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Abstract: C.CoCrsFesNi (x=0, 0.1, 0.2 and 0.3, at.%) high entropy alloys (HEAs) were prepared via vacuum induction
melting. The effects of carbon content on the microstructures and mechanical properties of the HEAs were intensively
investigated. With the increase of the carbon content, the phase structure transforms from a dual-phase (FCC+BCC) to a
eutectic mixture (FCC phase + M23Cs carbide). Compared to CoCrsFesNi base alloy, the Co2CoCrsFesNi eutectic HEA
exhibits a significantly improved yield strength (from 307.5 to 378.9 MPa), ultimate tensile strength (from 646.5 to
837.1 MPa), and ductility (from 55.4% to 56.1%). It is shown that these comprehensive enhancements of strength and
ductility result from the effect of interstitial solid solution strengthening by carbon alloying and second phase

strengthening via the eutectic structure.
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1 Introduction

Advanced alloys are the backbone of modern
manufacturing engineering. Metallic alloys are
typically used for manufacturing in structural
applications that require high reliability, due to their
excellent combination of strength and ductility. For
decades, there has been an increasing demand of
advanced alloys with a more superior combination
of strength and ductility to meet the high-level
requirements in aerospace/aircraft, defense, and
automotive industry. Recently, excellent mechanical
properties have been achieved [1-6] by high
entropy alloys (HEAs), which comprise multiple
principal elements with equiatomic or near equi-
atomic concentrations at atomic scale. However,
this kind of advanced alloys has not yet evaded the
trade-off dilemma of strength—ductility [7-9]. For
example, increasing Cr content can significantly
enhance the mechanical strength of Cr.FeNiCu

HEAs, but at the cost of their ductility [10].
Compared to TiNbZr, another example is
TiNbZrMoos HEA. Its yield strength and
compressive strength might be enhanced by 77.32%
(up to 1.0GPa) and 25.14% (up to 1.3 GPa),
respectively; however, the compressive plasticity is
decreased [11]. Therefore, it remains a challenge
to enhance the strength of HEAs without
compromising the ductility.

As for regulating the atomic ratios of these
metallic elements, it was also reported that alloying
with interstitial elements (e.g., B, C, and O
elements) could be an efficient way to boost the
mechanical properties of the transition metal-based
HEAs [12—16]. It was found that the addition of
interstitials into HEAs could result in much higher
lattice distortions than substitutional elements
which strongly influence the interaction with
dislocations [17,18]. However, a few C-doped
HEAs (CHEAs) have been developed and
investigated, in order to break the strength—ductility
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trade-off dilemma and achieve a superior
combination of high strength and good plasticity.
The experimental results showed that the addition
of C element can not only produce significant
surface hardening and synchronous toughening, but
also result in prominent combination of strength
and ductility [19—24]. For instance, with adding
2 at.% of interstitial C into the FesoMn3oCo10Crio
HEA, it was reported that the plastic strain
of the matrix could be enhanced by 147.8%,
without sacrificing its ultimate tensile strength
(~550 MPa) [25].

As mentioned earlier, C element can be
selected as the interstitial element based on the facts
that C is one of the most widespread interstitials
in alloys and the content is controllable during
preparation of the alloys [17]. Inspired by those
considerations, four kinds of C,CoCrs;FesNi (x=0,
0.1, 0.2 and 0.3) HEAs were prepared via vacuum
induction melting in this study. To investigate the
effect of C content on the microstructures and
mechanical properties, microscopy and microanalysis
were carried out with X-ray diffraction (XRD),
scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2 Experimental

To fabricated samples of C.CoCrsFesNi alloys,
a few raw materials were used with high purity:
cobalt particles (99.9%), chromium particles
(99.99%), iron particles (99.99%), nickel particles
(99.8%) and graphite powder (99.9%). Ingots were
produced by vacuum induction melting under an
argon atmosphere in a ceramic crucible. After the
raw materials were melted and mixed completely,
the molten metal liquid was then poured into a Cu
mold and cooled down to room temperature in the
furnace. The related details were described in our
previous publication [26].

The microstructure and its composition were
characterized by XRD (Bruker-AXS D8 Advance,
and scanning rate of 5 (°)/min), SEM (Quant
250FEG) equipped with EDS (FEI Quanta 250
FEG), and TEM (FEI Talos F200X G2). I-shaped
samples (2 mm in width, 1.1 mm in thickness, and
10.6 mm in length) were cut for tensile testing
(UTM/CMT 5000, and the loading rate of
0.05 mm/min).

3 Results and discussion

3.1 Microstructure

The XRD patterns of C,CoCr3;FesNi HEAs are
shown in Fig. 1. CoCr3FesNi primarily consists of
the FCC phase with a small amount of the BCC
phase. After adding 0.1 at.% of C element, the
diffraction peak of the BCC phase disappears; that
is, the phase composition changes from the
FCC+BCC dual-phase structure to a single-phase
FCC structure with the addition of C element. The
disappearance of the BCC phase structure may be
because C atoms tend to occupy the interstitial sites
of the FCC lattice, improving the stability of the
FCC phase [25,27,28]. When C content reaches
0.2 at.%, the diffraction peak intensity of the FCC
(111) crystal plane decreases, while the diffraction
peak intensity of the FCC (200) crystal plane
increases, indicating that a strong texture of
[200]rcc is formed in Co2CoCrsFesNi. Carbides
tend to form in C,CoCr3FesNi alloys with higher C
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contents because Fe and Cr have high affinity with
element C, and thus, M»3Cs carbides may be formed
at grain boundaries in the alloys [29—33]. However,
the diffraction peaks of the M»3Cs compound are
partially overlapped with those of the FCC phase.
Therefore, the presence of M23Cs carbides may not
be seen in the XRD patterns.

Figure 1(b) shows more details of the (200)
peak of the FCC phase of the as-cast C.CoCr3FesNi
HEAs. It can be seen that the (200) peak shifts to
lower 26 values with increasing C content, which
indicates an expansion of the FCC lattice parameter
due to the dissolution of C into C,CoCrsFesNi [29].

Figure 2 shows the microstructure of the
as-cast C,CoCrsFesNi HEA. As shown in Fig. 2(a),
FCC equiaxed crystals and BCC cellular dendrite
co-exist in the CoCr:;FesNi HEA, in which the
FCC phase is dominant. After adding 0.1 at.% C
to the matrix (Fig. 2(b)), the microstructure of
Co.1CoCr3FesNi alloy consists of two parts, among
which the gray structure (marked as Region A») is
the matrix of the FCC phase. It is worth noting that
the original dendrite structure is retained, and there

is a tendency to form cellular crystals in some areas.

The grain size does not change much, but thin
strip-shaped white structure appears at the grain
boundary. As shown in Fig. 3, the light lamellar
structure (marked as Region C) located at the
dendrite boundary is a typical eutectic structure.
When the content of C element increases to
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0.2 at.%, significant changes in the microstructure
(Fig. 2(c)) can be observed compared to that of the
base alloy; that is, the dendrite structure disappears
and the matrix coalesces. According to the chemical
compositions of different regions of C.CoCrs;FesNi
alloys marked in Fig.2 (Table 1), the regions
labeled as Aj-4 are the FCC phases enrich with
elements Fe and Ni while the region labeled as B is
the BCC phase enriched with element Cr, which
have been confirmed in a previous work [26]. At
the same time, C is detected in regions labeled as
C,-4 of alloys, indicating that C has been solubilized
into the matrix alloy. With increasing C content, the
eutectic structure region of carbide (marked as
Region Cs3) and FCC phase (marked as Region Aj3)
increases. The eutectic structure still exists on the
grain boundary of matrix grain, and the eutectic
structure is parallel to the grain boundary of matrix.
As shown in Fig. 2(d), when C content increases to
0.3 at.%, the eutectic structure looks similar to that
in Fig. 2(b) but becomes more uniform, with the
interface being more compact. However, there is no
parallel growth relationship between eutectics and
matrix.

As shown in Figs. 2(b—d), there is a layered
microstructure in the area regarded as carbide. To
further understand the layered structure, the
Co.2CoCr3FesNi HEA was analyzed by TEM. It can
be seen from Fig. 4(a) that the M»Cs carbide is
produced by crystallization in the matrix along the
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\

Fig. 2 SEM images of C,CoCr;FesNi HEAs with different x values: (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3
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Fig. 3 SEM image of Co.1CoCr3FesNi HEA

grain boundary, exhibiting a eutectic layered
morphology within the FCC matrix. The average
layer width of the carbide is about 95 nm. As shown
in Fig. 4(b), according to the selected area electron
diffraction pattern corresponding to Region A in

Fig. 4(a), the carbide shows a M»3Cs crystal structure.

In previous research, M»Cs and M;C; carbide
particles were observed in carbon containing
CoCrFeNiMn [34] and Fes04Nij13Mn343Al75Crs
HEA [35]. The other structure in the eutectic structure
is proved to be FCC phase matrix (Fig. 4(c)). In
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Table 1 Chemical composition of various areas in
C,CoCr3FesNi HEAs marked in Fig. 2

Element content/at.%

Specimen Region

Co Cr Fe Ni C
A 96 273 52 11.1 O

CoCr;sFesNi
B 8.8 357 472 83 0
A 92 27.1 513 11 14

C0A1COCI'3F65Ni
Cy 7.4 283 337 7.1 235
As 89 269 505 10.6 3.1

CozCOCI‘}FesNi
Cs 57 29.7 278 6.1 30.7
Ay 8.7 26.5 503 102 4.3

C0,3C0Cr3Fe5Ni
Cy 41 33 225 3.6 368

addition, Fig.4(d) shows the electron diffraction
pattern of the selected region marked as “C” in
Fig. 4(a) at the interface of the eutectic structure.
The MxnCs with face centered cubic structure
precipitated on the grain boundary has a complete
coherent relationship with the matrix ([001]ecc//
[001Tmycer (020)rcc//(060)m,,c,)- The coherent interface
causes a very low lattice mismatch, which can

5 1/nm

M,;C, [001]

FCC [001]

5 1/nm

Fig. 4 TEM bright-field image of Co.1CoCrsFesNi HEA (a); SAED patterns of M»3Cs (b), FCC phase (c) and eutectic

interface (d)
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improve the elastic distortion near the precipitated
phase and improve the uniform plastic deformation
ability of the alloy [36]. The eutectic structure
generally exists at the grain boundary because
M3Cs carbides tend to be preferentially formed at
the grain boundaries which are the preferred nucleation
sites for heterogeneous nucleation [37—41].

The TEM and corresponding EDS mappings of
the Co2CoCr;FesNi HEA are shown in Fig. 5. The
layered eutectic structure shows clear interface with
the matrix. The results of surface scanning indicate
that the gray regions (marked as Region A) might
be Cr-rich carbides. Combined with the analysis of
XRD patterns above, the eutectic structure can be
determined to be composed of M»3Cs carbide and
the FCC phase. It can be inferred that in the
solidification process of the HEA, due to the
redistribution of solute, the alloy shows a
composition fluctuation at micron-scale. In this case,
the redistribution of elements happens on the grain
boundary; that is, Cr and C are enriched on the
grain boundary. In this work, due to the increase of
the proportion of Cr and Fe in the composition,
M3Cs carbide can nucleate and grow on the grain
boundary, so as to form eutectic structure with the
matrix. In the Co2CoCrsFesNi alloy, the eutectic
structure is parallel to the matrix. This is because in
the solidification process, the faster cooling speed
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makes the plane solidification interface unstable.
The small bulge of the solidification interface
causes the enrichment of Cr, Fe and C solutes in the
bulge groove to form complex carbides, which is
inhibited by the growth direction of the matrix.
Besides, the precipitated growth direction is
roughly parallel to the growth direction of the
matrix, which is similar to cellular crystal growth.

3.2 Mechanical properties

The Vickers hardness data of C.CoCrs;FesNi
alloys obtained from Vickers hardness tests are
shown in Table 2. The microhardness of the
Co.1CoCr3FesNi HEA reaches HV 309.9, which is
6.4% higher than that of CoCrsFesNi alloy.
Pronounced increase of hardness is due to the
formation of the hard M»;Cs phase. On the other
hand, the lattice distortion caused by interstitial
solid solution strengthening of C increases the
deformation resistance, thus increasing the hardness.
However, the introduction of C element also results
in the phase transformation from original BCC
phase to the FCC phase, which reduces the hardness.
Therefore, the increase in hardness of the
Co.1CoCr3FesNi alloy is not significant due to the
combined effects of these two factors. With the
further increase of C content to 0.2 and 0.3 at.%,
the Vickers hardness increases to HV 342.4 and

Fig. S TEM image and EDS elemental mappings of Co2CoCr;FesNi HEA

Table 2 Mechanical properties of C,CoCr3;FesNi HEAs

Alloy Vickers hardness (HV)  Yield strength/MPa Ultimate tensile strength/MPa ~ Elongation/%
CoCrsFesNi 291.3 307.5 646.5 554
Co.1CoCr3FesNi 309.9 346.2 769.1 52.3
Co.2CoCr3FesNi 342.4 378.9 837.1 56.1
Co.3CoCr3FesNi 386.2 491.5 818.0 19.6
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HV 386.2, respectively. Compared with the matrix,
the hardness increases by 17.5% and 32.6%,
respectively. This is because the C atom which
enters the FCC lattice further improves the lattice
distortion, as well as the increased content of hard
M23Cs carbide [37], resulting in a significant
improvement in microhardness.

Figure 6 exhibits tensile curves of as-cast
C.CoCr3FesNi HEAs. As given in Table 2, base
alloy shows a relatively low yield strength (YS) of
307.5 MPa, ultimate tensile strength (UTS) of
646.5 MPa and uniform elongation of 55.4%. After
the addition of 0.1 at.% C, the YS and UTS increase
to 346.2 MPa and 769.1 MPa, respectively, while
uniform elongation decreases to 52.3%. When the
content of C increases to 0.2 at.%, the YS and UTS
further increase to 3789 MPa and 837.1 MPa,
respectively, and more importantly, the uniform
elongation increases to 56.1%. This means both
strength and ductility are enhanced simultaneously.
Generally, the addition of C improves the yield
strength of FCC-structured HEAs, but at the
expense of ductility [34]. Surprisingly, by
comparing the tensile properties of Co>CoCrsFesNi
and CoCrs;FesNi, it is found that the addition of C
improves not only the YS (increased by 23.2%), but
also the UTS and elongation, increased by 29.5%
and 1.3% respectively. However, when C content is
further increased to 0.3 at.%, the YS and UST are
about 491.5 MPa and 818.0 MPa, respectively, with
the elongation decreasing to 19.6%.

C3CoCr;FesNi Cy,CoCr;FesNi

=

CoCr;FesNi

Stress/MPa

/|

Cy,CoCrsFesNi

20 30 40 50 60 70
Strain/%

Fig. 6 Tensile curves of C,CoCrsFesNi HEAs at room
temperature

Figure 7 shows the fracture morphologies of
C.CoCrsFesNi (x=0, 0.1, 0.2 and 0.3) HEAs. As
shown in Fig. 7(a), dense dimples distribute on the
fracture surface of CoCrs;FesNi, which indicates a
ductile fracture mode. Compared with the micro-
structure shown in Fig. 2(a), the grain boundary
of cellular dendrite is relatively flat, which is
conducive to crack propagation. Therefore, during
tensile fracture, the crack propagates along the grain
boundary of cellular dendrite, and the flat grain
boundary leads to the generation of a large number
of tearing edges. The crack then coalesces in the
dendrite region of the cellular dendrite, and finally
leads to the fracture of the material. When x=0.1, as
shown in Fig. 7(b), a small amount of C addition
changes fracture morphology significantly. A layered
fracture is formed on a part of the macro fracture

2 { <

P ONY

Fig. 7 Fracture morphologies of C,CoCrs;FesNi HEAs with different x values: (a) x=0; (b) x=0.1; (c) x=0.2; (d) x=0.3
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surface, and there is an obvious boundary between
layers. Corresponding to the cellular structure in
Fig. 2(b) and the fine strip eutectic structure at the
grain boundary, it can be seen that the crack first
occurs at the grain boundary during tensile fracture,
and then the crack propagates along the grain
boundary. Because of the coherent interface
between the eutectic structure and the matrix, the
strength of grain boundaries is high, so, some
cracks begin to expand from the inside of the grain
to form a river pattern. When x=0.2 (Fig. 7(c)), the
fracture morphology is also composed of two parts.
One part of the morphology is similar to
honeycomb, which means intense plastic flow and a
large number of dimples. It belongs to ductile
fracture, which corresponds to the FCC phase
grains in microstructure. Outside the honeycomb
dimple, there are obvious tear ridges and
dissociation surfaces, which correspond to the
eutectic structure at the grain boundary. Similar to
the microstructure, the tear ridge on the fracture
surface also has an obvious direction, indicating
that due to the existence of eutectic structure
completely coherent with the matrix, the grain and
grain boundary bear the load at the same time, and
the strength is the same. The fracture type belongs
to the mixed ductile and brittle fracture. When
x=0.3, there is no dimple, and the laminar flow
pattern still exists, showing quasi cleavage fracture

(Fig. 7(d)).

3.3 Strengthening mechanism

Compared with the CoCrsFesNi alloy, the YS,
UTS and elongation of the Co2CoCr3;FesNi alloy are
increased by 23.2%, 29.5% and 1.3%, respectively.
The improvement of the tensile properties of the
Co2CoCr3FesNi alloy is caused by a synergistic
effect of solid solution strengthening, grain
boundary strengthening, dislocation strengthening
and stacking fault energy (SFE). Firstly, solution
strengthening is mainly due to different atomic
sizes. Solute atom C exists in the interstitial sites of
the FCC phase in the CoCri;FesNi HEA, which
greatly increases lattice distortion, produces stress
field and increases the resistance of dislocation
movement, so as to achieve the effect of
strengthening. Solution strengthening mainly comes
from the elastic interaction (size effect) and
modulus interaction between dislocation and solute
atoms.

In addition, the introduction of C allows the
phase transformation from BCC to FCC in the
matrix, resulting in the increased plasticity.
Moreover, the eutectic structure consisting of the
FCC phase matrix and M»;Cs carbide formed at
grain boundaries greatly hinders the grain boundary
movement and improves the strength of the alloy
due to grain boundary strengthening [17,29,42,43].
Besides, as a hard phase, M23Cs carbide acts as an
obstacle to dislocation movement. In the process of
dislocation movement, the dislocations entangle
with each other. These dislocations overlap and
crisscross to form a high-density dislocation wall,
which hinders the movement of dislocations and
makes plastic deformation difficult, so as to
improve the strength [44]. As discussed above,
M13Cs and the matrix have a coherent relationship,
which reduces the mismatch and elastic distortion
near the M»3Cs carbide, effectively mitigates the
microscopic  elastic  distortion around the
precipitated phase particles and improves the
macroscopic homogeneous plastic deformation
capacity of the alloy, resulting in the improved
plasticity [34,36,41].

Moreover, as an inherent property of materials,
SFE has an important influence on the deformation
mechanism of FCC metals. In the case of medium
to high-level fault energy, lateral slip becomes
prevalent. With the decrease of SFE, cross slip
becomes more difficult and deformation twins are
activated [45,46]. Previous research on high
entropy alloys shows that SFE is significantly
dependent on C concentration [31]. Besides,
PETROV’s research reveals that the SFE of Fe—C
FCC alloys will decrease first and then increase
with higher C content [47]. It was found that the
increase in the SFE may lead to a transition from
phase change induced plasticity (TRIP) to twinning
induced plasticity (TWIP), thus improving the
plasticity of the alloy [25]. Therefore, with the
addition of C content in as-cast CoCrs;FesNi high
entropy alloy, the change of plasticity may be
attributed to that of SFE; that is, the plasticity
increases first and then decreases again.

4 Conclusions
(1) With the addition of carbon element to

the CoCrsFesNi matrix (base alloy), the crystal
structure transforms from an FCC+BCC dual-phase



Si-rui HUANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1204-1213

structure into a single FCC structure. Moreover, the
eutectic structure is introduced into the grain
interior, which is composed of M»3Ce carbide and
FCC matrix. The M»Cs carbide shows coherent
orientation relationship with the FCC matrix, which
has the interphase orientation relationships of
[001]rcc//[001 Tmyyc,, and (020)ecc//(060)m,,c,

(2) The Vickers hardness, YS and UTS of the
optimal Co>CoCr3;FesNi are increased to HV 342.4,
378.9 MPa and 837.1 MPa, respectively. It is also
noted that the elongation is also increased by 1.3%,
from 55.4% (matrix) to 56.1%, which shows that
the approach in this study can significantly enhance
the strength without sacrificing its elongation.

(3) The carbon element acts as the interstitial
solution atom in the base alloy, strengthening
the grain boundaries of the CoCri;FesNi HEAs.
Furthermore, the eutectic structure -effectively
restricts the dislocation motion, which could
contribute to the strengthening and toughening in
the CoCrsFesNi HEAs simultaneously.
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