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1 Introduction
High-entropy alloys are widely employed in surface 
engineering due to their thermodynamic high-entropy 
effect, kinetic hysteresis diffusion, structural lattice 
distortion, and unique cocktail effect of properties [1-4].
Compared to conventional metallic materials, high-
entropy alloys often exhibit superior properties such 
as higher strength, hardness [5-7], wear resistance [8], 
corrosion resistance [9-11], and temperature oxidation 
resistance [12-13]. Adjusting the proportion of elements in 
high-entropy alloys can alter their crystal structure and 
microstructure, leading to improved strength and wear 
resistance. Liu et al. [14] prepared a multi-component 
AlxCoCrCuFeNi high-entropy alloy (x=0, 0.5, 1, 1.5, 
and 2) by vacuum arc melting. The results indicated that 
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Effect of Mn content on microstructure and 
properties of AlCrCuFeMnx high-entropy alloy

an increase in the Al element content leads to a refined 
structure and improved hardness and wear resistance of 
the alloy. Additionally, the presence of Al elements led 
to the formation of a passivation layer, which enhanced 
its corrosion resistance in salt solutions.

The presence of Mn in high-entropy alloys is 
critical, as it regulates the phase stability of the alloy, 
alters its deformation mechanism, and can induce 
either the twinning-induced plasticity (TWIP) or phase 
transformation-induced plasticity (TRIP) effect. As 
a result, Mn plays a crucial role in the behavior of 
duplex high-entropy alloys [15-17]. Furthermore, since 
Mn is an FCC phase-forming element, increasing its 
content raises the volume fraction of the FCC phase 
in high-entropy alloys. This increase has an impact 
on the compressibility, wear resistance, and corrosion 
resistance of the alloy. Therefore, Mn is often used as 
one of the important primary elements when designing 
the composition of high-entropy alloys. Li et al. [18] 

prepared Fe80-xMnxCo10Cr10 high-entropy alloys. They 
attempted to reduce the phase stability of the alloy 
by reducing the Mn content to achieve the crystal 
structure transformation from FCC single-phase to 
FCC+HCP dual-phase. Moreover, the generation of a 
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dual-phase structure in the alloy can result in two significant 
strengthening mechanisms: interfacial hardening and phase 
hardening. This breaks the mutual constraints of strength and 
plasticity that are present in traditional metallic materials, and 
allows the obtaining of sub-stable high-entropy alloys that 
exhibit both extremely high strength and plasticity. Wu et al. [19] 

explored the evolution of Mn on the microscopic morphology 
and mechanical properties of CoCrCu0.1Fe0.15Mo1.5MnxNi 
(x=0.05, 0.12, and 0.3) alloys. The results showed that the 
alloy has a dendritic structure, and the volume fraction of the 
FCC phase increases with an increase in Mn content. When 
the Mn content was increased from 0.05at.% to 0.3at.%, the 
hardness of the alloy decreased from 715 HV to 392 HV.

In this study, inexpensive elements such as Fe, Cr, Al, 
Cu, and Mn were chosen as the primary components. The 
AlCrCuFeMnx high-entropy alloys lump with a stable solid 
solution phase were prepared using vacuum arc melting 
technology. The impact of varying Mn content on the phase, 
structure, and mechanical properties of these alloys was 
systematically studied.

2 Materials and methods
The raw materials used in this experiment were commercial 
metal monomers particles required for the preparation of 
alloying materials. The raw materials were proportioned 
according to the atomic molar ratio of AlCrCuFeMnx (x=0, 
0.5, 1, 1.5, and 2) high-entropy alloys, where the purity 
of each elemental material was greater than 99.9wt.% and 
the ingredient weight of each sample was 20 g. Due to the 
volatility of the Mn element, an additional 0.2 g to 0.3 g of 
Mn particles per sample was required. The alloy ingots were 
prepared in a non-self-consuming vacuum arc melting furnace, 
and each sample was melted five times in order to ensure the 
homogeneity of the alloy ingot composition. The resulting 
alloy ingots were cylinders having a diameter of Ф20 mm and 
a height of 10 mm.

The phase constitution of the polished alloy samples was 
analyzed using a D/MAX2500PC X-ray diffractometer 
(XRD) with a scan speed of 4°·min-1, a scan step of 0.02°, 
an accelerating voltage of 40 kV, a current of 40 mA, 
and a diffraction angle ranging between 20° and 90°. The 
QuantaFEG450 field emission scanning electron microscopy 
(SEM) and energy spectrometry (EDS) were used to analyze the 
microstructure and microzone composition of the high-entropy 
alloy. The hardness of the specimen was measured using a 
HV1,000 micro hardness tester, selected on the Vickers scale. 
More precisely, 5 points on the surface of the specimen were 
measured, and the obtained values were then averaged. The 
room temperature compression test of the alloy was conducted 
on a WDW-100D electronic universal material testing machine 
at a speed of 1 mm·min-1. The tested specimen was a cylinder 
having a diameter of 5 mm and a height of 10 mm. The UMT-
Tribolab friction equipment produced by BRUKER Company 
in the United States was used. In addition, alumina balls having 

a diameter of Ф6 mm were used as the counter-grinding parts 
to test the tribological properties of the alloy under dry sliding 
conditions at room temperature. Each small ball was wiped 
clean with alcohol, and the friction method was reciprocating. 
The friction testing parameters were set to a loading load of 5 N, 
a friction stroke of 3 mm, a frequency of 3 Hz, and a friction 
time of 20 min.

To determine the influence of the microstructure of the 
alloy on the local microhardness, nanoindentation tests were 
performed on the alloy using an Anton Paar type nanoindenter. 
The employed press needle was a diamond Berkovich needle 
set to a load control mode of 5 mN. Ten points were pressed 
on the surface of the specimen and then averaged.

3 Results and discussion
3.1 Phase constitution analysis of 

AlCrCuFeMnx high-entropy alloys
Figure 1 shows the X-ray diffraction patterns of AlCrCuFeMnx 

high-entropy alloys with different Mn contents. It can be seen 
that there are two crystal structures in the alloys: the face-
centered cubic (FCC) crystal structure and body-centered 
cubic (BCC) crystal structure. As the Mn content (x) increases 
from 0 to 2, the diffraction peaks of the AlCrCuFeMnx high-
entropy alloys remain relatively constant, still consisting of 
FCC+BCC phases. However, an increase in the Mn content 
leads to a gradual increase in the diffraction peak intensity of 
FCC phase. This suggests that the addition of Mn is beneficial 
for the formation of the FCC phase in the alloy.

Fig. 1: XRD patterns of AlCrCuFeMnx high-entropy alloys

Zhang et al. [20] have identified several parameters that 
play an indicative role in determining the formation of solid 
solutions in high-entropy alloys, such as mixing enthalpy 
(ΔHmix), mixing entropy (ΔSmix), valence electron concentration 
(VEC), and atomic size difference (δ). The thermodynamic 
parameters of the AlCrCuFeMnx high-entropy alloy were 
obtained by calculation [Eqs. (1)-(4)]. The results are shown 
in Table 1.

(1)
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Fig. 2: SEM morphologies of AlCrCuFeMnx high-entropy alloys: (a) x=0; (b) x=0.5; (c) x=1; (d) x=1.5; (e) x=2 

(2)

(3)

(4)

Table 1: Standard parameters of solid solution of AlCrCuFeMnx 
high-entropy alloys

Alloy VEC ΔSmix 
(J·K-1·mol-1)

ΔHmix 

(kJ·mol-1) δ (%)

AlCrCuFe 7 1.386R -5.000 5.042

AlCrCuFeMn0.5 7 1.581R -6.509 4.775

AlCrCuFeMn1 7 1.610R -7.360 4.615

AlCrCuFeMn1.5 7 1.595R -7.816 4.990

AlCrCuFeMn2 7 1.562R -7.916 4.278

where n is the number of element species in the alloy, Ci is the atomic 
percentage of the ith component, VECi is the valence electron concentration of 
the ith element, R is the gas constant (R=8.314 J·mol-1·K-1),  is the mixed 
enthalpy of binary pairs for the ith and jth elements, and ri and  are the atomic 
radius and average atomic radius of the ith element.

Based on the calculation results, the AlCrCuFeMnx high-entropy alloys exhibit 
δ values of no more than 5.042% and ΔHmix values ranging from -7.916 to 
-5.000 kJ·mol-1. The stable solid solution structures can easily form in high-
entropy alloys when δ≤6.6% and -15 kJ·mol-1<ΔHmix<5 kJ·mol-1 [21], solid solutions 
containing a mixture of BCC and FCC structures can form when the VEC is 
between 6.87 and 8.0 [22]. The VEC values of the AlCrCuFeMnx high-entropy alloys 
in the present study are all 7. This is because the VEC value of the Mn element is 7.
An increase in the Mn content of the AlCrCuFeMnx high-entropy alloys does not 
alter its FCC+BCC two-phase solid solution structure or the VEC value.

3.2 Microstructural and 
morphological analysis of 
AlCrCuFeMnx high-entropy 
alloys

SEM photographs of AlCrCuFeMnx high-entropy 
alloys with different Mn contents in Fig. 2
indicate the influence of Mn content on the 
microstructure evolution of the alloy. Without 
addition of Mn, the microstructure of the alloy 
consists of the light grey interdendrites and 
dark grey dendrites. The dendritic region (DR)
is larger and the interdendritic region (ID) is 
smaller. As the Mn content increases from 
x=0 to x=2, the dendritic region decreases 
while the interdendritic region increases. 
This is attributed to the rise in FCC structure 
resulting from the increase in Mn content. 
Figure 3 shows the EDS maps of AlCrCuFe 
and AlCrCuFeMn1 high-entropy alloys. 
Figure 3(a) reveals that Fe and Cr elements are 
concentrated in the dendritic region, while Cu 
elements are concentrated in the interdendritic 
region of the AlCrCuFe alloy. Additionally, Al 
elements are uniformly distributed throughout 
the alloy. Compared to the AlCrCuFe alloy, 
the distribution of Fe, Cr, Cu, and Al elements 
in different regions of the AlCrCuFeMn1 alloy 
remains relatively unchanged. Additionally, 
the Mn element is uniformly distributed 
throughout the alloy. The EDS maps for 
AlCrCuFeMnx (x=0.5, 1.5, 2) high-entropy 
alloys resemble those in Fig. 3 and will not be 
reiterated here.
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Fig. 3: EDS maps of AlCrCuFe (a) and AlCrCuFeMn1 (b) high-entropy alloys

The area fraction of dendritic and interdendritic regions in 
the AlCrCuFeMnx high-entropy alloys were counted using 
the Image-pro Plus software for multiple fields of view. The 
results are presented in Table 2. It can be seen that the area 
fraction of dendritic structure in the high-entropy alloy is the 
greatest when the Mn content is x=0. With the addition of Mn, 
the area fraction of dendritic structure in the alloy gradually 
decreases while that of the interdendritic structure gradually 
increases. The area fraction of interdendritic structure reaches 
the maximum of 49.8% at x=2. This indicates that the Mn 
element promotes the formation of interdendritic structures 

Table 2:  Area fraction (%) of dendritic and interdendritic 
structures of AlCrCuFeMnx high-entropy alloys 
with different Mn contents

Alloys Dendritic structure Interdendritic 
structure

AlCrCuFe 72.1 27.9

AlCrCuFeMn0.5 68.1 31.9

AlCrCuFeMn1 56.2 43.8

AlCrCuFeMn1.5 52.5 47.5

AlCrCuFeMn2 50.2 49.8

in the alloy. Due to the fact that the Mn element promotes the 
formation of FCC structures, as mentioned above, it can be 
inferred that the interdendritic structures are FCC structures, 
which will be confirmed in the later tests.

To further analyze the microstructure of the AlCrCuFeMnx 
alloy, transmission electron microscopy analysis was employed. 
Figures 4, 5, and 6 display the TEM bright field (BF) images of 
the AlCrCuFe, AlCrCuFeMn1, and AlCrCuFeMn1.5 high-entropy 
alloys, along with the selected area electron diffraction (SAED) 
patterns of the various phases. Figure 4(a) shows two distinct 
phases: light grey and dark grey. By analyzing the energy 
spectra presented in Figs. 3 and 8, it can be concluded that 
the light grey region corresponds to the dendritic structure, 
while the dark grey region corresponds to the interdendritic 
structure. Long strips with a length of approximately 110 nm  
uniformly precipitated on the dendrites, and a large number of 
nanotwins appear between the dendrites. Based on the SAED 
patterns shown in Figs. 4(b) and (c), it can be concluded that 
the dendrite structure in the AlCrCuFe high-entropy alloy is 
a disordered BCC structure, while the interdendrite structure 
is a disordered FCC structure. Additionally, the long strips of 
precipitates on the dendrites exhibit ordered BCC structures, 
as shown in Figs. 4-7.

(a)

(b)

Fe Al

Fe Al

Cr

Cu

Cu

Cr Mn
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Fig. 4: TEM microstructure and SEAD images of AlCrCuFe high-entropy alloy: (a) bright field TEM image; (b) SAED 
of the BCC phase along the [001] axis (Region 1); (c) SAED of FCC phase along the [-111] axis (Region 2)

Fig. 5: TEM microstructure and SEAD images of AlCrCuFeMn1 high-entropy alloy: (a) bright field TEM image; (b) SAED 
of the BCC phase along the [001] axis (Region 1); (c) SAED of FCC phase along the [-111] axis (Region 2)

Fig. 6: TEM microstructure and SEAD images of AlCrCuFeMn1.5 high-entropy alloy: (a) bright field TEM image; (b) SAED 
of the BCC phase along the [001] axis (Region 1); (c) SAED of FCC phase along the [-111] axis (Region 2)

Figures 5 and 6 demonstrate that the phase constitution of 
the AlCrCuFeMn1 and AlCrCuFeMn1.5 high-entropy alloys 
remains unchanged, consisting of FCC and BCC phases. 
This is consistent with that of the AlCrCuFe high-entropy 

alloy. However, the nanotwins present between the dendrites 
gradually decrease, and the long precipitates on the dendrites 
increase from 110 nm at x=0 to nearly 170 nm at x=1, and then 
decrease to approximately 130 nm at x=1.5.

1
2

2

1

2

1
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Figure 7 shows a high-resolution TEM image taken from the 
<001> direction and the fast Fourier transform (FFT) pattern of 
the AlCrCuFeMn1 high-entropy alloy. The FFT pattern further 
confirms that the dendritic matrix maintains a disordered BCC 
structure, the precipitated particles have an ordered BCC 
structure, and a co-lattice relationship is maintained between 
the precipitates and matrix phase.

To visualize the distribution state of the elements in the alloy, 
TEM-STEM analysis was performed on the AlCrCuFeMn1 high-
entropy alloy. Figure 8 shows the elemental distribution of the 
AlCrCuFeMn1 alloy in HADDF and STEM mode. It can be seen 
that in the BCC region, the matrix has a higher content of Fe, Cr, 
and Mn elements and a relatively lower content of Cu elements. 
However, the precipitated particles have a relatively higher 
content of Cu elements and a relatively lower content of Fe and 
Cr elements. The FCC region is enriched in Cu elements, with 
relatively lower levels of Fe and Cr elements. The Al element is 
uniformly distributed throughout the grain, because the mixing 

enthalpy between Al and the other elements is negative and the 
interatomic chemical affinity between the elements is good, so 
no segregation occurs. The elemental composition of each phase 
in the alloy was initially determined by the above analysis. 

To study the influence of Mn addition on the phase 
transformation of AlCrCuFeMnx, the chemical composition of 
different phases in the three high-entropy alloys (AlCrCuFe, 
AlCrCuFeMn1, and AlCrCuFeMn1.5) was measured by STEM-
EDS. The results are shown in Table 3. In the AlCrCuFe alloy, 
the BCC phase is the FeCr-rich phase, the FCC phase is the 
AlCu-rich phase, and the long strips of precipitated phase are the 
Cu-rich phase. When Mn elements are added, the interdendritic 
region of the AlCrCuFeMnx high-entropy alloys changes from 
an AlCu-rich FCC phase to an AlCuMn-rich FCC phase. The 
addition of Mn to the high-entropy alloy reduces the content 
of Cu elements in the FCC phase, thereby eliminating Cu 
segregation.

Fig. 7: HRTEM image and FFT map of AlCrCuFeMn1 high-entropy alloy: (a) HRTEM image taken from the <001> 
direction; (b) FFT pattern of B2 particles; (c) FFT pattern of BCC phase matrix

Fig. 8: Element distribution of AlCrCuFeMn1 high-entropy alloy under HADDF and STEM modes

Al Cr

Fe MnCu
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Fig. 9: Stress-strain curve (a) and statistical graph of yield strength and compressive strength (b) of 
AlCrCuFeMnx high-entropy alloys

Table 3: Chemical compositions of different phases in AlCrCuFe, AlCrCuFeMn1, and AlCrCuFeMn1.5 
high-entropy alloys

Alloy Crystalline Al Cr Cu Fe Mn

AlCrCuFe

FCC 10.89 4.59 80.73 3.79 0

BCC 10.38 42.73 5.85 42.04 0

Precipitated phase 10.29 22.46 42.48 24.77 0

AlCrCuFeMn1

FCC 16.85 1.31 66.58 2.35 12.91

BCC 16.70 26.60 2.41 28.62 15.14

Precipitated phase 21.82 12.50 42.32 14.19 25.67

AlCrCuFeMn1.5

FCC 18.89 1.54 57.82 3.14 18.62

BCC 18.59 38.32 2.35 15.28 25.46

Precipitated phase 16.91 31.48 19.76 11.71 20.12

Table 4: Particle size and area fraction of precipitates with 
different Mn contents

Alloys Mn0 Mn0.5 Mn1 Mn1.5 Mn2

Particle size (nm) 110 123 169 132 120

Area fraction (%) 20.2 15.1 19.8 22.9 23.1

The average particle size and area fraction of the precipitated 
phases on the BCC matrix in the AlCrCuFeMnx high-entropy 
alloys were counted using the Image-pro plus software. The 
results are shown in Table 4. It can be seen that when the Mn 
content increases, the size of the particles in the precipitated 
phase firstly increases and then decreases, while the area 
fraction firstly decreases and then increases. When the Mn 
content is x=1, the average particle size of the precipitated 
phase in the dendrites of the high-entropy alloy is the largest.

3.3 Mechanical properties of AlCrCuFeMnx 
high-entropy alloys

3.3.1 Compressive properties 

Figure 9(a) shows the engineering compressive stress-strain 
curves of AlCrCuFeMnx (x=0, 0.5, 1, 1.5, and 2) high-entropy 

alloys at room temperature, and Fig. 9(b) indicates their yield 
strength and compressive strength. The AlCrCuFeMnx (x=0, 
0.5, 1, 1.5, and 2) high-entropy alloys are abbreviated as Mn0, 
Mn0.5, Mn1, Mn1.5, and Mn2, respectively in the following 
figures and tables. It can be seen from Fig. 9 that when no Mn 
elements are added, the AlCrCuFe alloy exhibits the highest 
yield strength of 1,050 MPa, but the lowest compressive strength 
of 1,125 MPa and deformation rate of 9% compared to the other 
four alloys. When the Mn element is added, the deformation rate 
and yield strength change in the opposite direction: the yield 
strength decreases while the deformation rate increases. As 
the Mn content is increased to x=1.5, the compressive strength 
of the alloy reaches its peak value of 1,700 MPa, which is the 
highest among all experimental alloys. Moreover, the yield 
strength of the alloy is 960 MPa, and the deformation rate is 
27.5%. In summary, these findings suggest an overall optimal 
performance of the AlCrCuFeMn1.5. With further increase of 
Mn content to x=2, both the yield strength and compressive 
strength of the alloy decrease, while the deformation rate 
slightly increases.

The yield strength of the AlCrCuFeMnx high-entropy alloys is 
primarily determined by its dendritic structure, which constitutes 
the majority of the alloy's microstructure. The yield strength 

(a) (b)

Mn0      Mn0.5      Mn1     Mn1.5      Mn2
                             Alloy
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of the dendritic structure is influenced by various factors, 
including solid solution, grain boundaries, dislocations, and 
precipitates [23]. The yield strength of the alloy can be calculated 
according to Eq. (5): 

(5)

(6)

(7)

(8)

σ0.2=σ0+σP+σS+σG+σD

where σ0 is the intrinsic strength of the alloy, σS, σG, σD, and σP 
represent the strengthening effects caused by the solid solution, 
grain boundaries, dislocations, and precipitates, respectively. 
Taking the AlCrCuFeMn0.5, AlCrCuFeMn1, and AlCrCuFeMn1.5 

alloys as examples, the average grain size of these three alloys is 
almost the same, and the only factor affecting their microstructure 
is the precipitated phase. In addition, the composition of these 
three alloys is almost the same (Fig. 2), and they were formed 
under the same casting conditions. Therefore, the difference in 
yield strength of the alloy mainly comes from the strengthening 
effect of the precipitates in the dendrite structure.

The precipitation strengthening can be divided into two types 
based on the interaction between dislocations and precipitating 
particles: particle shearing and Orowan bypassing mechanisms [24]. 
The shear mechanism dominates when the precipitated particles 
are small or have a co-grid relationship with the matrix, while 
the bypass mechanism becomes dominant when the precipitated 
particles have a large size or do not co-grid with the matrix [25, 26].
Based on the morphology of the precipitates on the BCC 
matrix of the AlCrCuFeMnx high-entropy alloys, it can be 
determined that the particle shearing mechanism plays a major 
role in the strengthening.

When calculating the strengthening effect of the shear 
generated by precipitates, three factors are taken into account: 
the lattice dispersion strengthening (Δσcs), modulus mismatch 
strengthening (Δσms), and ordering strengthening (Δσos). The 
first two factors contribute prior to the shear, while the latter 
factor contributes during shear. The expressions of Δσcs, Δσms, 
and Δσos are given in Eqs. (6), (7), and (8), respectively [27, 28]:

where M=2.73 (for BCC) is Taylor Factor, βε=2.6 is a constant, 
G=83 GPa is shear modulus of the matrix, ε=0.2% is the 
lattice misfit. b is Burgers vector, which can be calculated by 
b , where α is the lattice parameter of the matrix. r is 
the average diameter of precipitates, f is volume fraction of 
precipitates, ΔG=83-80=3 GPa is shear modulus difference 
between the matrix and precipitates [29], m=0.85 is a constant, 
and γAPB is the antiphase boundary (APB) energy.

In principle, the highest values of Δσcs+Δσms and Δσos 
determine their outcome of the contribution [30]. Table 5 presents 
the values for dispersion strengthening, modulus mismatch 
strengthening and ordered strengthening due to the addition 

Table 5: Calculation results of ΔσCS, ΔσMS and ΔσOS for 
AlCrCuFeMnx (x=0.5, 1 and 1.5) high-entropy alloys

Alloy σcs

(MPa)
σms

(MPa)
Δσos

(MPa)
Δσcs+Δσms

(MPa)

AlCrCuFeMn0.5 719 47 154 766

AlCrCuFeMn1 797 54 124 851

AlCrCuFeMn1.5 819 51 131 870

of Mn elements, calculated from Eqs. (6)-(8). The calculation 
results show that the sum of Δσcs+Δσms is far greater than 
Δσos for AlCrCuFeMn0.5, AlCrCuFeMn1, and AlCrCuFeMn1.5 
alloys. Therefore, lattice dispersion strengthening and modulus
mismatch strengthening play a major role in the shear 
mechanism. The Δσ cs+Δσms of the AlCrCuFeMn1 and 
AlCrCuFeMn1.5 alloys are 851 MPa and 870 MPa, respectively, 
which are greater than that of the AlCrCuFeMn0.5 high-entropy 
alloy (766 MPa). This indicates that the strengthening effect of 
the precipitates of the alloy increases with increasing Mn content.

Combined with the analysis above, in the AlCrCuFeMnx (x=0, 
0.5, 1, 1.5, 2) high-entropy alloys, when the Mn increases, the 
AlCuMn-rich FCC phase starts to increase and the FeCr-rich 
BCC phase gradually decreases, which results in a general 
trend of decreasing yield strength and increasing plasticity. 
However, when the Mn content increases, the area fraction of 
the precipitated phase in the alloy gradually increases and the 
size of the precipitated phase is larger in AlCrCuFeMn1 and 
AlCrCuFeMn1.5 compared to AlCrCuFeMn0.5 alloy, therefore, 
when x increases from 0.5 to 1.5, the strengthening effect of 
the precipitated phase on the alloy is enhanced, resulting in a 
significant increase in the yield strength of the alloy [31].

3.3.2 Hardness and elastic modulus

Figure 10 shows the microhardness s tat is t ics of the 
AlCrCuFeMnx high-entropy alloys. The alloy exhibits a 
hardness of approximately 470 HV when no Mn element is 
added, which is the highest among the five alloys. However, an 
increase in Mn content results in an overall decreasing trend 
in hardness, except when the Mn element content x increases 
from 1 to 1.5. In this range, the hardness increases. Once the 
Mn element content exceeds 1.5, the hardness of the alloy 
decreases again.

Fig. 10: Microhardness of AlCrCuFeMnx high-entropy alloys

b

b

b
πγAPB

Mn0      Mn0.5      Mn1     Mn1.5      Mn2
                             Alloy
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Fig. 12: Predicted values of microhardness of the 
AlCrCuFeMnx high-entropy alloys

Figure 11(a) shows typical nanoindentat ion load-
displacement (P-h) curves for the FCC and BCC phases in 
the AlCrCuFeMnx high-entropy alloys. The P-h curves show 
that the maximum indentation depth of the BCC phase is 
approximately 220 nm, which is much smaller than that of 
the FCC phase (approximately 430 nm). This indicates that 
the hardness of BCC phase is higher than that of FCC phase. 
It is observed that an increase in Mn content initially leads 
to a decrease in hardness of the BCC phase, followed by 
an increase, and then another decrease. On the other hand, 

Fig. 11: Loading-displacement curves (a); nanoindentation hardness (b); and elastic modulus (c) of different 
phases in AlCrCuFeMnx high-entropy alloys

the hardness of the FCC phase remains almost unaffected 
when compared to BCC. When no Mn element is added, the 
nanohardness of BCC phase is the highest (7.26 GPa). While, 
as the Mn content increases to x=2, the hardness is the lowest 
(4.78 GPa). Figure 11(c) shows the elastic modulus of different 
phases. It can be seen that an increase in Mn content initially 
causes a decrease of elastic modulus for both BCC and FCC 
phases, followed by an increase, and then another decrease. 
The FCC phase has approximately 60 GPa lower modulus of 
elasticity than the BCC phase.

It can be concluded from the SEM, EDS, and TEM 
microstructure analysis that the area fraction of BCC phase 
in the AlCrCuFeMnx high-entropy alloys gradually decreases 
while that of FCC phase gradually increases with an increase 
in Mn content. This causes the hardness and elastic modulus 
of the alloys to gradually decrease. The size of the precipitates 
in the dendrites firstly increases and then decreases, as the Mn 
content increases, while their area fraction firstly decreases 
and then increases, as shown in Table 4. In the as-solidified 
condition, strengthening by the precipitates can be described 
using the rule of mixtures [32,33]:

(9)HValloy=VBCCHVBCC+VFCCHVFCC+VPHVP

where VBCC, VFCC and VP are respectively the volume fractions 
of the BCC, FCC solid solution and precipitates, and HVBCC, 
HVFCC and HVP are their hardness. The hardness of the 
precipitates was found to be 500-600 HV by nanoindentation. 
Therefore, HVP=550 HV was used in further calculations. It 
should be noted that the grain boundary strengthening was not 
taken into account due to extremely large matrix grain size in 
the studied alloys. The estimated contribution of dislocation 
hardening was no more than 5 HV and thus also neglected. Effect 
of different phases on the hardness of the AlCrCuFeMnx high-
entropy alloys was calculated by Eq. (9), and is shown in Fig. 12.
Figure 12 shows that the AlCrCuFeMnx (x=0, 0.5, 1, 1.5, 2)
high-entropy alloy's hardness is primarily contributed by BCC 
(53% to 74%), followed by precipitates (17% to 35%), and then 
FCC (6% to 12%). As the Mn content increases, the contribution 
of BCC to the hardness of the alloy decreases and that of the 
precipitates firstly decreases and then increases. When the Mn 

element content is x=1.5, the contribution of BCC to alloy 
hardness is slightly reduced to 56%, while that of the precipitates 
is enhanced to 33%. This is the reason for the increased hardness 
and elastic modulus of the AlCrCuFeMn1.5 high-entropy alloy 
compared to the AlCrCuFeMn high-entropy alloy.

When comparing the yield strength and hardness of 
AlCrCuFeMnx high-entropy alloys to the Cantor alloy 
(CoCrFeMnNi)100-xBx 

[34], it is observed that the yield strengths 
of both CoCrFeMnNi and (CoCrFeMnNi)100-xBx are lower 
than that of the AlCrCuFeMnx high-entropy alloys (Table 6). 
After 16at.% B is added into the CoCrFeMnNi, the hardness 
of (CoCrFeMnNi)84B16 reaches a maximum, slightly exceeding 
that of AlCrCuFe high-entropy alloy. The cost per kilogram of 
the alloys was calculated based on the price per kilogram of 
the individual materials in 2022. Next, the cost effectiveness 
of the alloy was determined by dividing the yield strength of 

(a) (b) (c)
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Table 6: Performance ratio of AlCrCuFeMnx alloys and (CoCrFeMnNi)100-xBx alloy

Alloy Yield strength (MPa) Hardness (HV) Price (CNY per kg) Cost performance

AlCrCuFe 1,080 470 176.6 6.1

AlCrCuFeMn0.5 810 410 173.6 4.6

AlCrCuFeMn1 950 320 170.6 5.6

AlCrCuFeMn1.5 960 360 169.2 5.7

AlCrCuFeMn2 790 310 167.4 4.7

CoCrFeMnNi [34] 256 191 391.2 0.7

(CoCrFeMnNi)84B16 
[34] 730 482 360.4 2.1

the alloy by its cost per kilogram. The results are shown in Table 6. 
It can be seen that the AlCrCuFeMnx high-entropy alloys boast not 
only superior strength compared to the (CoCrFeMnNi)84B16 alloy, 

but also a lower cost, resulting in a high cost-performance ratio. 
Therefore, the AlCrCuFeMnx high-entropy alloys not only exhibit 
excellent mechanical properties, but also reduce production costs.

3.3.3 Wear resistance

Figure 13 shows the friction coefficient of the AlCrCuFeMnx 

high-entropy alloys. It can be seen that the friction coefficient 
of the AlCrCuFe high-entropy alloy, with Al2O3 as the 
counterpart, ranges between 0.3 and 0.35 when no Mn element 
is added. As the Mn content is increased in the AlCrCuFeMnx 

alloys, the friction coefficient initially decreases, reaching a 
minimum value of 0.25 when x=1, before increasing again.

Figure 14 shows the wear scar morphology and wear debris 
morphology of the AlCrCuFeMnx high-entropy alloys. It can 
be seen from Figs. 14(a) and (c) that, when x=0 and x=0.5, the 
worn surface of the alloy is relatively smooth, with only some 
shallow furrows and a small amount of flake delamination. 
The wear mechanisms are mainly adhesive wear, abrasive 
wear, and delamination wear. It can be seen from Figs. 14(b) 
and (d) that, when x=0 and x=0.5, the alloy has fewer abrasive 
chips in a dispersed state of small broken particles. This is the 
reason for the lower coefficient of friction and wear rate of the 
alloy. The worn surface of the alloy at x=1 and x=1.5 is shown 
in Figs. 14(e) and (g). It can be seen that there are a large 
number of flaky layers and the furrows are also significantly 
deepened. This indicates that the alloy undergoes delamination 

Fig. 13: Friction curves of AlCrCuFeMnx high-entropy alloys

Fig. 14: Wear scar (a, c, e, g, i) and debris (b, d, f, h, j) 
morphologies of AlCrCuFeMnx high-entropy alloy: 
(a), (b) x=0; (c), (d) x=0.5; (e), (f) x=1; (g), (h) x=1.5; 

  (i), (j) x=2

(a)

(c)

(e)

(g)

(i)

(b)

(d)

(f)

(h)

(j)
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Fig. 15: Wear rate of AlCrCuFeMnx high-entropy alloys

fractures and increased wear. The abrasive chips of the alloy 
are small piles of particles and flakes, as shown in Figs. 14(f) 
and (h). When the Mn content x=2, The worn surface of the 
alloy is shown in Figs. 14(i) and (j). It can be seen that there are 
adhesion pits and a large number of flaky layers, and the furrows 
are also significantly deepened. The abrasive chips were in the 
form of large torn flakes, which are lapped and piled up, and 
the thickness of the chips also increases, as shown in Fig. 14(j),
indicating that more serious wear of the alloy occurs at this 
composition, which is the main reason for the increased 
coefficient of friction.

Figure 15 shows the variation of the wear rate of the 
AlCrCuFeMnx high-entropy alloys with the Mn content. It can 
be seen that the wear rate of the alloy is the lowest at x=0. As 
x increases, the wear rate of the alloy gradually increases, but 
at x=1.5, it decreases again, and then continues to increase, 
reaching a maximum value of 2.88×10-5 mm3·N-1·mm-1 at 
x=2. According to Ref. [35], AlCoCrCuFeNi0.5 high-entropy 
alloy exhibits the lowest wear rate of 3.76×10-5 mm3·N-1·mm-1 
among the AlCoCrCuFeNix high-entropy alloys under the 
same friction conditions, which is obviously higher than the 
2.88×10-5 mm3·N-1·mm-1. Therefore, the studied AlCrCuFeMnx 
high-entropy alloys have better frictional properties.

The variation in wear rate of the AlCrCuFeMnx high-entropy 
alloys follows an opposite trend with the variation in hardness. 
By analyzing the XRD, SEM, and TEM, it can be clearly 
deduced that as the Mn content increases, the AlCuMn-rich FCC 
phase increases and the wear resistance of the alloy decreases. 
However, at the Mn content of x=1.5, the area fraction of the 
precipitates in the dendrites increases and thus the strengthening 
effect is enhanced, which leads to an increase in the wear 
resistance and a decrease in the wear rate of the AlCrCuFeMn1.5 
high-entropy alloy. 

4 Conclusions
(1) The AlCrCuFe high-entropy alloy consists of FCC and 

BCC phases in its crystal structure, and exhibits a dendritic 
microscopic morphology. As the Mn element is added, the 
alloy retains its FCC+BCC phase structure, with an FCC 
structure in interdendrites, a disordered BCC structure in the 

dendrites. Additionally, a precipitate phase with an ordered 
BCC structure forms in the dendrites. With an increase in Mn 
content, the size of precipitates in dendrites initially increases 
before decreasing, while their area fraction decreases at first 
and then increases. Additionally, the addition of Mn elements 
inhibits the segregation of Cu elements on the FCC phase. 

(2) In the AlCrCuFeMnx (x=0, 0.5, 1, 1.5, and 2) high-entropy 
alloys, an increase in Mn content leads to a gradual increase 
in the area fraction of the interdendritic structure of the FCC 
structure. This results in a gradual increase in plasticity, and a 
gradual decrease in yield strength, hardness, and modulus of 
elasticity. However, when x=1.5, the yield strength, hardness, 
and modulus of elasticity increase again. This is mainly because 
the increase in area fraction and size of precipitates within 
dendrites leads to enhanced precipitation strengthening.

(3) The wear mechanisms for the AlCrCuFeMnx (x=0, 0.5, 
1, 1.5, and 2) high-entropy alloys are adhesive wear, abrasive 
wear, and delamination wear. When no Mn elements are added, 
the alloy has the lowest wear rate of 0.5×10-5 mm3·N-1·mm-1. 
As the amount of Mn in the alloy increases, both its strength 
and hardness decrease. Additionally, flaky layers appear on 
the worn surface, the furrow deepens, and the wear rate of the 
alloy gradually increases. However, at an Mn content of x=1.5, 
the alloy's strength and hardness increase due to the enhanced 
strengthening effect of the precipitates. This results in a lower 
wear rate and improved friction properties. 

(4) The AlCrCuFeMnx (x=0, 0.5, 1, 1.5, and 2) high-entropy 
alloys exhibit higher strength than the (CoCrFeMnNi)84B16 

alloy while also being more cost-effective, resulting in a higher 
cost-performance ratio. Compared to the AlCoCrCuFeNi0.5 high-
entropy alloy, the AlCrCuFeMnx high-entropy alloys exhibit 
better friction properties and a lower wear rate.
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