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CoCrFeNi high-entropy alloy (HEA) has the characteristics of high plasticity and low strength, which limit
its application and development. In this study, a novel powder plasma arc additive manufacturing tech-
nique was used to prepare CoCrFeNiSi, (x = 0, 0.25, 0.5, 0.75) HEAs. By using scanning electron micro-
scope, x-ray diffractometer, electron backscattered diffraction, hardness tester and tensile tester, we
analyzed the effect of Si element on the phase structure, microscopic morphology, hardness and tensile
properties. The results show that CoCrFeNiSi, HEAs are composed of face-centered cubic (FCC) structure
and the second phase (rich Ni and Si). The volume fraction of the second phase increases significantly with
increasing Si content, while the grain size of the alloy decreases. The addition of Si markedly improved the
hardness (160-454 HV) and yield strength (165.38-354.43 MPa) of the alloys, but the formation of the
precipitated phase led to a decline in elongation (55.87-1.43%). These results provide a systematic
understanding of the phase formation and mechanical properties of CoCrFeNiSi, HEAs.

Keywords additive  manufacturing,  high-entropy  alloy,
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1. Introduction

Traditional alloys design strategies are usually based on one
or two major components with minor elements added to
enhance specific properties. Based on this ideology, Yeh et al
(Ref 1) and Cantor et al (Ref 2) proposed multi-component
high-entropy alloys (HEAs). HEAs are generally composed of
four or more major elements and the atomic percentage of each
major element ranges from 5% to 35%. According to reports,
HEAs have high-entropy effect, lattice distortion effect, slow
diffusion effect and cocktail effect, which lead to their unique
solid solution structure (Ref 3, 4), excellent mechanical
properties (Ref 5, 6), and better corrosion resistance (Ref 7,
8). Therefore, HEAs have received extensive attention from
scholars and are regarded as potential application materials in
engineering practice.

Strength and ductility are two fundamental mechanical
properties for the development of new structural materials.
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CoCrFeNi is the common HEA with good ductility, but its low
strength limits the engineering applications (Ref 9, 10).
Therefore, improving the mechanical properties of CoCrFeNi
HEA has been the focus of current research. The strengthening
mechanism of HEAs can be summarized as grain refinement
strengthening, deformation strengthening, solid solution
strengthening and precipitation strengthening. Post-treatment
processes can promote the refinement of grain size and the
formation of deformation twins, which can enhance the strength
of the alloy (Ref 11, 12). Solid solution strengthening and
precipitation strengthening are considered to be the most
common strengthening methods in HEAs (Ref 13, 14).
According to the research, the addition of large atomic radii
can induce lattice distortion and the formation of second phases
in HEAs (Ref 15-17). Recently, it has been shown that non-
metallic elements with small atomic radii can also help to
improve the microstructure and mechanical properties of HEAs
(Ref 18, 19). Yang et al. (Ref 20) investigated the effects of C
and Si on CoCrFeMn at different temperatures, and found that
the deformation mechanism of the alloy would change from
primary mechanical twinning to secondary nano-twining as the
temperature decreased. Moreover, the element Si effectively
promotes lattice distortion and reduces the stacking fault energy
of the alloy (Ref 21). The fast cooling helps the FeCoNiAl ».
Sip, HEA form uniform FCC structures and generate
stable passivation films, leading to good corrosion resistance
and soft magnetic properties (Ref 22).

At present, the main manufacturing methods for HEAs are
vacuum arc melting and casting. These two processes have the
disadvantages of the long production cycle and high production
cost, which greatly limit the manufacture and production of
HEAs. The rapid development of additive manufacturing (AM)
technology provides a new option for the preparation of HEAs.
AM technology features direct molding of complex-shaped
products, controllable and adjustable local melt pools and
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extremely fast cooling rates. AM uses lasers and electron beams
as processing heat sources. It can be divided into selective laser
melting (SLM) (Ref 23, 24), direct laser deposition (DLD) (Ref
25, 26) and selective electron beam melting (SEBM) (Ref 27).
In recent years, powder plasma arc additive manufacturing
(PPA-AM) has begun to be applied to HEAs. Compared to
SLM, PPA-AM has a very high prospect for commercial
applications. PPA-AM not only has the advantage of high
deposition efficiency and low equipment cost, but also has a
very wide range of applications due to its higher processing
temperature (Ref 28, 29).

In this work, CoCrFeNiSi, (x = 0, 0.25, 0.5, 0.75) HEAs
were fabricated by PPA-AM. The effects of Si on the
microstructure and mechanical properties of CoCrFeNi HEA
were systematically discussed. This paper provides a reference
for the preparation of CoCrFeNiSi, HEAs with excellent
mechanical properties using PPA-AM technology, while pro-
moting the practical application of HEAs in industry.

2. Materials and Methods

In this experiment, CoCrFeNiSi, (x =0, 0.25, 0.5, 0.75)
HEAs samples were prepared by using Co, Cr, Fe, Ni, and Si
powders (purity = 99.5%, 150-250 mesh). Named as Si,
Sipos, Sigs, Sig7s, respectively. After the powders were
weighed in molar ratio, powders and Al,O; grinding balls
(the mass ratio of powders and grinding balls was 1:2) were put
into a high energy ball mill (YXQMI12L, MITR Ltd., Hunan,
China) to mix for 3 hours. In addition, argon was used as the
protective gas for powder mixing. After mixing well, the
powders were put into a vacuum drying oven to dry for 2 hours.
To ensure the accuracy of the experiment, the 304 stainless steel
substrate surface was cleaned with anhydrous ethanol and
polished with an angle grinder. Figure 1(a) shows the
deposition equipment (DML-VO3AD, Duomu Company,
Shanghai, China), deposition principle and deposition path
for PPA-AM. The main manufacturing parameters of PPA-AM
technology for CoCrFeNiSi, HEAs samples are shown in
Table 1. In order to ensure good bonding between the substrate
and the HEAs, it is necessary to preheat the substrate with a
current of 60 A and deposit the first layer with a current of 100
A.

The macroscopic physical map of the representative HEA
sample is shown in Fig. 1(b). Figure 1(c) presents the schematic
diagram of sampling for microstructure observation and
mechanical property testing. The Instron universal material
testing machine was used to conduct the tensile tests with a
loading speed of 1.0 mm/min and the tensile specimen
geometry is shown in Fig. 1(d). The Vickers hardness of the
samples was measured using a Vickers hardness tester
(HXS1000A) with a load of 9.8N and a delay time of 15 s.
Three points at each position with a transverse distance of
1 mm were tested and the data were averaged. Phase compo-
sitions were determined by x-ray diffractometer (Bruker-D8§-
ADVANCE) using Cu Ko (A = 1.5418 A) at a scan speed of 5
°/min between 20° and 100°. Prior to XRD testing, the samples
were sequentially sanded with 320 #, 600 #, 800 #, 1000 #,
1200 #, 1500 #, and 2000 # SiC sandpaper. Samples were
corroded with aqua regia (HCL:HNO3 = 3:1). Scanning elec-
tron microscopy (SEM, Zeiss Sigma 300, Analytik Jena AG,
Jena, Germany) and EDS (Oxford-X-MaxN-80) were used to

observe the internal structure and elemental distribution of
HEAs samples. The microstructure of HEAs was analyzed
using electron backscatter diffraction (EBSD, Oxford Nordly
Max3, Oxford Instrument Technology Co. Ltd.). The operating
voltage of 20 kV and a step size of 8.0 um (Sip,s) and 0.4 um

(Sig.75)-

3. Result and Discussion

3.1 Microstructure Characteristics

Figure 2(a) shows the XRD patterns of the PPA-AM
CoCrFeNiSi, (x = 0, 0.25, 0.5, and 0.75) HEAs. According to
the XRD patterns, the Siy HEA exhibited a single FCC
structure. With the addition of Si, the diffraction peaks of the
second phase were detected in the Sigs alloy. As for Sij7s
alloys, the amount of diffraction peaks of the second phase
increased significantly. It was indicated that the addition of Si
could promote the generation of the second phase. The enlarged
XRD patterns of the FCC;1;y peak between 42° and 46° are
shown in Fig. 2(b). Obviously, the diffraction peaks of FCC(;
in HEAs were shifted with the Si content. For x = 0 — 0.5, the
diffraction peaks shifted gradually to the larger 20 angle
(43.812° to 43.931°). As the Si content reached 0.75, the
diffraction peaks shifted toward a lower 20 angle (43.780°).
The lattice parameters of the FCC phase were calculated
according to Bragg’s Law. As shown in Fig. 2(c), the lattice
constants of the FCC phase initially decrease and then increase,
which are 3.5760, 3.5755, 3.5668 and 3.5785 A, respectively.
This trend can be attributed to the presence of Si. When the Si
content is low, Si with smaller atomic radii (Co (125.10 pm),
Cr (12491 pm), Fe (124.12 pm), Ni (124.59 pm) and Si
(115.30 pm)) was dissolved in the CoCrFeNi matrix, resulting
in lattice shrinkage and decrease in lattice parameters (Ref 30).
The phenomenon was similar to that of AlCoCrFeNiSi, (Ref
31). However, when the Si content is too excessive, Si is
present as a second phase in the CoCrFeNi matrix, which leads
to lattice distortion and an increase in the lattice parameters
(Ref 32).

Figure 3 shows the microstructure of the CoCrFeNiSi,
HEAs prepared by PPA-AM. The corresponding chemical
compositions of the different regions of the PPA-AM
CoCrFeNiSi, HEAs are summarized in Table 2. It can be seen
from Fig. 3(a) that the CoCrFeNi-HEA prepared by the PPA-
AM technique exhibits typical columnar crystallites. The
formation of columnar crystals may be due to the rapid cooling
and repeated thermal cycling during the processing of the AM
technology. As shown in Fig. 3(b), the grain morphology of
Sip»s HEA did not change significantly after the addition of Si
(size about 94 pm). The alloy also did not generate a significant
precipitation phase. It indicated that the Si in Sig,5 HEA
existed mainly in the alloy in the solid solution state. In the Sij 5
HEA, the precipitated phase was clearly observed in Fig. 3(c).
The morphology of the precipitated phase was mainly drop-
like, and the elements were rich in Ni and Si (Fig. 4). It was
further observed that the precipitated phase changed in the
Sip.7s HEA, showing irregular shapes crossing each other
indicated in Fig. 3(d).

Zhang et al. (Ref 33) proposed the AH,x — ¢ criterion,
combining the three parameters of mixing entropy (ASpix),
mixing enthalpy (AHpnix) and atomic size difference (0) to
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Fig. 1 (a) Schematic diagram of high-entropy alloys fabricated by PPA-AM, (b) as-deposited HEA blocks, (c) schematic showing the location
of samples taken for microstructural evaluation, (d) the dimension of the tensile samples

Table 1 Key parameters of CoCrFeNiSi, HEAs Sample
by PPA-AM Technology

Parameter Value

Substrate thickness 10, mm

Torch and substrate distance 10715, mm

Shield gas 15-20, L/min

Powder feeding gas 5, L/min

Preheating current 60, A

Deposition current First layer 100 A, the other layers
60 A

Powder-feeding rotor speed 30, r/min

Wait time between layer 3, min
Layer thickness 2.5, mm
Travel speed 25, mm/min

predict the phases formation of HEA, which was expressed as
follows:

ASyix = —R Z(cilnc,») (Eq 1)
i=1

AHyi = Y (4AH} cic) (Eq 2)
i=1,i4j
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n

o= > a(1-2) (Eq 3)

i=1

Where R = 8.3144 J K~! mol™! is the molar gas constant, ¢;
and ¢; are the atomic percentages of the i-th and j-th elements,
respectively. AHF™ is the mixing enthalpy between i-th
element and j-th element and 7= Y., ¢y is the average
atomic radius. Table 3 showed the relevant parameters of
HEAs, which are calculated based on Eq. 1, 2, and 3. These
results are shown in Table 4.

The AH.; — 6 criterion is used for HEAs with AS,;.
between 12 and 17.5 J K~! mol ™. It can be seen from Table 4
that the AS,;x of Sig»s, Sips and Sig 75 in this experiment all
meet the requirements of the AH,;, — J criterion. According to
the AH ,,;; — J criterion, HEAs is more likely to form a solid
solution in the range of d< 6.5% and — 15 KJ mol™' <
AHpix < 5 KJ mol™'. Beyond this range, the alloys is more
inclined to form metallic compounds. As can be seen from
Table 4, the ¢ values in this experiment were all less than 6.5%,
which was consistent with the conditions for the formation of
solid solution of the alloys. However, the AH;x showed
different results as the Si content increased. In this system, the
negative AH ix values between Si and the other metal elements
are the largest, resulting in the AH,; values of the HEAs
decreasing significantly with the addition of Si. The AH,;, of
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Fig. 2 (a) XRD patterns of CoCrFeNiSi, HEAs, (b) was the magnified images of the local diffraction peaks of (a), (c) lattice constants of FCC

phase with increasing Si content

Sigos is — 11.46 KJ mol ™!, indicating that the alloy tends to a
solid solution structure. With the further increased of Si
content, the AH ,;; of the alloys exceeded this range, at which
point the alloys were more inclined to form metallic com-
pounds. According to SEM (Fig. 3 and 4 ) and EDS (Table 2),
the most metallic compounds (rich Ni and Si) were observed in
Sig.75 alloy. Sig 75 alloy had the most negative mixing enthalpy,
which made it easier to form metallic compounds. As well as
more negative AH,; between Ni and Si atoms to induce
stronger interatomic bonding. Enriched Ni-Si phases were also
observed in CoCrNiSi, (Ref 35) and CoFeNiSi, (Ref 36)
HEAs. These results showed that AH,,;, — J criterion is very
suitable for predicting the effect of non-metallic element Si on
the CoCrFeNi HEA system, and similar results are observed in
CoCrFeNi-Si HEAs prepared by arc melting (Ref 32, 37).

To further analyze the phase composition of CoCrFeNiSi,
HEAs, the representative samples Sig,s and Sig;s were
characterized by EBSD. Figure 5 exhibits the EBSD phase
maps of Sij»5 and Sij 75s. Almost no precipitates were observed
in Fig. 5(a). In contrast, up to 38.8% of precipitates were

detected in Sip;s HEA. It was consistent with the results of
XRD and SEM. In addition, the grain size of Sij 75 was smaller
than Sig,s. It was shown that the addition of Si not only
promoted the generation of precipitated phases, but also refined
the grain size of the alloy. For the Siy,s HEA, Si was mainly
present in the alloy as solid solution. It led to the grain size
similar to CoCrFeNi. On the other hand, the addition of large
amounts of Si promoted the generation of precipitated phases in
the alloy. The generated precipitates hinder the growth of the
FCC matrix and refined the grain size of the alloy (Ref 35, 38).

The crystallographic orientations of Sig,s and Sig;s are
shown in Fig. 6, including the inverse pole figures (IPFs) and
pole figure (PFs). The IPF maps are indicated that Sij,s and
Sip7s exhibit different crystal orientations. The Sip,s HEA
exhibited random orientation, but the IPF map of Siy 75 showed
that the alloy tended to grow in the < 111 > direction. There
is no doubt that the crystal structure of the alloys has changed
due to the addition of Si. The crystal structure of CoCrFeNi
HEA prepared by PPA-AM tends to be < 001 > (Ref 39, 40).
The crystal structure of the alloy changed from < 001 >
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Fig. 3 Microstructure of CoCrFeNiSi, (x = 0, 0.25, 0.5, 0.75) HEAs by PPA-AM: (a) CoCrFeNi; (b) Sig»s; (c) Sigs; (d) Sig.7s

Table 2 Elemental distribution of CoCrFeNiSi,
(x = 0.25,0.5,0.75) HEAs at the marked area in Fig. 3.
(wt.%)

Sample Regions Co Cr Fe Ni Si
Sig.2s (1) 27.06 2512 2354 2381 0.48
) 26.59 2048 2439  27.02 1.52
Sip 5 3) 23.00 22.75 18.88  31.03  4.34
4) 27.11 19.96  26.16  25.17 1.59
Sig 75 ®) 25.30 1994  21.65 2939 3.72
6) 27.05  20.01 2591 24.71 2.31

to < 111 > with increasing Si content. In Fig. 6(c)-(f), it can

be seen that the FCC phase exhibited different strong textures
in Sig ;s and Sig7s. The FCC phase has a strong {100} texture
in Sip,s, but showed a strong {I11} texture in Sig7s.
Meanwhile, Fig. 6(g) and (h) show the second phase PFs of
Sip.75, and the second has a strong {111} texture compared to
the FCC phase (Fig. 6(e) and (f)). These evidences suggested
that the crystal orientation in the alloy is similar to the single
FCC structure when the Si content is lower (Ref 41). However,
the FCC phase texture changed owing to the massive precip-
itation phase formation in HEA.

Journal of Materials Engineering and Performance

3.2 Mechanical Properties

Figure 7 shows the hardness of PPA-AM CoCrFeNiSi,
(x=0,0.25, 0.5, 0.75) HEA. Apparently, the Si content has a
significant effect on the hardness of the CoCrFeNiSi, alloy. The
HEAs exhibited uniform hardness, indicating that the HEAs
prepared by PPA-AM have a relatively uniform microstructure
(Fig. 7(a)). As shown in Fig. 7(b), the average hardness of the
alloys were 160.04 HV, 176.46 HV, 225.63 HV, 454.18 HV,
respectively, indicating that the addition of Si significantly
enhances the hardness of the alloys. In addition, the hardness
from Siy to Sip s is only increased by about 16 HV, while the
hardness of Sip,s to Sigs is increased by about 50 HV,
indicating that the second phase is the main source of hardness
enhancement of the alloys. Further when the Si content is
increased up to Sig7s, the hardness of the alloys increases
substantially, but the hardness values show significant fluctu-
ations. The fluctuation of hardness was attributed to the
increase in the volume fraction of the second phase, which
means that the hardness test points are on different phases,
resulting in a difference in the hardness values.

Typical engineering strain-stress curves for CoCrFeNiSi,
HEAs with different Si amounts are presented in Fig. 8. The
yield strength (YS), ultimate tensile strength (UTS), and
elongation to failure (EF) of CoCrFeNiSi, HEAs are summa-
rized in Table 5. The results showed that the mechanical



Fig. 4 EDS mappings of PPA-AM CoCrFeNiSi, HEAs (a) Sigs, (b) Sig 75
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properties of CoCrFeNi HEA prepared by PPA-AM technique
were similar to those of as-cast (Ref 42). It shown that the
preparation of HEAs by PPA-AM technology was feasible.
With the increase of the Si content in CoCrFeNiSi, HEAs, the
tensile strength of the alloy increases, while the plasticity
decreases. The Sig,s HEA had a significantly increased YS of
302.43 MPa while the UTS increased to 604.68 MPa, and the
EF reduced slightly (43.31%). When the Si content was
increased to Sip 5, YS increased to 305.02 MPa, but EF further
decreased to 21.27%. As the Si content increased further, the
YS and UTS of Sig 75 alloy were 354.43 MPa and 425.89 MPa,
respectively, but the EF was only 1.43%.

The mechanical properties variation depends on the different
microstructures of CoCrFeNiSi,. The addition of Si to the

Table 3 Atomic radius and the enthalpy of binary
mixing between elements (H;/™) (Ref 34)

Element and Atomic radius, nm Cr Fe Ni Si
Co (0.12510) -4 — 1 0 — 38
Cr (0.12491) -1 -7 — 37
Fe (0.12412) -2 — 35
Ni (0.12459) — 40
Si (0.11530)

Table 4 AS ivy, AHpie and 6 of the CoCrFeNiSi,

(x = 0.25, 0.5, 0.75) HEASs

Alloys AS vy § K~ mol ™! AH i, KJ mol™! 3, %

Sio.2s 12.72 — 11.46 1.80
Sio s 13.14 —17.78 2.40
Sig.7s 13.30 —22.60 2.79

CoCrFeNi matrix induced lattice distortion of the FCC phase,
leading to solid solution strengthening of the alloys. Secondly,
the formation of the Si-rich precipitation phase significantly
increased the hardness and strength of CoCrFeNiSi, alloys with
the increasing Si content. Since metallic compounds often
exhibit higher strength and lower plasticity than FCC phases.
The second phase generated in this work is a hard intermetallic
compound with a tetragonal structure (Ref 30). The hard
second phases hinder dislocation motion but serves as a crack
initiation during the tensile process. For Sij,5 alloy, the higher
strength and lower plasticity compared to CoCrFeNi HEA is
attributed to the majority of the Si element being dissolved in
the FCC matrix, with only trace amounts of point-like
precipitated phases. However, in Sips alloy the number of
second phases increases dramatically and some of the precip-
itated phases are transformed into continuous precipitated
phases, leading to the increase in strength and decrease in
ductility. Further at Siy7s, the second phase is totally contin-
uous in the FCC matrix, which greatly contributes to crack
propagation during the tensile process, leading to embrittlement
of the alloy. The continuous precipitation phase causes a
decrease in tensile strength and plasticity (Ref 30, 39).

Figure 9 show the fracture morphologies of CoCrFeNiSi,
HEAs after tensile deformation. As shown in Fig. 9(a) and (d),
many microvoids and deep dimples can be seen in the fracture
morphologies of the Sij,s alloy, which indicated that the alloy
undergoes ductile fracture, corresponding to the higher plastic-
ity (43.31%) in Fig. 8. With the increase of Si content, the alloy
gradually transforms from ductile fracture to cleavage fracture.
For the Sig s alloy, microvoids and propagating cracks can be
clearly observed in Fig. 9(b). The formation of metallic
compounds made the alloy more prone to propagation cracks
during stretching (Ref 43), and the generation of cracks will
reduce the plasticity of the alloy. As seen in Fig. 9(e), the alloy
exhibited partial dimples and smooth cleavage surfaces with
many small cracks, which illustrates the fracture mode of the
ductile and brittle mixture. With further increase of Si content,
the tensile fracture surfaces of Si0.75 alloy showed the brittle
fracture morphology with cleavage fracture in the continuous

B FCC (99.945%)
B CNGsSi (Hardly)

Fig. 5 EBSD phase maps of the HEAs: (a) Sipzs, (b) Sig7s
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Table 5 The yield strength (YS), ultimate tensile strength
(UTS), and Elongation to failure (EF) (for the PPA-AM
CoCrFeNiSi, (x =0, 0.25, 0.5 and 0.75) alloys and as-cast
CoCrFeNi (Ref 42)

Alloys YS, MPa UTS, MPa EF, %
CoCrFeNi 165.38 420.01 55.87
CoCrFeNi(as-cast) 155.00 472.40 58.90
CoCrFeNiSig 55 302.43 604.68 43.31
CoCrFeNiSig s 305.02 493.32 21.27
CoCrFeNiSig 75 354.43 425.89 1.43

precipitation phase as shown in Fig. 9(c) and (f). The cross
section was very smooth with some irregularly curved pits and
long cracks parallel to each other. The second phase in Sij 75
had some ductile FCC phases internal to impede crack
extension, but the massive and continuous Ni-Si precipitated
phases promoted crack growth, which led to a substantial
decrease ductility. These fracture mode features are consistent
with the tensile properties of the CoCrFeNiSi, HEAs in this
experiment.

4. Conclusion

In this work, a novel powder plasma arc additive manufac-
turing (PPA-AM) has been used to fabricate CoCrFeNiSi,
(x = 0.25,0.5,0.75) HEAs. The phase evolution, strengthening
mechanisms and fracture morphologies were investigated in
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PPA-AM CoCrFeNiSi, HEAs. The main conclusions of this
study are as follows:

(1) CoCrFeNiSi, HEAs without obvious defects were suc-
cessfully prepared via PPA-AM. The phase composition
of the CoCrFeNiSi, high-entropy alloys consists of a
face-centered cubic (FCC) structure and the second
phase (rich in Ni and Si). With the increase of Si con-
tent, the microstructure of the second phase is trans-
formed from FCC matrix precipitation to intersection
with the matrix.

As the Si content increases, the strong texture of the
FCC phase in the alloy changes from {001} to {111}.
The addition of Si significantly reduces the grain size of
the face-centered cubic phase, which is mainly due to
the formation of precipitated phases that inhibit the
growth of the FCC phase.

The addition of Si significantly increased the hardness
(from 160 to 454 HV) and yield strength (from 165.38
to 354.43 MPa) of CoCrFeNiSi, HEAs, while the ductil-
ity decreased (from 55.87 to 1.43%). HEAs transition
from ductile fracture to brittle fracture due to the in-
crease in Si content, which is due to the brittle metallic
compounds contributing to crack propagation. Sig»s
exhibited excellent tensile strength-ductility synergy
with the elongation of 43.3% and the tensile strength of
604 MPa, which was attributed to the solid solution
strengthening.
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Fig. 9 Fracture morphologies of CoCrFeNiSi, HEAs: (a) and (d) Sij,s; (b) and (e) Sigs; (c) and (f) Sig.75
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