCC phase at about 900 °C during cooling. While in the 800 °C-annealed Al7Cr20Fe60Ni13 alloy, 
the FCC phase is stable and the hardness decreases. After annealing at 1000 °C, for the precipitation of the B2 particles, 
the Al content in the FCC phase decreases, which results in decreasing of the alloy hardness. Moreover, after annealing 
at 800 °C, a small amount of Al-rich B2 particles precipitate at the phase boundary and some nanocrystal BCC phase 
precipitates in the FCC matrix, which increases the hardness of the Al7Cr20FexNi73−x (x=41−49) alloys. These results will 
help to the composition design and processing design of the Al−Cr−Fe−Ni based high-entropy alloys. 
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1 Introduction 
 

High-entropy alloys (HEAs) are presently of 
great research interest in materials science and 
engineering. According to the initial definition, 
HEAs are super solid solution alloys with more 
principal elements than conventional alloys [1]. 
Their microstructures and properties have attracted 
much attention. At present, an increasing number of 
works about HEAs, including novel microstructures 
and excellent properties, have been reported. 
Amongst them, AlCrFeNi-based HEAs have been 
widely investigated, such as AlCoCrFeNi [2−6], 
AlCrFeNiMo [7], AlCrFeNiTi [8], AlCrFeMnNi [9], 
AlCoCrCuFeNi [10−14], AlCrMnFeCoNi [15], and 
AlCoCrFeMoNi [16−18]. The matrices of these 

alloys are FCC and/or BCC phases, which vary 
with the alloy composition and are significantly 
affected by the atomic-size difference (ΔR) and 
valence electron concentration (VEC) [4,19,20]. 
Some alloys have unexpected properties. For 
example, after annealing at 800−1200 °C, the 
AlCoCrFeNi2.1 alloy [5] has a good tensile ductility 
over 10% as well as a high tensile strength larger 
than 1000 MPa. The AlCrFeNiMo0.2 alloy [7] has 
the highest fracture strength of 3222 MPa and a 
plastic strain of 0.287. Of course, the properties of 
the alloys can also be modified by adjusting their 
composition, cooling rate and thermal–mechanical 
processing. CHEN et al [21] pointed out that    
the excellent strain-hardening ability in the 
Al0.1CoCrFeNi alloy was attributed to the 
microband-induced plasticity during tensile loading. 
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As a subsystem, many Al−Cr−Fe−Ni alloys 
have been investigated. It is well known that Al is a 
BCC-stabilizing element in the Al−Cr−Fe−Ni based 
HEAs. Only the FCC phase exists in the 
Al7Cr20Fe20Ni53 alloy [22]. When Al content 
reaches above 8 at.%, the ordered BCC phase (B2) 
will form [22−24]. With an increase of the Al 
content, the volume fraction of the B2 phase 
increases; the alloy exhibits increased strength and 
reduced ductility [15,23,24]. Generally, when the 
Al content is above 24 at.%, the Al−Cr−Fe−Ni 
alloys consist of BCC and/or B2 phases, such as 
AlxCrFeNi (x=0.9−1.3) [25−27], Al36Fe20Cr20Ni24 

[22], AlxCrFe1.5Ni0.5 [28], and AlCrFe2Ni2 [29]. The 
Al−Cr−Fe−Ni system is also of interest for the 
existence of two types of eutectic point, namely, the 
FCC+B2 eutectic in CrFeNi2.2Al0.8 alloy [30] and 
the BCC+B2 eutectic in AlxCrFeNi alloys [26,27]. 
Both of them show good mechanical properties. 
Moreover, YAO et al [31] found that the phase 
constituents varied with the Ni content in the 
Al0.8CrFe2Nix alloys. 

The FCC matrix alloys always have good 
formability. As indicated above, the BCC or B2 
phase did not exist in Al7Cr20Fe20Ni53 alloy [25], but 
it was observed in the Al−Cr−Fe−Ni alloys when 
the Al content is above 8 at.% [24,25,28]. That is to 
say, 7 at.% Al is near the boundary of the FCC 
phase region. Moreover, the phase constituents, 
microstructures and mechanical properties are 
greatly changed after annealing [32], and even can 
be changed by the cooling rate in powder prepared 
alloys [6]. However, it was found that thermo- 
dynamic calculations based on the available 
thermodynamic database failed to predict the stable 
phase in these Al−Cr−Fe−Ni alloys. To understand 
the effects of Fe and Ni contents on the phase 
constituent of the Al−Cr−Fe−Ni alloys, in the 
present work, Al and Cr contents were fixed at 7 
and 20 at.%, respectively. The microstructure, 
phase transformation and micro-hardness of the 
as-cast and long duration vacuum-annealed alloys 
were studied. These results will help to design the 
composition and process of the Al−Cr−Fe−Ni based 
high-entropy alloys. 
 
2 Experimental 
 

Eight Al7Cr20FexNi73−x alloys, with the Al and 
Cr content fixed at 7 at.% and 20 at.%, respectively, 

were designed to study the effects of the Fe content 
and annealing on the phase constituents and 
microhardness of the alloys in the as-cast and 
vacuum-annealed states. The raw materials of Al, 
Cr, Fe and Ni blocks with a purity higher than 
99.95% were used. The total mass of each alloy was 
designed to be 10 g. All ingots were manufactured 
by vacuum arc-melting and casting under a 
Ti-gettered argon atmosphere inside a water-cooled 
copper crucible. They were re-melted at least four 
times to improve their chemical homogeneity. Each 
alloy was divided into three parts. One part was 
studied in the as-cast state and the others were 
sealed in evacuated quartz tubes and then annealed 
at 1000 or 800 °C for 30 d, respectively. The 
samples were quenched in cold water at the end of 
treatment. In order to distinguish the alloys in 
different states, the as-cast alloys are denoted as 
“A”, and the 1000 °C and 800 °C annealed alloys 
are marked as “A′” and “A″”, respectively. 

The microstructures of the samples were 
examined by JSM−6510 scanning electron 
microscopy (SEM) and the chemical compositions 
were investigated by Oxford INCA energy 
dispersive spectroscopy (EDS). The structure of the 
samples was characterized by X-ray diffraction 
(XRD) using a D/max 2500 PC X-ray diffracto- 
meter with Cu Kα radiation and a 2θ step size of 
0.02°. The microstructure of the selected samples 
was also characterized by an FEI Talos F200X 
TEM. Microhardness was measured using a HXD− 
1000TMC/LC Vickers hardness tester under a load 
of 2.94 N and stayed for 15 s. The average value of 
five tests was taken as the hardness of the alloy. 
 
3 Results and discussion 
 
3.1 As-cast Al7Cr20FexNi73−x alloys 

The XRD patterns and back-scattered electron 
(BSE) images of the as-cast Al7Cr20FexNi73−x alloys 
prepared by arc-melting are shown in Fig. 1 and 
Fig. 2, respectively. The chemical composition of 
the alloys and the phases detected by SEM−EDS 
are listed in Table 1. As can be seen in Fig. 1,   
with fixed 7 at.% Al and 20 at.% Cr, the phase 
constituents of the as-cast Al7Cr20FexNi73−x alloys 
gradually change from FCC-type to BCC-type 
phase with an increase of the Fe content. 

As there is no evidence to support that the 
FCC-type phase is an ordered one, it is believed 
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Fig. 1 XRD patterns of as-cast Al7Cr20FexNi73−x alloys:  

(a) Alloy A1 (x=13); (b) Alloy A2 (x=27); (c) Alloy A3 

(x=35); (d) Alloy A4 (x=41); (e) Alloy A5 (x=49);     

(f) Alloy A6 (x=55); (g) Alloy A7 (x=60); (h) Alloy A8 

(x=66) 

 
that Alloys A1−A5 are composed of a single FCC 
solid solution. Different relative intensities of the 
XRD characteristic peaks indicate different 
orientations of the FCC phase. As can be seen from  

Fig. 2(a), there are two regions of different 
contrasts in Alloy A1 (Al7Cr20Fe13Ni60). According 
to the EDS results in Table 1, they have similar 
chemical composition and the Al content in the 
darker area is slightly higher (1.7 at.%). The XRD 
pattern in Fig. 1(a) proves that both regions are 
composed of FCC phase. Just like the 
Al7Cr20Fe20Ni53 alloy in Ref. [22], Alloy A1 
solidifies with an isomorphous reaction, and the 
later solidified phase has a slightly higher Al 
content and shows a net-like appearance. The  
same phenomenon also exists in Alloy A2 
(Al7Cr20Fe27Ni46), as shown in Fig. 2(b), although 
the alloy has a higher Fe content. When the Fe 
content is up to 35−41 at.% (Alloys A3 and A4), an 
uniform FCC phase is observed. This means that 
the temperature region for the FCC + liquid phase 
region is very narrow for these alloys and the 
solidification rate after arc-melting is quick enough 
to prevent the composition segregation. Therefore, 
almost no composition difference is detected in any 
region. 

When the Fe content is increased to 55 at.% 
(Alloy A6), the dark and net-like BCC phase is  

 

 

Fig. 2 BSE images of as-cast Al7Cr20FexNi73−x alloys: (a) Alloy A1 (x=13); (b) Alloy A2 (x=27); (c) Alloy A3 (x=35);  

(d) Alloy A4 (x=41); (e) Alloy A5 (x=49); (f) Alloy A6 (x=55); (g) Alloy A7 (x=60); (h) Alloy A8 (x=66) 
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Table 1 Chemical compositions of different phases by 

EDS in as-cast Al7Cr20FexNi73−x alloys 

Designed 

composition 
Alloy Phase 

Detected 

composition/at.% 

Al Cr Fe Ni

7Al−20Cr− 

13Fe−60Ni 
A1 

FCC-1 5.9 19.4 13.7 61.0

FCC-2 7.6 21.0 12.6 58.8

7Al−20Cr− 

27Fe−46Ni 
A2 

FCC-1 6.0 19.9 27.8 46.3

FCC-2 7.7 20.8 25.4 46.1

7Al−20Cr− 

55Fe−18Ni 
A6 

BCC 7.1 20.9 54.4 17.6

FCC 6.1 20.2 55.2 18.5

7Al−20Cr− 

60Fe−13Ni 
A7 

FCC 5.4 19.6 61.0 14.0

BCC 6.2 20.6 60.1 13.1

7Al−20Cr− 

66Fe−7Ni 
A8 BCC 7.0 20.3 65.4 7.3

 
obvious in FCC matrix, as shown in Fig. 2(f). A 
weak BCC characteristic peak can be observed in 
the XRD pattern of Alloy A6 (Fig. 1(f)). EDS 
results in Table 1 show that the Al content in the 
as-cast BCC phase is just 1.0 at.% higher than that 
in the FCC phase. Some tiny dark spots are also 
observed in Alloy A5 (Al7Cr20Fe49Ni24). They are 
too small to be clearly detected, but they should be 
the BCC phase, as deduced from the phase 
constituent in Alloy A6.  

With the increase of Fe content, the major 
phase in Alloy A7 (Al7Cr20Fe60Ni13) turns to be 
BCC, and no FCC phase is detected in Alloy A8 
(Al7Cr20Fe66Ni7). A small amount of tiny black B2 
spots can be observed in the BSE image (Fig. 2(h)). 
It should be pointed out that the BCC phase has a 
similar composition to the FCC phase, and the 
Fe-rich alloys always undergo the FCC to BCC 
transformation during cooling. To confirm this 
transformation, Alloy A8 was examined by DSC 
with a heating rate of 10 °C/min. The DSC curve 
shown in Fig. 3 indicates that there is a phase 
transformation at around 900 °C, which is near the 
allotropic transformation of Fe. 
 

3.2 1000 °C-annealed Al7Cr20FexNi73−x alloys 
After annealing at 1000 °C for 30 d, the FCC 

phase in Alloys A'1 and A'2 becomes uniform,    
as shown in Figs. 4(a, b). In Alloys A'3−A'5 
(Figs. 4(c, e)), a small amount of black BCC-type 
phase is precipitated from the FCC matrix     
after annealing. A small peak at ~45° (2θ) can be 

 

 

Fig. 3 DSC curve of Alloy A8 (Al7Cr20Fe66Ni7) with 

heating rate of 10 °C/min 

 

observed in these alloys. This corresponds to the 
BCC-type phase, as shown in the XRD pattern of 
Alloy A′4 in Fig. 5. As pointed out by SUN et al [2], 
the ordered B2 phase can be distinguished from the 
BCC solid solution based on its XRD pattern and 
chemical composition. As listed in Table 2, the 
black phase has a very high Al content (≥27.0 at.%) 
and low Cr content (≤6.4 at.%). Therefore, the 
darker blocks should be the B2 phase. As for the 
Alloy A'6, the net-like BCC phase in the as-cast 
state turns into the Al-rich B2 phase after annealing 
at 1000 °C for 30 d. Its BSE image in Fig. 4(e) is 
similar to that of Alloy A'5. When the Fe content is 
above 60 at.%, in Alloys A'7 and A'8, the major 
phase in these alloys is the BCC phase; while no 
FCC phase is detected in the quenched alloy and 
some black B2 phase can be observed, as shown in 
Figs. 4(f, g). The EDS results in Table 2 indicate 
that the B2 phase contains 33.4 at.% Al and 
42.2 at.% Ni, which is similar to that in Alloys 
A'4−A'6. As seen from Fig. 4(h), the grain size of 
the dot-like B2 phase decreases markedly. Similar 
to as-cast alloys, the FCC to BCC transformation 
should occur during cooling. 
 
3.3 800 °C-annealed Al7Cr20FexNi73−x alloys 

After being annealed at 800 °C for 30 d, the 
microstructures of the Al7Cr20FexNi73−x alloys 
change obviously. Their XRD patterns and BSE 
images are shown in Figs. 6 and 7, respectively. 
Also, only the BCC-type and/or FCC-type phases 
exist in these alloys. Compared to the 1000 °C- 
annealed alloys, the precipitates are much smaller  
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Fig. 4 BSE images of Al7Cr20FexNi73−x alloys annealed at 1000 °C for 30 d: (a) Alloy A'1 (x=13); (b) Alloy A'2 (x=27); 

(c) Alloy A'3 (x=35); (d) Alloy A'4 (x=41); (e) Alloy A'5 (x=49); (f) Alloy A'6 (x=55); (g) Alloy A'7 (x=60); (h) Alloy 

A'8 (x=66) 

 

 

Fig. 5 XRD patterns of Al7Cr20FexNi73−x annealed at 

1000 °C for 30 d: (a) Alloy A'4 (x=41); (b) Alloy A'6 

(x=55); (c) Alloy A'7 (x=60); (d) Alloy A'8 (x=66) 

 

and the Al content in the FCC phase becomes much 
lower, as shown in Table 3. 

As can be seen in Fig. 7(b), some black 
precipitates can be observed in the BSE image of 
Alloy A''2. These are identified as B2 phase for the 
same reason as presented above. Almost no darker 
precipitates can be observed in the phase boundary 

Table 2 Chemical compositions of different phases in 

Al7Cr20FexNi73−x alloys annealed at 1000 °C for 30 d 

Designed 
composition

Alloy Phase
Detected composition/at.%

Al Cr Fe Ni 

7Al−20Cr−
35Fe−38Ni

A'3
FCC 6.3 20.8 34.2 38.7

B2 31.5 4.5 12.4 51.6

7Al−20Cr−
41Fe−32Ni

A'4
FCC 6.1 19.5 41.2 33.2

B2 27.0 6.4 18.0 48.6

7Al−20Cr−
49Fe−24Ni

A'5
FCC 6.0 20.0 49.2 24.8

B2 31.0 5.7 18.3 45.0

7Al−20Cr−
55Fe−18Ni

A'6
FCC 6.0 20.6 54.9 18.5

B2 30.8 6.0 20.2 43.0

7Al−20Cr−
60Fe−13Ni

A'7
BCC 7.8 20.9 60.9 10.4

B2 33.4 3.9 20.5 42.2

7Al−20Cr−
66Fe−7Ni

A'8
BCC 6.5 20.0 66.1 7.4

B2 35.4 3.1 18.6 42.9

 

of Alloy A''1 after 800 °C annealing (Fig. 7(a)). 
Compared with the as-cast alloys, the B2 phase in 
the 800 °C-annealed alloys has a higher Al content,  
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Fig. 6 XRD patterns of Al7Cr20FexNi73−x alloys annealed 

at 800 °C for 30 d: (a) Alloy A''1 (x=13); (b) Alloy A''2 

(x=27); (c) Alloy A''3 (x=35); (d) Alloy A''4 (x=41);   

(e) Alloy A''5 (x=49); (f) Alloy A''6 (x=55); (g) Alloy 

A''7 (x=60); (h) Alloy A''8 (x=66) 

 
as shown in Table 3. With the increase of the Fe 
content, more B2 phase precipitates at the grain 
boundaries of Alloys A''3−A''5. Moreover, a small 
amount of BCC phase with less than 10 at.% Al and 

a little brighter color is precipitated in both the FCC 
matrix and at the phase boundaries. As can be seen 
from the BSE images of Alloys A''4 and A''5 in 
Figs. 7(d, e), the volume fraction of the BCC phase 
increases with the Fe content. The characteristic 
BCC peaks can be observed in their respective 
XRD patterns, as presented in Fig. 6. 

For a fuller investigation of the precipitates in 
the FCC phase after 800 °C annealing, Alloy A''5 
was examined by TEM. The image and the 
corresponding selected area electron diffraction 
(SAED) pattern are shown in Fig. 8. It can be seen 
that rod-like BCC nanocrystallites randomly 
distribute in the FCC matrix. Most particles have a 
width of less than 100 nm, even the alloy is 
annealed at 800 °C for 30 d. As can be seen from 
Fig. 7(e), the precipitates are homogeneously 
distributed in the FCC matrix, which will help to 
strengthen the alloys. 

The grain size of the BCC and B2 phases 
becomes much larger when the Fe content is above 
55 at.%. The dot-like B2 phase is uniformly 
distributed in these alloys. As can be seen in the 

 

 
Fig. 7 BSE images of Al7Cr20FexNi73−x alloys annealed at 800 °C for 30 d: (a) Alloy A''1 (x=13); (b) Alloy A''2 (x=27); 

(c) Alloy A''3 (x=35); (d) Alloy A''4 (x=41); (e) Alloy A''5 (x=49); (f) Alloy A''6 (x=55); (g) Alloy A''7 (x=60);      

(h) Alloy A''8 (x=66) 
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Table 3 Chemical compositions of different phases in 

Al7Cr20FexNi73−x alloys annealed at 800 °C for 30 d 

Designed 

composition 
Alloy Phase 

Detected composition/at.%

Al Cr Fe Ni 

7Al−20Cr− 

27Fe−46Ni 
A''2 

FCC 5.4 19.8 27.2 47.6

B2 28.3 4.1 9.7 57.9

7Al−20Cr− 

35Fe−38Ni 
A''3 

FCC 5.0 21.0 36.4 37.6

B2 17.9 12.5 23.3 46.3

7Al−20Cr− 

41Fe−32Ni 
A''4 

FCC 4.0 21.4 43.4 31.2

BCC 9.3 19.1 38.9 32.7

B2 27.3 6.1 16.4 50.2

7Al−20Cr− 

49Fe−24Ni 
A''5 

FCC 4.3 21.2 51.6 22.9

BCC 5.2 36.5 43.2 15.1

B2 22.7 13.9 25.0 38.4

7Al−20Cr− 

55Fe−18Ni 
A''6 

FCC 3.1 19.9 60.4 16.6

BCC 6.0 28.7 50.3 15.0

B2 21.4 17.1 31.1 30.4

7Al−20Cr− 

60Fe−13Ni 
A''7 

FCC 5.0 17.7 63.3 14.0

BCC 3.4 27.4 63.0 6.2

B2 22.8 14.0 34.0 29.2

7Al−20Cr− 

66Fe−7Ni 
A''8 

BCC 5.8 20.6 68.0 5.6

B2 15.2 16.4 53.5 14.9

 

 
Fig. 8 TEM image and corresponding selected area 

electron diffraction patterns of Al7Cr20Fe49Ni24 (A''5) 

alloy annealed at 800 °C for 30 d 
 
XRD pattern (Fig. 6(f)) and BSE image (Fig. 7(f)) 
of Alloy A''7, the large dendritic-like FCC phase  
is stable after annealing at 800 °C. The volume 
fraction of the BCC phase in Alloy A''7 is around 
40 at.%, and its Al and Ni content decreases while 
its Fe content is 2.6% higher than that of Alloy A8. 
The fine dark B2 phase is distributed at the 
boundaries of the FCC and BCC phases. The BSE 
image of Alloy A''8 is similar to that of Alloy A′8, 

as can be seen from Figs. 7(g) and 5(g). The 
volume fraction of the dot-like B2 phase increases 
after 800 °C annealing. 

After annealing at 1000 °C for 30 d, the alloys 
reach the equilibrium. As can be seen from 
Tables 1−3, the composition of the precipitated  
B2 phase is 27.0−35.4 at.% Al, 3.1−6.4 at.% Cr, 
18.0−20.5 at.% Fe and 42.2−51.6 at.% Ni. This 
varies a little with the Fe and Ni contents. Although 
the B2 phase exists in both the Al−Fe and Al−Ni 
binary systems, the B2 phase in the Al−Cr−Fe−Ni 
quaternary system is a Ni-rich one. 
 
3.4 Microhardness 

Figure 9 shows the microhardness of the 
Al7Cr20FexNi73−x alloys in three kinds of states. It is 
obvious that, when the Fe content is below 41 at.%, 
the hardness decreases a little with the increase of 
Fe content. Annealing at 1000 °C for 30 d has no 
significant effect on the hardness of these alloys, 
although a small amount of B2 phase precipitates. 
The hardness of the alloys even decreases with 
50−55 at.% Fe. This is because the precipitation of 
the B2 phase decreases the Al content in the FCC 
phase and softens the FCC phase. When the Fe 
content is above 41 at.%, the hardness of the as-cast 
alloys increases with the Fe content due to the 
formation of the BCC-type phase. However, 
annealing at 1000 °C for 30 d softens these alloys, 
which is also caused by the decreasing Al content in 
the FCC matrix. 

As can be seen from Fig. 9, annealing at 
800 °C for 30 d can harden the alloys when the Fe 
content is 35−55 at.%. This is due to precipitation 
of the BCC phase in the FCC matrix, as discussed  
 

 
Fig. 9 Microhardness of as-cast or annealed 

Al7Cr20FexNi73−x alloys 
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above. However, the microhardness of Alloy A''7 
(Al7Cr20Fe60Ni13) markedly decreases after 800 °C 
annealing, for the existence of the stable FCC  
phase. As presented above, the BCC phase in Alloy 
A7 or Alloy A′7 is transformed from FCC phase 
during cooling. As for Alloy A''8, the BCC and B2 
phases are stable at this temperature and the BCC 
phase can tolerate a lower Al content. It is worthy to 
note that, although the alloys can be dramatically 
hardened by the transformation of FCC to BCC 
during cooling, this also leads to high internal  
stress [33] and worsens the mechanical properties 
of the alloy. 

It is well known that the alloys with FCC-type 
structure have better plastic formability than those 
with BCC-type structure. As discussed above, three 
types of phases exist in the Al7Cr20FexNi73−x alloys. 
Most of these as-cast alloys are composed of the 
FCC phase. That is to say, hot-rolling is possible at 
higher temperatures. For the precipitation of the 
BCC or B2 phase after annealing, these alloys can 
be strengthened by aging, for example at 800 °C. Of 
course, a higher Al content leads to higher hardness. 
LIU et al [23] reported that, after homogenization, 
hot-rolling, and annealing at 1000 °C, the Al8Cr33.5- 
Fe25Ni33.5 alloy displayed an excellent combination 
of strength (yield strength is ~635 MPa and fracture 
strength is ~1155 MPa) and ductility (tension strain 
is ~11%). The results also show that the alloy 
strength is dramatically affected by the Al content. 
As can be seen from the chemical composition in 
Tables 1−3 and the published data, the FCC phase 
can tolerate less than 7 at.% Al. There is a large 
composition range that varies with the Fe and Ni 
content. The solubility of Al in the FCC phase 
decreases with decreasing the annealing 
temperature. 

 

4 Conclusions 
 

(1) Not all the as-cast Al7Cr20FexNi73−x alloys 
are composed of single FCC phase. The FCC to 
BCC transformation at near 900 °C during cooling 
results in the existence of the BCC phase in the 
as-cast Fe-rich Al7Cr20FexNi73−x alloys. 

(2) After annealing at 1000 °C for 30 d, the Al 
content in the FCC solid solution decreases and the 
microhardness of the alloys decreases. A small 

amount of Al-rich B2 particles precipitate at the 
phase boundary and some rod-like BCC 
nanocrystallites precipitating in the FCC matrix 
increase the hardness of the 800 °C-annealed 
Al7Cr20FexNi73−x (x=41−49) alloys. 

(3) The FCC phase is stable in the 800 °C- 
annealed Al7Cr20Fe60Ni13 alloy, which decreases the 
hardness of the alloy. 

(4) The B2 phase has a large composition 
range of 27.0−35.4 at.% Al, 3.1−6.4 at.% Cr, 
18.0−20.5 at.% Fe and 42.2−51.6 at.% Ni. It has a 
higher Ni content and can only tolerate less than 
6.4 at.% Cr. 
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800 和 1000 °C 退火对 Al7Cr20FexNi73−x合金 
相析出和硬度的影响 
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摘  要：研究 Fe 含量对铸态、800 °C 和 1000 °C 退火后 Al7Cr20FexNi73−x (x=13~66)合金的显微组织、相组成和显

微硬度的影响。这些合金并非都由 FCC 单相组成，一些合金中存在 BCC 和 B2 相。研究证实，Al7Cr20Fe66Ni7合

金中的 BCC 相是在冷却过程中由 FCC 相在 900 °C 左右转变而来；而 FCC 相在 800 °C 退火后的 Al7Cr20Fe60Ni13

合金中能稳定存在，从而导致富铁合金 800 °C 退火后硬度降低。实验结果表明，由于 B2 粒子的析出，1000 °C

退火后的 FCC 相中 Al 含量降低，合金硬度降低。此外，800 °C 退火后，在晶界析出少量富 Al 的 B2 颗粒及在 FCC

基体中析出一些纳米晶 BCC 相，使 Al7Cr20FexNi73−x (x=41~49)合金硬度增加。这些结果将有助于 Al−Cr−Fe−Ni 基

高熵合金的成分设计和加工工艺设计。 

关键词：高熵合金；Al−Cr−Fe−Ni；相组成；显微硬度；热处理 
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