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Abstract: The influences of Cu additions on the microstructural evolution and room-temperature tensile properties of
the as-cast CrFeCoNi were investigated in detail. The results revealed that the structure of the alloy changed from a
FCC single-phase to FCCI1 plus FCC2 dual-phase by adding Cu element. The FCC2 phase was determined to be
Cu-rich phase existing in the inter-dendrite region, and its volume fraction increased with the increase of Cu additions.
The formation of Cu-rich inter-dendrite was mainly ascribed to the liquid-phase separation induced by the large positive
mixing enthalpy between Cu and other metallic elements. The yield and ultimate tensile strengths against the Cu
content displayed a positive correlation due to the enhancement of short-range obstacles to dislocations slip, while the
more significant superposition of stress field produced by the dislocation piling-ups at grain boundaries of
Cu-containing high-entropy alloys led to a small fracture strain.
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1 Introduction

For centuries, incorporating small amounts of
a few secondary elements into a principal element
has been the basic strategy for material design.
Although new type of alloys based on various
principal elements, such as TiAl and NiAl, have
been developed in recent years, the total number of
the principal elements is considerably limited. In
2004, YEH et al [1] and CANTOR et al [2] first put
forward high-entropy alloys (HEAs) that are based
on mixing five or more principal elements in

concentrations of 5-35at.% (usually nearly
equiatomic), which has broken through the
traditional alloy design strategy. Due to the
combination of high strength and ductility [3,4],
excellent corrosion resistance [5,6], high
temperature  microstructural and mechanical
stability [7,8], etc., HEAs have attracted much
attention since they were proposed. Among the
various HEA systems, the equiatomic CrFeCoNi
alloy with face-centered-cubic (FCC) structure is
not only one of the earliest reported HEA but
also one of the extensively studied HEA [9-12].
The single FCC structured HEA usually exhibits
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excellent ductility and fracture toughness [13], but
relatively low strength [14]. Similar to the
conventional alloys, the mechanical performances
of the HEAs are mainly determined by their
compositions and microstructures, and the
strengthening strategies of conventional alloys,
such as solid-solution hardening, precipitation
hardening, are also suitable for the HEAs.

It has been proved that the precipitation
strengthening is an effective method to improve the
strength of the FCC structured HEA [15—17]. Recent
research on the microstructures of HEAs has
suggested that copper is a commonly used
precipitation-hardening element because of its low
solubility in HEA [18—20]. In general, the FCC
single-phase structured HEAs containing Cu can
significantly improve their mechanical properties,
which is mainly ascribed to the precipitation-
strengthening effect of the Cu-rich phase precipitated
from the FCC-solution matrix [16,21,22]. PENG
et al [16] reported that during the process of
deformation the uniformly distributed Cu-rich
phase precipitated in the FCC-solution matrix acted
as the obstacles to dislocation sliding, thus leading
to a drastic improvement of the strength. The
aforementioned studies have clarified that Cu
additions had the precipitate-strengthening effect on
the HEA, but there is a lack of a comprehensive and
systemic in-depth study upon evolution of the
Cu-rich precipitates with Cu content, as well as the
corresponding relationship between the Cu-rich
precipitates and the mechanical properties.

Therefore, in the present work, the equiatomic
CrFeCoNi system, one of the widely investigated
FCC single-phase structured HEA, was selected as
the base alloy. For the purpose of understanding the
evolution law of the Cu-rich precipitates and
acquiring the optimal comprehensive properties
(involving strength and ductility), a series of HEAs
containing Cu were prepared, i.e., CrFeCoNiCux
(x=0, 0.3, 0.5, 0.7). The microstructure features,
phase constituents, precipitation behaviors of Cu-
rich phase and room-temperature tensile properties
of the Cu-containing HEAs were studied. Moreover,
the influence of Cu-rich precipitation phases on the
relevant deformation mechanism was discussed.

2 Experimental

The Cu-containing HEAs CrFeCoNiCuy (x=0,
0.3, 0.5, 0.7) were melted by vacuum arc furnace,

and the details could refer to Ref. [23]. For the sake
of simplicity, the Cu-containing HEAs were
denoted as Cuop, Cugs, Cugs and Cug, respectively.
Raw materials for preparation of the above HEAs
were metal particles or blocks, and their purity was
greater than 99.95 wt.%. After arc-melting, the
button ingots were drop-cast into a rectangular
copper mold with dimensions of 10 mm X 17 mm X
80 mm. In order to characterize the as-cast HEAs,
the samples for microstructure observations were
firstly cut by a wire cut electrical discharge machine
from the ingots, and then manually ground by using
abrasive papers, followed by electro-chemically
polished in a mixed solution of 20% HCIO,; and
80% C,HsOH (in vol.%) at 25V and room
temperature for 30s. Phase identification was
carried out on a Shimadzu XRD-7000S X-ray
diffractometer (XRD) with CuK, radiation
(A=0.15418 nm). Recording of the XRD patterns
was performed in the 26 range of 20°-100°, and the
scanning rate was 5 (°)/min. An FEI Quanta 200
field emission scanning electron microscope
(FE-SEM) equipped with an energy dispersive
spectroscope (EDS) was used to characterize the
microstructure and chemical compositions. During
microstructure investigations, the working parameters
of SEM were set as follows: acceleration voltage
of 15kV, working distances of 9.4—10.1 mm,
magnification times of 500—2000, and Iprobe
current of 10 pA. Further investigations on the fine
scale microstructure were carried out by G2 F30
transmission electron microscope (TEM). The foils
for TEM observations extracted from the HEA
samples were manually ground down to about
90 um, and then punched into discs with a diameter
of 3 mm, and finally twin-jet polished in a solution
of 90 vol.% glacial acetic acid and 10 vol.% HCIlOs
at room temperature.

The mechanical properties of the Cu-containing
HEAs were characterized through the room-
temperature tensile tests. The tensile specimens
with gauge dimensions of 10 mm (length) x 2.5 mm
(width) x 1.2 mm (thickness) were machined by
electric discharge machine and the tensile test was
carried out using a SHIMADZU AG-100KN
materials testing machine. The strain rate was
5.0x10*s'. After tensile tests, the fracture
appearance, crack propagation and deformed
behavior of the HEAs were analyzed by SEM and
TEM.
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3 Results and discussion

3.1 Phase constituent

Figure 1(a) shows the XRD patterns of the
as-cast CrFeCoNiCu, HEAs. As can been, the Cup
HEA displays a single-phase, and the lattice
constant is calculated to be 0.3567 nm, which is
similar to the result reported by WANG et al [10].
In contrast, as a certain amount of Cu is
incorporated into the CrFeCoNi, i.e., Cups and
Cuys, there is a diffraction peak appearing at the 26
angle of around 75.2°, indicating the formation of
another phase. Referring to the standard database, it
is suggested that the diffraction peak at 26=75.2°
also corresponds to the phase with FCC structure,
denoted as FCC2 hereafter. With a further increase
in the Cu content, the Cuo7 is also composed of
FCC1 plus FCC2. Therefore, it can be concluded
that the phase constituent of the HEA changes from
FCC single-phase structure to FCC1 plus FCC2
dual-phase structure by the addition of Cu. It should
be noted that there are more diffraction peaks of
FCC2 phase appearing in the diffraction pattern of
Cuo, 1.e., the diffraction angle at 26 of about 50.8°,
which reveals that the volume fraction of FCC2
phase rises with the increase of Cu additions.
Moreover, the lattice constants of the FCC1 and
FCC2 phases against the Cu content are calculated
from their XRD patterns and the corresponding
results are plotted in Fig. 1(b). It can be seen that
the lattice constant of FCC1 solid solution displays
a slight drop with the increase of Cu content, while
the lattice constant of FCC2 presents an opposite
trend, increasing from 0.3610 nm to 0.3648 nm.
The lattice constants of FCC1 and FCC2 phases
show opposite trends, mainly due to the difference
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of atomic radius. The atomic radii of Cr, Fe, Co, Ni
and Cu are 0.125, 0.124, 0.125, 0.125 and 0.128 nm,
respectively. With the increase of Cu content, more
Cu atoms are involved in the Cu-rich phase, thus
leading to the expansion of the lattice. Meanwhile,
the Cr, Fe, Co and Ni atoms repelled by the Cu-rich
phase are dissolved in the FCC1 and occupy the
sites of the Cu atoms in the lattice, which causes the
lattice to shrink.

3.2 Microstructure

Figure 2 shows the back-scattered electron
(BSE)-SEM images of CrFeCoNiCu, alloys. It can
be seen that the microstructure of Cuy alloy is
composed of coarse grains. In addition, the EDS
surface scanning analysis is performed on three
adjacent grains, and the corresponding results are
displayed in Fig. 3. It is found that the elements are
uniformly distributed and no element enrichment or
depletion occurs in different grains or even at grain
boundary. As shown in Table 1, the actual chemical
composition revealed by EDS analysis at the points
indicated by the blue cross symbols is almost
identical with the normal composition of Cuy alloy.

With the increase of Cu additions, the
BSE-SEM images show that the microstructures of
Cuos, Cups and Cug alloys exhibit the typical
feature of dendrite crystal structure, in which
dendrite is grey contrast and inter-dendrite is dark
contrast. The chemical compositions of the dendrite
and inter-dendrite regions are characterized by the
EDS surface scanning, and the results are shown in
Figs. 4(a—g). It is evident that compared with the
dendrite, the inter-dendrite region is characterized
by rich Cu and poor Cr, Fe, Co and Ni, which
suggests that the Cu element tends to segregate
within the inter-dendrite regions. Considering the
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Fig. 1 XRD patterns of as-cast HEAs (a) and lattice constants of FCC1 and FCC2 (b)



1806 Qiang HU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1803—1813
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Fig. 3 EDS surface scanning analysis results of adjacent three grains

Table 1 EDS point analysis results of Fig. 3(a) on Cug

alloy (at.%)
Point No. Cr Fe Co Ni
1 25.82 24.84 24.92 24.42
2 25.17 25.03 24.44 25.36
3 25.33 24.75 25.03 24.89

fact that the FCC2 phase contains a considerable
content of Cu (much higher than its nominal
composition) and the lattice constant of pure Cu
(~0.361 nm) is close to that of FCC2 phase (ranging
from 0.3610 to 0.3648 nm), and based on the results
of XRD and SEM, it can be deduced that the

formation of the FCC2 phase is due to the Cu
segregation, and its crystal structure is similar to
that of the copper.

Additionally, Fig. 4(g) shows a representative
SEM image of Cuo7 alloy at higher magnification,
and it indicates that there are some particles
existing within the dendrite. The EDS line scanning
across the precipitated particle and the matrix
reveals that the former contains much higher
contents of Cu than the latter, as shown in Fig. 4(h).
The granular phase existing within the dendrite is
also essentially Cu-rich inter-dendrite phase. This is
due to the fact that during the solidification, as the
dendrites continue to grow, the adjacent dendrites
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connect to each other, which makes the area
between the dendrites become smaller. As a result,
only granular inter-dendritic regions are left.

In order to further identify the phase
constituent of the Cu-containing HEA, the bright-
field TEM image and selected area electron
diffraction (SAED) patterns of Cuos alloy are
exhibited in Fig. 5. The SAED results reveal that
both the Cu-rich and Cu-depleted phases have the
same crystal structure (FCC structure). This is

consistent with the data detected by XRD. Hence,
combined with XRD, SEM and TEM observations,
the Cu-depleted and Cu-rich phases are deduced to
be FCC1 and FCC2, respectively. According to the
contrast difference in SEM images, the volume
fraction of FCC1 phase and FCC2 phase can be
quantitatively measured by using Image Pro
plus software. In order to ensure the accuracy of
the measurement data, we have investigated the
microstructure of different parts of the ingot, and at
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Fig. 4 EDS surface scanning results of Cugs alloy (a—f), representative magnified SEM image of Cuog7 alloy (g) and

EDS line scanning results across particle phase and matrix in Cuo.7 alloy (h)
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Fig. 5 Bright-field TEM image of Cuo s alloy (a), and selected area electron diffraction (SAED) patterns of Cu-depleted

(b) and Cu-rich (c) phases
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least 15 SEM images are measured for each part. As
shown in Fig. 6, the volume fraction of FCC2 phase
i1s measured to be 2.6%, 3.4% and 7.6% when the x
value in CrFeCoNiCu, alloy reaches 0.3, 0.5 and
0.7, respectively.
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Fig. 6 Volume fraction of FCC1 and FCC2 phases versus
x value in CrFeCoNiCu alloy

The formation of Cu-rich inter-dendrite region
is mainly due to the occurrence of liquid-phase
separation prior to solidification, in which the initial
liquid-phase has been separated into Cu-rich and
Cu-depleted regions. It means that there is a small
quantity of liquid phase nucleation, leading to
the formation of droplets before the phase
transformation of liquid to solid. This phenomenon
of liquid separation has already been reported in
Cu-bearing alloy systems [18,20]. Previous studies
have revealed that the mixing enthalpy of the alloy
is responsible for the liquid phase separation. As the
mixing enthalpies of Cu and other four elements (Cr,
Fe, Co, Ni) are large positive (AH S “"=12 kJ/mol,
AH S =6 kJ/mol, AH !N =4 kJ/mol, AHS: Fe=
13 kJ/mol), the Cu element is rejected by Cr, Fe, Co
and Ni. Therefore, in the present work, the
relatively high positive mixing enthalpy between
Cu and other elements makes Cu atoms segregate
towards the inter-dendrite during solidification
process, eventually leading to the generation of
Cu-rich inter-dendrite phase. Meanwhile, it is worth
noting that the enrichment of Cu in the Cu-
containing HEAs is responsible for the smaller
grain size. The formed Cu-rich regions before
solidification can act as the heterogeneous
nucleation sites, thus leading to a sharp increase in
the number of grains. Moreover, the generation of

the Cu-rich phase in the inter-dendrite region can
further inhibit the grain growth.

Moreover, detailed investigation suggests that
there are a few nanoscale globular particles
distributed within the Cu-rich phase, as indicated by
arrows in Fig. 7(a). Based on the results of SAED
(Fig. 7(b)) and TEM—-EDS (Fig. 7(c)), the globular
particles are identified to be Cu-rich phase with
face-centered cubic structure. The formation of
Cu-rich particles in FCC2 phase is mainly related to
the occurrence of the quasi-peritectic reaction [20].
The solidification process of the Cu-containing
HEA includes two stages. At first, the Cu-depleted
dendrite solid solution phase nucleates from the
liquid at the initial stage of solidification, and then
the peritectic reaction of Cu-depleted dendrite phase
and liquid phase occurs, leading to the formation of
Cu-rich inter-dendrite phase. As Cu element in the
Cu-rich inter-dendrite phase is supersaturated, the
superfluous Cu atoms will accumulate within the
Cu-rich inter-dendrite region during the subsequent
cooling process, which finally leads to the
generation of Cu-rich globular particles.

3.3 Mechanical properties

Figure 8(a) shows the typical tensile stress—
strain curves of the CrFeCoNiCu, alloys at room
temperature, and the yield strength, ultimate
strength and fracture elongation as a function of Cu
additions are plotted in Fig. 8(b). It reveals that the
Cu-free HEA presents a yield strength of 145 MPa
and an ultimate tensile strength of 420 MPa. These
results are similar to those reported by other
researchers [14]. An increase in the Cu additions
leads to an improvement of yield strength, and the
Cuo; alloy possesses the highest yield strength of
530 MPa, which is 385 MPa higher than that of the
Cuy alloy. In contrast, the ultimate tensile strength
increases first and then decreases with the increase
of Cu additions. Specifically, compared with the
Cuy alloy, the ultimate tensile strength of Cuos and
Cugs is improved 750 and 805 MPa, respectively,
while the ultimate tensile strength of the Cug7 alloy
is 65 MPa lower than that of the Cuos alloy.
Additionally, it should be noted that the addition of
Cu results in a significant decrease in fracture
elongation.

In the present work, the improvement of
the yield strength assisted by the addition of Cu is
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Fig. 7 Bright field TEM image (a), SAED (b) and TEM—EDS results (c) of globular particles within FCC2 phase
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Fig. 8 Tensile true stress—strain curves of CrFeCoNiCu, alloys (a) and variations of yield strength, ultimate tensile
strength and fracture elongation versus Cu additions (b)

mainly due to the greater resistance of dislocation
movement. The yield strength (ay) of polycrystalline

materials can be expressed as
Oy =MTcRss

)

where m means the reciprocal of Schmidt factor,
determined by the orientation of the slip system
with respect to the tensile axial, and m is a
suitable average for the polycrystalline. zcrss is
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critical resolved shear stress when plastic initiates,

which strongly depends on the structural
characteristics of materials, as well as test
conditions. Under the test conditions of this work,
the critical resolved shearing stress can be
represented by

Terss =0 T 7T )
where 7. is the athermal (i.e., temperature-

independent) component of the stress, and 7
represents the thermally dependent temperature
component of the stress. It is worth noting that the
two components of 7crss are related to the
microstructural features. The athermal component
arises from the stress required to move dislocations
in the presence of long-range internal stress fields,
i.e., stress field present over distances is larger than
atomic dimensions. On the other hand, z* represents
the resistance to dislocation motion presented
by short-range obstacles, existing over distance
sufficiently small so that thermal energy is useful
for surmounting them. In the present work, the
addition of Cu causes lattice distortion and the
degree of distortion becomes intensified with the
increase of Cu content, which can be verified by the
results of lattice calculation (as shown in Fig. 1(b)).
The stress field generated by the lattice distortion
will interact with the stress field of dislocations.
This will result in the enhancement of 7°, thus
contributing to a larger zcrss. Apart from that, grain
boundaries also have a significant effect on z*. As
shown in Fig. 2, the formation of Cu-rich phase in
the Cu-containing alloys significantly refines the
grain size, which correspondingly increases the
proportion of grain boundaries. Both small-angle
grain boundary and high-angle grain boundary can
be regarded as the assembly of dislocations, and
then the short-range stress filed is formed around
the grain boundary, as displayed in Fig. 9. As a
result, the short-range stress field prevents lattice
dislocations from entering or passing through grain
boundaries, leading to a larger 7". Given the above,
the incorporation of Cu into the CrFeCoNi HEA
causes the increase of yield strength.

The variation in the ultimate tensile strength of
CrFeCoNiCu, alloys can be explained by Arrhenius-
type equation, which is often used to characterize
the thermally activated glide process [24,25].
Appling such an approach, the strain- dependent
flow stress (a(¢)) can be expressed as

Dislocation

Dislocation =
pilling-up

Fig. 9 Deformed microstructure of Cu-containing HEA:
(a) Hindrance of FCC1/FCC2 boundary to dislocations
sliding; (b) Dislocation piling-up at front of boundary

o(&)=oo+ou(e) o (¢) 3)

where oy is the stress contribution arising from the
thermal and athermal mechanisms operated at the
onset of the yielding, and is considered to be
independent of strain (g). ou(¢) means an athermal
stress contribution to work-hardening which
originates from long-range dislocations. ¢'(¢)
represents the effective or thermal stress component
owing to thermally assisted overcoming of the
deformation-induced short-range glide obstacles.
Similar to the yield strength analysis, the
intensification of lattice distortion and the increase
in the proportion of grain boundaries enhance the
short-range barriers to dislocation glide, thus
leading to the increase of o'(¢). Therefore, the
ultimate tensile strength is improved with the
increase of Cu additions. However, the decrease of
fracture elongation caused by the increase of Cu
content is mainly caused by dislocation pile-up at
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grain boundaries. It is known that dislocation
pile-up at grain boundary not only causes great
stress concentration at grain boundary, but also
produces certain stress filed in front of grain
boundary. It will lead to the initiation of
micro-cracks when the stress field exceeds a critical
level. Under the condition of Cu additions, the
proportion of the grain boundary is greatly
increased and the stress field caused by dislocations
accumulated at grain boundaries is increased
correspondingly during tensile deformation process.
The initiation and propagation of micro-cracks
become much easier with the assistance of
superposition of more stress fields, thus leading to
premature failure.

Figure 10 shows the fracture morphologies of
the CrFeCoNiCu, alloys after tensile test. It is
evident that there are a large number of dimples on
the fracture surfaces of all the samples, presenting
the typical characteristics of ductile fracture. But it
should be noted that the morphology of dimples

( X T %4 N 7 4 o .
N '/ 7 ~ {\- /
) L AC L |

VF ;oo '
S5 N “AVSFED)- A

changes obviously with the addition of Cu. For the
Cuy alloy, the dimples on the fracture are equiaxial
and deep, indicating excellent plastic deformation
ability. However, with the increase of Cu additions,
the dimples on the facture become elongated and
shallow. In general, dimples are formed by the
condensation of micro-pores produced during
deformation, and the geometry of dimples mainly
depends on the stress acting on the micro-pores.
Under the action of tensile stress, the micro-pores
can grow along the plane. In the present work,
incorporation of Cu leads to the formation of FCC2
phase in the Cu-containing alloys, and due to the
difference in the resistance of FCC1 and FCC2
phases to micro-pores propagation, the micro-pores
will expand easily within the softer phase, while
their propagation towards the hard phase is
restricted. Therefore, the dimples on the facture
surfaces of Cugs, Cuos and Cuo7 alloys present the
elongated and shallow characteristics, indicting a
decrease in the plastic deformation ability.

Fig. 10 Fracture morphologies of CrFeCoNiCu, alloys: (a) Cuo; (b) Cuo3; (¢) Cugs; (d) Cuos
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4 Conclusions

(1) The addition of Cu promotes the phase
constituent of the CrFeCoNi HEA from single FCC
phase to FCC1 plus FCC2 phase. The lattice
constant of FCC1 phase decreases with the increase
of Cu content, while the lattice constant of FCC2
phase versus the Cu content presents an opposite
trend.

(2) The FCC2 phase is determined to be
Cu-rich phase existing in the inter-dendrite region.
An increase in the Cu content leads to a larger
volume fraction of FCC2 phase, and the Cuo, Cuo3s,
Cups and Cuo7 alloys contain 0, 2.6, 3.4, 7.6 vol.%
FCC2 phase, respectively.

(3) The yield strength and ultimate tensile
strength are enhanced with the increase of Cu
content. The improvement of strength is mainly due
to the increase of short-range obstacles to
dislocation slip. The superposition of stress filed
caused by the dislocation piling-ups at grain
boundaries leads to a successive drop in the fracture
strain of Cug, Cuo 3, Cuos and Cuy7 alloys.

(4) The fracture surfaces of CrFeCoNiCuy
alloys contain a large number of dimples, indicating
the typical feature of ductile fracture. However, as
the Cu content increases, the regular and deep
dimples become elongated and shallow.
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