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Abstract: To evaluate the role of non-metallic element (Si and C) on the microstructural evolution and mechanical 
properties of Fe2.5CoNiCu high-entropy alloys (HEAs), two series of Fe2.5CoNiCuSix (x=0.1−0.3, molar fraction) and 
Fe2.5CoNiCuCx (x=0.15−0.4, molar fraction) HEAs were prepared by vacuum induction melting. The results show that 
the amounts of C and Si additions significantly stimulate the transformation of BCC/FCC dual phases into a single FCC 
structure, and the microstructural evolution appears to be more strongly influenced by the C addition. The 
Fe2.5CoNiCuSi0.2 HEA presents high hardness (HV 439.5) and tensile strength (868 MPa), which is attributed to the 
solution strengthening and grain refinement effect. Both the hardness and strength of Fe2.5CoNiCuCx HEAs increase 
with the addition of C, due to the formation of carbides and solution strengthening. This demonstrates that adding 
non-metallic element (C or Si) is a viable approach for enhancing the strength and hardness of HEAs. 
Key words: high-entropy alloy; microstructural evolution; mechanical properties; non-metallic element addition; 
fracture mechanism 
                                                                                                             
 
 
1 Introduction 
 

High-entropy alloys (HEAs) have attracted 
much attention since they were first reported in 
2004 [1]. HEAs are defined hence to compose of at 
least four or more principal elements with 
concentrations ranging from 5 to 35 at.%, which 
typically form a single-phase solid solution with 
face-centered cubic (FCC), body-centered cubic 
(BCC) or hexagonal close-packed (HCP) structure 
instead of complex intermetallic compounds [2,3]. 
These alloys display an excellent combination of 
properties such as high strength (>1.0 GPa) [4,5] 
and hardness (>5.8 GPa) [6], outstanding fracture 
toughness (>200 MPa·m1/2) [7], good resistance 
against corrosion [8] and oxidation [9], and low 

wear rate [10]. 
In previous studies, FeCoNiCu(Cr)-based 

HEAs exhibit a high strength, high hardness and 
acceptable ductility, which is a promising alloy 
system in structural applications [11−13]. The 
addition of alloying elements into HEAs is known 
to further enhance their mechanical properties. For 
example, using the vacuum arc melting method, 
RAHUL et al [14] fabricated a series of 
FeCoNiCuNbx HEAs (x=0.5, 5, 7.5, 11.6 and 
15 at.%), and it was found that the strength and 
hardness of those HEAs were simultaneously 
enhanced with increasing the concentration of Nb. 
RAHUL et al [15] also tailored the Sn content in 
FeCoNiCuSnx HEA and found that the micro- 
hardness of FeCoNiCuSn0.5 alloy was improved due 
to the combination of solid solution strengthening  
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and microstructure refinement under undercooling 
condition. The hardness and wear resistance of 
AlxCrFeCoNiCu HEAs were greatly improved,  
due to the microstructure refinement and the 
formation of hard BCC phase [16]. In addition, by 
introducing Al into TiC/FeCoNiCu HEA composite, 
the tensile strength of the new alloy is significantly 
improved to 675 MPa along with the sacrifice of 
ductility [17]. 

Despite extensive efforts have devoted to 
improving the mechanical properties of 
FeCoNiCu(Cr)-based HEAs through the alloying 
approach, limited work has been done to explore 
the role of each individual non-metallic element (C 
or Si) on this system. Therefore, in order to reveal 
the relationship between the alloying elements and 
microstructure/mechanical properties of FeCoNiCu 
HEAs, we formulated two series of HEAs: 
Fe2.5CoNiCuSix (x=0.1, 0.15, 0.2, 0.25 and 0.3 in 
molar fraction) and Fe2.5CoNiCuCx (x=0.15, 0.25, 
0.35 and 0.4 in molar fraction). Fe2.5CoNiCu HEA 
was used as the reference metal, since its high 
hardness and high tensile strength identified in our 
previous work [18]. The influence of Si and C 
additions on the microstructure and mechanical 
properties of Fe2.5CoNiCu HEAs was studied and 
uncovered, in so doing offering new insight into the 
alloy design for enhanced mechanical properties. 
 
2 Experimental 
 

Fe2.5CoNiCu HEAs were prepared by the 
vacuum induction melting. The more detailed 
information of Fe2.5CoNiCu can be found in 
Ref. [18]. To reveal the influence of Si and C 
additions on the microstructure and mechanical 
properties of Fe2.5CoNiCu HEAs, we produced two 
series of HEAs: Fe2.5CoNiCuSix (x=0.1, 0.15, 0.2, 
0.25 and 0.3 in molar fraction) and Fe2.5CoNiCuCx 
(x=0.15, 0.25, 0.35 and 0.4 in molar ratio). The 
information of the raw materials is listed in Table 1. 
The raw materials were firstly placed in a ceramic 
crucible inside an induction melting furnace and 
heated to a molten state. The molten metal was 
poured into a copper mold with the dimension of 
d35 mm × 80 mm, and then cooled down to room 
temperature inside the furnace. 

As-cast specimens with sizes of 10 mm × 
10 mm × 6 mm (length × width × height) were  
used for microstructural characterization. An X-ray 

Table 1 Physical properties of raw materials used 
Powder Diameter/mm Purity/% 

Fe 2−3 99.99 

Co 4−7 99.95 

Ni 3−6 99.99 

Cu 3−5 99.99 

C 0.0005−0.003 99.85 

Si 0.015−0.025 99.9 

 
diffractometer (XRD, Bruker D8 Advance X) with 
a Cu Kα radiation was employed to analyze the 
phase constitution with a scanning range from 20° 
to 90° at a scanning speed 0.2 (°)/min. A field 
emission scanning electron microscope (FESEM, 
Quanta 250 FEG) equipped with an energy 
dispersive spectroscopy (EDS, Quanta 250 FEG) 
were conducted to observe the microstructure and 
the chemical compositions of the alloys at an 
acceleration voltage of 20 kV. The micro-hardness 
of specimens was measured by a hardness 
instrument (HVS−1000), and the applied load was 
9.8 N and the duration time was 15 s. Five points 
were tested and the average micro-hardness was 
calculated. The density of specimens was analyzed 
by using the Archimedes method, and three 
measurements were taken. The tensile tests were 
conducted using specimens with a gauge geometry 
of 21.6 mm × 2.4 mm × 1.5 mm (length × width × 
height) at room temperature at a constant strain rate 
of 0.5 mm/min. The surface of the tensile 
specimens was ground to 2000 grit sand paper to 
remove surface asperities. 
 
3 Result and discussion 
 
3.1 Influence of Si on microstructural development 

of Fe2.5CoNiCuSix HEA 
When the Si content is below 0.3, the 

Fe2.5CoNiCuSix alloys mainly contain a mix of FCC 
and BCC phases as shown in Fig. 1. With 
increasing Si content, the peak intensity of BCC 
phase gradually decreases, while the peak intensity 
of FCC phase steadily increases, which indicates 
that the fraction of FCC phase progressively 
increases in the alloy. As a result, the structure of 
the Fe2.5CoNiCuSix HEAs is gradually transformed 
from FCC/BCC dual phases to a single FCC  
phase when the Si content reaches 0.3. Meanwhile, 
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the main diffraction peak of the FCC phase slowly 
shifts to the left as the Si content increases, which is 
attributed to the lattice distortion caused by the Si 
addition [19]. 
 

 
Fig. 1 XRD patterns of Fe2.5CoNiCuSix HEAs 
 

Several parameters have been used to predict 
phase formation in HEAs, namely, mixing entropy 
(∆Smix), valence electron concentration (VEC) and 
atomic size difference (δ), which are expressed by 
Eqs. (1)−(4) [20,21].  
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where n is the number of constituent elements, ni is 
the molar fraction of the ith element, VECi is the 
VEC value of the ith element, R represents the 
molar gas constant (8.314 J/(mol·K), ri is the  
atomic radius of the ith element, and r  is the 
average atomic radius. As shown in Table 2, the 
VEC values of Fe2.5CoNiCuSix are calculated as 
9.00, 8.96, 8.91, 8.87 and 8.83, respectively, which 
are all greater than 8, and mean that these alloys 
should be a single FCC phase [22]. However, the 
alloy is composed of FCC/BCC dual phases when 
the content of Si is below 0.3. The experimental 
results are thus in disagreement with the above 
prediction. Such abnormal phenomenon might be 
attributed to the high content of Fe in Fe2.5CoNiCu 
HEA [18]. Although Si addition is conducive to the 

formation of BCC phase [23], the increase of Si 
content in this alloy system also promotes the 
increase of mixing entropy of Fe2.5CoNiCuSix HEA, 
which results in the increase of the FCC phase 
fraction. The mixing entropy (∆Smix) of 
Fe2.5CoNiCu HEA is estimated to be 
10.73 J·K−1·mol−1 [18]. With the increase of Si 
content, the ∆Smix of Fe2.5CoNiCuSix HEA increases 
from 11.27 to 11.85 J·K−1·mol−1. The high-entropy 
effect of the alloy system is thus enhanced with the 
increase of mixing entropy. As a result, the 
formation of BCC phase is inhibited, which is 
consistent with the theoretical result of VEC 
(x=0.3). 
 
Table 2 Parameters of Fe2.5CoNiCuSix HEAs 

Alloy ΔSmix/ 
(J·K−1·mol−1) VEC r /Å δ/% 

Si0.1 11.27 9.00 1.2496 1.43 

Si0.15 11.44 8.96 1.2488 1.54 

Si0.2 11.56 8.91 1.2479 1.64 

Si0.25 11.73 8.87 1.2474 1.74 

Si0.3 11.85 8.83 1.2466 1.83 

 
The microstructures of Fe2.5CoNiCuSix HEAs 

are shown in Fig. 2, and the chemical compositions 
of the alloys are listed in Table 3. Figure 2 shows 
that dark spots present in the Fe2.5CoNiCuSix HEAs, 
which is consistent with an earlier study [18]. 
Figure 2(f) shows the EDS analysis of the Region A 
(dark spot) in Fig. 2(c), which suggests that the Fe 
content is high in dark regions. According to the 
previous work [18], the dark spots are Fe-rich 
precipitates with BCC structure. The dark spots 
disappeared when the Si content exceeded 0.25, and 
the volume fractions of BCC in Fe2.5CoNiCuSix 
HEAs were about 18.2%, 14.9%, 12.1%, 5.0% and 
0.1%, respectively. The result is agreement with the 
XRD result (Fig. 1). The disappearance of the dark 
spots in the alloy might be related to the mixing 
entropy. The increase of mixing entropy apparently 
promotes the crystal structure of the alloy to 
gradually change into a single FCC structure, 
meaning that the Fe-rich precipitates are slowly 
absorbed by the FCC solid solution. Meanwhile, the 
actual composition of Fe2.5CoNiCuSix HEAs is 
closed to the nominal composition (Table 3), and 
the grain size of Fe2.5CoNiCuSix HEAs decreases 
from (24.61±3.86) to (13.02±6.18) μm with the 
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Fig. 2 Microstructures of Fe2.5CoNiCuSix HEAs with different contents of Si: (a) x=0.1; (b) x=0.15; (c) x=0.2;       
(d) x=0.25; (e) x=0.3; (f) EDS analysis of Region A 
 
Table 3 Chemical compositions of Fe2.5CoNiCuSix 
HEAs by EDS analysis (at.%) 

Alloy Chemical 
composition Fe Co Ni Cu Si 

Si0.1 
Nominal 44.64 17.86 17.86 17.86 1.78 
Actual 49.84 19.77 17.22 11.58 1.59 

Si0.15 
Nominal 44.25 17.70 17.70 17.70 2.65 
Actual 48.98 19.82 17.34 11.70 2.16 

Si0.2 
Nominal 43.87 17.54 17.54 17.54 3.51 
Actual 49.84 19.38 16.56 11.01 3.21 

Si0.25 
Nominal 43.49 17.39 17.39 17.39 4.34 
Actual 45.29 18.24 16.65 15.65 4.17 

Si0.3 
Nominal 43.10 17.24 17.24 17.24 5.18 
Actual 44.58 18.12 17.90 14.04 5.36 

 
increase of Si content. The grain refinement is 
supposedly relevant to the increase of lattice 
distortion. According to TAKEUCHI et al [23], the 
atomic radii of Fe, Co, Ni, Cu and Si are 1.24, 1.25, 

1.25, 1.28 and 1.17 Å, respectively. The atomic size 
differences (δ) are respectively calculated as 1.43%, 
1.54%, 1.65%, 1.74% and 1.83% in the alloys. 
Since the lattice distortion in the HEAs is positively 
correlated with atomic size difference [24], it can be 
inferred that the increase of lattice distortion leads 
to the grain refinement. 

To further identify the elements distribution in 
Fe2.5CoNiCuSix HEAs, the EDS mapping results of 
Fe2.5CoNiCuSi0.2 HEA is shown in Fig. 3. It is 
shown that Cu element segregates in the inter- 
dendritic regions due to its positive enthalpy of 
mixing with Fe, Co and Ni elements; whereas Fe 
and Co elements have a higher content within the 
dendrite regions due to their high binary mixing 
enthalpy with Cu element. The Ni and Si elements 
are distributed homogeneously and no segregation 
phenomenon is observed. Therefore, the influence 
of Si element on the microstructural evolution of 
Fe2.5CoNiCuSix HEAs is less severe. 
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Fig. 3 Elemental mapping of Fe2.5CoNiCuSi0.2 HEA by EDS 
 
3.2 Influence of C on microstructure of Fe2.5CoNi- 

CuCx HEAs 
The microstructures of Fe2.5CoNiCuCx HEAs 

are shown in Fig. 4. All alloys consist of a granular 
structure (A) and an intergranular structure (B). A 
very small number of bright particles appear 
discretely in the intergranular structure (Figs. 4(a) 
and (b)), and the chemical compositions of the 
particles are also listed in Table 4. The chemical 
composition of granular structure is close to 
nominal composition of alloys, but the particle is 
rich in C and Fe and depleted in Co, Ni and Cu. 
This implies that the particle is a typical C−Fe 
carbides. At x=0.35, the carbides are formed 
continually in the intergranular structure (Fig. 4(c)), 
which indicates that the C content exceeds the 
solubility limit of the Fe2.5CoNiCu HEA. 
Agglomerated carbides, some in large blocks, can 

be observed at x=0.4 (Fig. 4(d)), indicative of the C 
over-dose in the alloy. 

Figure 5 shows the XRD patterns of 
Fe2.5CoNiCuCx HEAs. All Fe2.5CoNiCuCx HEAs 
have a single FCC structure. Since the VECs of C 
and Si are the same, their influence on the crystal 
structure of the alloys would be similar [25]. 
However, when a small amount of C was added 
(x<0.15), the alloy was transformed into a solution 
with single FCC phase. Such a significant change in 
the crystal structure is presumably associated with 
the interaction between the interstitial C atoms and 
Fe atoms [26]. 

Figure 6 shows the elemental mapping of 
Fe2.5CoNiCuC0.35 HEA. The results show that the 
content of Fe element in the carbide is slightly 
higher than that of other elements (Ni, Cu and Co). 
The segregation of Co element is not obvious, while 
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Fig. 4 Microstructures of Fe2.5CoNiCuCx HEAs with different contents of C: (a) x=0.15; (b) x=0.25; (c) x=0.35;       
(d) x=0.4 
 
Table 4 Chemical compositions of Fe2.5CoNiCuCx HEAs 
by EDS analysis (at.%) 

Alloy Region Fe Co Ni Cu C 

C0.15 

Nominal 44.25 17.70 17.70 17.70 2.65 

A 41.37 21.64 20.43 13.35 3.21 

B 22.93 10.26 9.78 8.51 48.52 

C0.25 

Nominal 43.49 17.39 17.39 17.39 4.34 

A 46.88 17.82 18.70 11.52 5.08 

B 23.71 8.82 6.86 4.91 55.70 

C0.35 

Nominal 42.74 17.09 17.09 17.09 17.09 

A 43.91 17.54 16.66 15.66 6.23 

B 25.01 10.18 7.59 4.49 52.73 

C0.4 

Nominal 42.37 16.95 16.95 16.95 6.78 

A 48.59 16.46 16.17 11.56 7.22 

B 19.49 9.41 8.26 6.01 56.83 
 
the content of Ni and Cu elements is lower than that 
in the alloy, which might be attributed to the 
difference in the binary mixing enthalpy of C 
element with Fe, Co, Ni and Cu elements. 
According to TAKEUCHI et al [23], the binary 
mixing enthalpies of C with Fe, Co, Ni and Cu are 
−50, −42, −39 and −33 kJ/mol. Since the binary 
mixing enthalpy of Fe and C is the lowest, the C 
atoms would bond easily with Fe atoms. The high  

 
Fig. 5 XRD patterns of Fe2.5CoNiCuCx HEAs 
 
chemical affinity between C and Fe atoms would 
enhance the stability of the FCC structure and as 
such reduce Fe-rich BCC phase in the alloy, which 
might be responsible for the microstructure 
transformation of Fe2.5CoNiCu HEA. 

Based on the above analysis, the Si addition 
not only promotes the dissolution of BCC phase 
into the FCC phase, but also increases the alloy 
lattice distortion and reduces the grain size (Figs. 1 
and 2). The addition of C facilitates the formation 
of carbides in the intergranular structures when the 
C content is high. Additionally, the C element can 
significantly reduce the fraction of BCC phase and 
convert the alloy into a single FCC structure. Both 
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the Si and C elements can stimulate the 
transformation of BCC/FCC dual-phases structure 
into a single FCC structure, but the microstructural 
evolution appears to be more strongly influenced by 
the C addition. 
 
3.3 Influence of Si on mechanical properties of 

Fe2.5CoNiCuSix HEAs 
Figure 7(a) shows the engineering stress−strain 

curves of Fe2.5CoNiCuSix HEAs at room 
temperature. The fracture elongation of 
Fe2.5CoNiCuSix HEAs steadily decreases from 8.0% 
to 4.1% with addition of Si element, which 
indicates that the Fe2.5CoNiCuSix HEAs become 
brittle. Although the plasticity of the alloy is 
reduced, the strength of the alloy increases when a 
small amount of Si is added. The ultimate tensile 
strength (UTS) of Fe2.5CoNiCuSi0.1 increases by 

 

 
Fig. 6 Elemental mapping for Fe2.5CoNiCuC0.35 HEA by EDS 
 

 
Fig. 7 Engineering stress−strain (a) and hardness and density (b) curves of Fe2.5CoNiCuSix HEAs 
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about 180 MPa compared with Fe2.5CoNiCu HEA 
(639 MPa) [18]. The UTS of Fe2.5CoNiCuSi0.2 

reaches a maximum value of 868 MPa, which is 
higher than the SiC/Fe2.5CoNiCu composite 
(787 MPa) [27]. After the C content exceeds 
0.2 at.%, both the strength and plasticity of 
Fe2.5CoNiCuSix decrease simultaneously. The 
hardness and density of Fe2.5CoNiCuSix HEAs are 
shown in Fig. 7(b). The hardness of Fe2.5CoNiCuSix 
HEAs monotonically increases at x≤0.25 and then 
decreases to HV 491.2 at x=0.3. The density of 
Fe2.5CoNiCuSix HEAs is gradually decreases from 
6.35 to 5.38 g/cm3 with the increase of Si content. 
As shown in Fig. 1, owe to the addition of alloying 
elements with large atomic radii, the lattice 
distortion in the FCC matrix is enhanced, which 
increases the resistance to dislocation movement, 
thereby boosting the strength and hardness [20]. 
Moreover, the size of grain is gradually refined with 
addition of Si as shown in Fig. 2, thus both the 

hardness and strength are improved due to the grain 
refinement effect. Therefore, the increment in 
strength and hardness of the Fe2.5CoNiCuSix HEAs 
is closely related to the addition of the Si element, 
which plays a role in the grain refinement and solid 
solution strengthening (Figs. 1 and 2). 

Figure 8 shows the tensile fracture surface 
morphologies of Fe2.5CoNiCuSix HEAs. When a 
small amount of Si element was added (x=0.1 and 
0.15), many small dimples can be seen on the fracture 
surface, while a few smooth fracture surfaces can 
also be observed. The number of dimples decreases 
gradually as the content of Si (x=0.2 and 0.25) 
increases. When x=0.3, the number of dimples 
decreases appreciably and some dendrites can be 
seen on the fracture surface, indicating that the 
addition of Si renders the material brittle. Consequently, 
the fracture mechanism of Fe2.5CoNiCuSix HEAs is 
translated from quasi-cleavage fracture to brittle 
fracture with the increase of Si content. 

 

 
Fig. 8 Tensile fractured surface morphologies of Fe2.5CoNiCuSix HEAs: (a) x=0.1; (b) x=0.15; (c) x=0.2; (d) x=0.25;  
(e) x=0.3 
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3.4 Influence of C on mechanical properties of 
Fe2.5CoNiCuCx HEAs 
The engineering stress−strain curves of 

Fe2.5CoNiCuCx HEAs are shown in Fig. 9(a). The C 
addition has a marked influence on the ductility   
of Fe2.5CoNiCuCx HEAs. The fracture elongation  
of Fe2.5CoNiCuC0.15 increases to 15.6% with 
sacrificing a little strength as compared to 
Fe2.5CoNiCu HEA. The decreased strength could be 
related to the single FCC structure of 
Fe2.5CoNiCuC0.15 (Fig. 5). Both the strength and 
ductility of Fe2.5CoNiCuC0.25 simultaneously 
increase with further addition of C element, which 
are about 626 MPa and 21.7%, respectively. The 
fracture elongation and UTS of Fe2.5CoNiCuC0.35 
are increased to 43.4% and 729 MPa, respectively. 
When the content of C element is 0.4 at.%, the UTS 
is slightly improved but the fracture elongation 
begins to decrease, which is indicative of C 
over-dose. Generally speaking, the degree of lattice 
distortion caused by interstitial atoms is severer 
than that induced by substitutional atoms [28]. The 
interstitial atoms thus have a great effect on 
dislocation mobility. Additionally they may affect 
the phase stability via altering the stacking fault 
energy of the alloy, which in turn impact the 
properties of the alloy [29]. WANG et al [30,31] 
observed that the strength and ductility of 
Fe40.4Ni11.3Mn34.8- Al7.5Cr6 increased simultaneously 
with the addition of element C, which is attributed 
to that the interstitial C atoms in the alloy not only 
reduced the stacking fault energy, but also increased 
the frictional stress of lattice. CHEN et al [32] also 
found that interstitial C atoms can play a twin 
toughening effect in high entropy alloys. Therefore, 
the addition of C element is beneficial to improving 
the ductility and tensile strength of Fe2.5CoNiCuCx 

HEAs. It also reveals that for Fe2.5CoNiCu HEA the 
better mechanical properties can be obtained by 
adding C rather than Si element. The hardness and 
density of Fe2.5CoNiCuCx HEAs with different C 
contents are given in Fig. 9(b). With increase of C 
content, the hardness is increased from HV 339.6 to 
HV 440.4, while the density is increased initially 
and then decreased monotonically. The increment  
in hardness is attributed to the formation of  
carbides in alloy matrix to hinder the dislocation 
movement [33]. 

The fracture surface of Fe2.5CoNiCuCx HEAs 
is plotted in Fig. 10. As shown in Fig. 10(a), a large 
number of small dimples (red circle) can be seen on 
the fracture surface of Fe2.5CoNiCuC0.15 HEA. 
Figure 10(b) shows the fracture morphology of 
Fe2.5CoNiCuC0.25 HEA, which is different from that 
of Fe2.5CoNiCuC0.15 HEA. The small dimples were 
no longer observed in the fracture but were replaced 
by large and deep dimples, suggesting that the 
ductility of the alloy is improved. The fracture 
morphology of Fe2.5CoNiCuC0.35 HEA is also 
different from that of Fe2.5CoNiCuC0.25 HEA 
(Fig. 10(c)). An increasing number of large dimples 
can be observed on the fracture surface, with some 
carbides lodged in the dimples as shown by the 
yellow circle. The dimples are deeper, indicating 
that the ductility of the alloy is further improved. 
The presence of these carbides in the alloy not  
only enhanced the ductility, but also improved   
the strength of the alloy [33]. The number of 
dimples on the fracture surface of Fe2.5CoNiCuC0.4 
HEA significantly decreases and the depth also 
becomes shallower in Fig. 10(d). Moreover, a  
large number of carbides can be seen in the alloy 
(yellow circle), which compromises the ductility of 
the alloy. 

 

 
Fig. 9 Engineering stress−strain (a) and hardness and density (b) curves of Fe2.5CoNiCuCx HEAs 
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Fig. 10 Tensile fractured surface morphologies of Fe2.5CoNiCuCx HEAs: (a) x=0.15; (b) x=0.25; (c) x=0.35; (d) x=0.4 
 
 
4 Conclusions 
 

(1) Both the Si and C elements are found to 
inhibit the formation of BCC phase in Fe2.5CoNiCu 
alloys. The microstructure evolution of the alloy is 
severely affected by varying the C element. 

(2) The Si addition can improve the strength of 
Fe2.5CoNiCu alloy through the grain refinement 
effect and solid solution strengthening. 

(3) The C addition can effectively inhibit the 
emergence of BCC phase and promote the 
formation of carbides, thereby improving the 
ductility and strength of Fe2.5CoNiCu HEAs 
simultaneously. 
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摘  要：为了评估非金属元素(Si 和 C)对 Fe2.5CoNiCu 高熵合金显微组织演变和力学性能的影响，采用真空感应熔

炼法制备 Fe2.5CoNiCuSix (x=0.1~0.3，摩尔分数)和 Fe2.5CoNiCuCx (x=0.15~0.4，摩尔分数)两种系列高熵合金。结果

表   明，C 和 Si 的加入显著促进 BCC/FCC 双相向单一 FCC 结构的转变，且添加 C 对 BCC/FCC 组织演变的影

响更明显。Fe2.5CoNiCuSi0.2 高熵合金具有较高的硬度(HV 439.5)和抗拉强度(868 MPa)，这与固溶强化和晶粒细化

作用有关。随着 C 含量的增加，Fe2.5CoNiCuCx 高熵合金的硬度和强度均增加，这是碳化物的形成和固溶强化所

致。这表明在高熵合金中添加非金属元素(C 或 Si)是提高合金强度和硬度的可行途径。 

关键词：高熵合金；显微组织演变；力学性能；非金属元素添加；断裂机制 
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