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Tensile creep behavior of the CoCrNi medium entropy alloy in a temperature range of 973-1073 K was inves-
tigated in this study. According to the fitted stress exponent and activation energy, dislocation climb and lattice
diffusion are proposed to be the dominated creep deformation mechanism for this alloy. During creep tests, the
plate-like Cr-rich ¢ phase forms along the grain boundaries of the originally single-phase face-centered-cubic
(FCC) CoCrNi alloy. It is suggested that low stacking-fault energy and local chemical ordering be responsible for
the superior creep resistance and lifetime as opposed to that of the CoCrFeMnNi alloy.

1. Introduction

Equiatomic alloys, which generally consist of five or more principal
elements and often called high entropy alloys (HEAs), have attracted
extensive attention because of their unique mechanical properties [1,2].
Different from traditional alloys, HEAs derive their properties from
multi-principal elements, which arrange in a simple lattice structure,
instead of from one or two base elements. Recently the temperature
dependence of the strength and hardness of HEAs has been recently
widely investigated [3-5]. However, reports on the creep behavior of
HEAs are limited. The investigation on the creep behavior of Al,CoCr-
FeNi (x = 0.15, 0.60) alloys using the stress relaxation method at
853-973 K [6] demonstrated the cross-slip dominated deformation
mechanism and a lower creep resistance for higher Al content alloy due
to its higher stacking fault energy. Dobes et al. [7] found that
yttrium-rich nano-sized oxide particles have significantly improved the
creep behavior of CoCrFeMnNi HEA at a temperature range from 973 K
to 1073 K due to the higher degree of effective grain boundary and
dislocation pinning effects [8]. Cao et al. [9] proposed that the creep
behavior of CoCrFeMnNi HEA exhibits a stress-dependent transition
from a low-stress region (LSR-region I) to a high-stress region (HSR-re-
gion II) at a temperature range from 773 K to 873 K with an average
grain size of 25 pm. Kang et al. [10] found the transition of creep
mechanism from dislocation creep to glide in CoCrFeMnNi alloy and
proposed the significant importance of Cr element on the viscous glide of
dislocations at high stresses.
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The subset of CoCrFeMnNi alloy, including equiatomic quinary,
quaternary, and ternary single FCC solid-solution alloys, has been sys-
tematically investigated, exhibiting excellent strength and ductility
combination [11,12]. The ternary CoCrNi medium entropy alloy (MEA)
exhibits the most superior mechanical properties, including strength and
ductility at the temperature range from 77 K to 673 K [12]. The supe-
riority of CoCrNi out of all other subsets can be rationalized from the
largest mismatches in atomic size and modulus according to the Labusch
model for solid solution strengthening. Motivated by these results, in
this paper, the creep behavior of CoCrNi MEA is carefully investigated.
Due to the compositional and microstructural simplicity, CoCrNi alloy
can serve as a bridge linking between the conventional binary alloys and
the relatively less understood HEAs, which will offer fundamental un-
derstanding and design strategy for the novel materials for high tem-
perature applications.

2. Experimental procedures

In this work, CoCrNi buttons were fabricated by arc-melting and re-
melted at least five times. Rectangular ingots with a dimension of 12.7
mm x 25.4 mm x 127 mm were obtained by drop-casting into copper
molds, followed by homogenized for 24 h at 1473 K and water
quenching. Then cold rolling was applied along the longitudinal ingot
direction to a total thickness reduction of 92% without cross-rolling or
intermediate annealing. Dog-bone specimens with gauge dimensions of
$3.175 mm x 28 mm were cut from the cold rolling sheets by electrical
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discharge machining (EDM) with longitudinal axes parallel to the rolling
direction, sealed in vacuum-quartz tubes, and subsequently annealed at
1373 K for 2 h to remove the deformation substructure from cold rolling
and achieve equiaxed grain structures. The gauge sections of these
samples were mechanically polished using 800-grit SiC paper before the
mechanical test. Tensile creep tests were performed under constant load
mode at 973 K, 1023 K, and 1073 K, respectively.

TEM characterization was performed on ZEISS LIBRA 200 HT FE MC.
Thin foils for the TEM observations were taken from the gauge section of
crept/ruptured samples. The TEM thin foils were prepared by twin-jet
polishing, using an electrolyte consisting of 95% (volume percent)
ethanol and 5% perchloric acid in a volume fraction at a temperature of -
40 °C and an applied voltage of 30 V.

3. Results
3.1. Initial microstructures

The microstructure of the annealed ternary CoCrNi alloy prior to
high-temperature creep deformation is shown in Fig. 1. The mean grain
size is approximately 149 + 4 pm as determined by electron back-
scattered diffraction (EBSD). The distribution of alloying elements was
examined using energy dispersive spectroscopy (EDS) maps. The
chemical component of this alloy after annealing is determined to be
~33.37 at.% Cr, ~33.66 at.% Co, and ~32.97 at.% Ni. According to the
backscattered electron (BSE) scanning-electron microscopy (SEM)
image and the corresponding EDS elemental maps, as shown in Fig. 1
(b-e), Co, Cr, and Ni elements are uniformly distributed in the micro-
structure without the observation of segregation of alloying elements
and additional phases. Meanwhile, X-ray diffraction (XRD) result in
Fig. 1(f) shows a single FCC phase without any intermetallic compounds
after annealing treatment, consistent with our previous results [11,12].

3.2. Steady-state deformation behavior

Representative strain-time curves of CoCrNi alloy at 70 MPa are
given in Fig. 2 (a), which present the typical primary creep, steady-state
creep, and tertiary creep. Here, the steady-state creep of CoCrNi alloy is
focused to reveal the creep mechanism. The creep data are analyzed
using the following empirical power-law equation [13]:

Y

£y :A,,o”exp( - ﬁ) (@D)]

where A, is a material constant, n is the stress exponent, Q is the
apparent activation energy, R is the gas constant, and T is the absolute
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temperature. In order to obtain the value of stress exponent and acti-
vation energy Q, according to Equation (1), the dependence of the
steady-state strain rate &, of CoCrNi alloy on the applied stress ¢ at
various temperatures on a double logarithmic scale and the reciprocal of
the absolute temperatures (1/T) at a stress level of 70 MPa on a semi-
logarithmic scale are shown in Fig. 2(b and c). The value of the stress
exponent of CoCrNi alloy varies in the range of 4.8-5.5, which decreases
slightly with the increasing temperature. The calculated average energy
Q is about 370 kJ/mol. In order to eliminate the effect of temperature on
the determination of the stress exponent, the correlation between
normalized creep rates £, versus the normalized applied stresses /G is

e RT
plotted in Fig. 2(d), where activation energies Q were taken to be 370 kJ
mol ! and the shear modulus G = 93.6 —11.9/( ¢ —1 | with the
unit of GPa [14]. Obviously, almost all data at different temperatures
collapse onto a single line with a slope of 5.3 & 0.2.

Instead of Eq. (1), the stress-dependence of the steady-state creep
rate can also be represented by a stress-assisted thermally activated

process,
H—oV"
kT

where k is the Boltzmann’s constant, and the activation volume, V*, can
be evaluated from

do
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Fig. 2(e) exhibits the values of V* at different temperatures derived
from the current creep tests, tensile tests with variable strain rates [11],
and strain rate jump tests [11], where b is the Burgers vector length,
about 2.52 x 107 m [11].

3.3. Crept microstructure

To study the microstructural evolution during creep deformation, the
crept specimen under 70 MPa at 973 K is selected. The BSE-SEM image
of a crack and corresponding EDS results are shown in Fig. 3(a-d). The
plate-like precipitates, noted as the gray areas in the SEM image, are
observed along the crack. The EDS results indicate these precipitates are
Cr-rich phase containing more than 50 atomic percent (at.%) Cr (Cr =
~56.45 at.%, Co = ~19.65 at.%, and Ni = ~23.9 at.%). Meanwhile, the
EDS measurement also shows the composition of the alloy matrix near
these intergranular precipitates is also different from that of undeformed

Intensity

Fig. 1. The initial microstructure of CoCrNi alloy after annealing at 1100 °C for 2 h. (a) Electron backscattered diffraction (EBSD) image, (b-e) BSE-SEM image and
EDS elemental maps corresponding to the rectangular area marked in the BSE-SEM image, and (f) X-ray diffraction pattern.
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alloy, with a chemical composition of ~27.37 at.% Cr, ~37.67 at.% Co,
and ~34.96 at.% Ni. Actually these precipitates are found to easily form
along grain boundaries. This observation suggests a redistribution of the
constituent elements in CoCrNi alloy occurring during the creep test. To
have a further insight into the creep deformation mechanism and the
decomposition behavior, TEM characterization was conducted. From
Fig. 4(a), we can see a large number of dislocations that accumulate and
entangle with each other to form an uneven distribution and tend to
form cell substructures, indicating a dislocation-meditated deformation
mechanism. Meanwhile, the bright-field (BF) image of the lath-shape
precipitate is exhibited in Fig. 4(b). Combining the EDS results and
the selected area electron diffraction (SAED) patterns of both FCC matrix
and Cr-rich precipitate along the [110] zone axis (Fig. 4(c)), the crystal
structure of these precipitates is identified as Cr-rich tetragonal ¢ phase.
Challenging the previous belief of CrCoNi alloy as a stable single-phase
material, decomposition occurs in CoCrNi alloy during the long-term
high-temperature test, which is similar to the case of CoCrFeMnNi
after extreme long-time annealing [15]. Thus, the integration of high

temperature and loading can accelerate the occurrence of decomposi-
tion. Moreover, these intergranular precipitates along grain boundaries
may open the possibility for the sites for crack initiation or void nucle-
ation, as shown in Fig. 3(a), which significantly reduce the creep
lifetime.

4. Discussion
4.1. Deformation mechanism

The stress exponent is often used as the most direct way to determine
the dominant creep mechanism. Sherby and Burke [16] have pointed
out that the type of creep behavior in solid solution alloys can be divided
into two categories. Those alloys whose creep behavior is similar to pure
metals are designated as Class II alloys, which favor the dislocation
climb with a stress exponent ~5. Class I alloys display a characteristic
power-law exponent approximately equal to 3, which is associated with
dislocation glide mechanism. According to the value of stress exponent
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Fig. 3. The microstructure of CoCrNi alloy after creep at 973 K under 70 MPa: (a) BSE-SEM image, (b-d) The corresponding EDS elemental maps.

Fig. 4. TEM image of the microstructure formed after creep at 973 K under 70 MPa: (a) Transmission-electron microscope (TEM) images of dislocation substructures,
(b) Bright-field (BF) image of the Cr-rich precipitate, and (c) Selected area electron diffraction (SAED) pattern along the [110] zone axis.

n, being 5.3 in our studies, we can conclude CoCrNi solid-solution alloy
can be sorted into Class II alloys type with dominated dislocation climb
mechanism, the creep behavior of which is more like pure metals.
Therefore, the activation energy Q here is the lattice diffusion energy,
which is higher than that in CoCrFeMnNi alloy (330 kJ/mol in Ref [17],
268 kJ/mol in Ref. [9], 246 kJ/mol in Ref. [7]). Furthermore, as noted in
Fig. 2(e), the activation volume of CoCrNi alloy in this study gradually
increases with increasing temperature, ranging from ~100 b®-~200 b,
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According to the typical range for forest dislocation hardening in FCC
materials (~100 b2 to 1000 b3) [1 8], these activation volumes suggest
the specific thermally activated motion of dislocation, indicating the
dislocation-mediated mechanism during the creep deformation of the
CoCrNi alloy.
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Fig. 5. Comparison of the creep behavior: (a) A plot of the steady-state creep rate versus applied stress for 304 SS [18], commercial ferritic steels (P92, P122, and
FBB8) [19-23], CoCrFeMnNi alloy (with/without ODS) [7], and CoCrNi alloy at 973 K, and (b) A plot of the applied stress versus time to rupture for commercial

ferritic steels (P92, P122, T91, and FBB8) [19-23], and CoCrNi alloy at 973 K.
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4.2. Superior creep behavior

In order to get a direct picture of the creep properties of CoCrNi alloy,
the creep resistance (the steady-state creep rate as a function of the
applied stress) and creep lifetime with the applied stress at 973 K has
been compared with CoCrFeMnNi (grain size 800 nm), oxide-dispersion-
strengthened CoCrFeMnNi (CoCrFeMnNi_ODS with grain size 400 nm)
[7], 304 stainless steel (SS) [19], and some commercial ferritic steels
(P92, P122, T91, and FBBS8) [20-23], shown in Fig. 5(a and b). We can
see the creep resistance of CrCoNi alloy is comparable to, or even better
than, that of some commercial precipitate-strengthened ferritic alloys,
and is much better than that of CoCrFeMnNi alloy at the same stress
level. The creep lifetime of CoCrNi alloy is also comparable with that of
these commercial ferritic steels [20-23] under the same stress level.
Note that many of these ferritic steels have complicated hierarchical
lath-block microstructures, which nevertheless performs no better than
the solid solution CoCrNi alloy.

Since CoCrNi alloy is a subset of CrCrFeMnNi alloy, in this paper, we
mainly focus on the difference of the creep resistance in these two alloys.
The strain rate caused by the dislocation creep mechanism is indepen-
dent of the grain size. Although the grain size of CoCrFeMnNi alloy in
Ref. [7] is quite different from that of the CoCrNi alloy here, the com-
parison of the creep behavior in these alloys is still reliable due to the
dislocation climb dominated mechanism for these two alloys [7]. At
high temperature, nano-twinning induced plasticity and phase trans-
formation become unlikely to be the cause for superior creep resistance
of CoCrNi alloy. Also, due to the small amount of the Cr-rich precipitates
in CoCrNi alloy, the contribution of dispersion strengthening to creep
strength is negligible. Thus, we can assume the two single FCC crystal
structure alloys derive all the creep strength from solid solution
strengthening.

First, we notice that over a wide range of temperature [11], the flow
strength of CoCrNi alloy is much higher than that of CoCrFeMnNi alloy.
However, the local lattice distortions in the CoCrNi (0.23%) and CoCr-
FeMnNi (0.24%) alloys are found to be comparable, originating from
chemical short-range order (SRO) and size mismatch effect, respectively
[28]. Consequently, the solid solution strengthening alone cannot
explain the contrast of creep properties of these two alloys. Second, in
Class-1I solid solution alloys, due to the strong interaction between
stacking fault and solute atoms, the solid solution strengthening may be
affected by the reduction of stacking fault energy which is associated
with the content of alloy composition. The constitutive equation for
climb-controlled dislocation creep with the stacking fault energy effect
is given in the following form [24]:

=G (%) () 6) e ®

where Dy is the lattice diffusion coefficient or pipe diffusion coefficient, y
is the stacking fault energy, G the shear modulus, and A is a constant.
Apparently, low-stacking-fault energy is an advantage for high creep
resistance. Laplanche et al. [25] have measured the stacking-fault en-
ergy by means of measuring the partial separations, yielding the value of
22 + 4 mJ m~2 for CoCrNi alloy, which is a quarter lower than that of
CrMnFeCoNi (30 + 5 mJ m’z) [26]. With the solid solution strength-
ening being the dominant deformation mechanism, the reduction of the
stacking fault energy may partly explain why CoCrNi alloy shows a
much better creep property than CoCrFeMnNi alloy. Third, it should be
pointed out that, although the average lattice distortion of this family of
alloys is small, the local lattice distortion can be an order of magnitude
larger than the average value, thus resulting in large energy barrier
against dislocation movement, significant solid-solution strengthening,
and sluggish atom diffusion [27]. All these factors are relevant for the
high-temperature performance, indicating the severe local lattice
distortion, therefore, can contribute to the good creep behavior in
CoCrNi and CoCrFeMnNi alloys. Recently, local chemical ordering
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(LCO) or SRO existing in HEAs was reported, which can affect not only
the stacking-fault energy [29], lattice friction [12,30], but also the
reduction in diffusivity [31]. Based on the nature of dislocation climb
related to the diffusion of vacancy or constituent atoms, consequently,
LCO has the potential to affect the dislocation-climb controlled creep
performance in these two alloys. Meanwhile, Cr element in this solid
solution alloy tends to bond with Ni and Co, forming SRO [32], which
suggests a more significant LCO effect in CoCrNi than CoCrFeMnNi alloy
due to the higher content of Cr. In this regard, we can speculate the local
chemical ordering can have a great influence on the creep behavior in
these solid solution alloys. Despite the above findings, it is likely that the
effects of LCO may diminish with the increase of temperature because of
the homogenization effects of entropy at current test temperatures.
Therefore, further experiments, theoretical model and calculations are
critically needed.

5. Conclusions

In summary, the creep behavior of CoCrCr alloy at a temperature
range of 973-1073 K has been systematically investigated. Like pure
metals, the dislocation climb mechanism has been proposed to be the
dominant deformation mechanism, with a stress exponent of 5.3 and
activation energy 370 kJ/mol. Challenging the previous picture of
CoCrNi alloy as single-phase material, Cr-rich o precipitates are
observed along grain boundaries in the fractured samples, indicating the
occurrence of decomposition phenomenon in the present alloy during
the high temperature creep test. Low stacking fault energy and local
chemical ordering in CoCrNi alloy may be the possible reasons for the
better creep resistance than that in CoCrFeMnNi alloy. We hope that the
creep studies of CoCrNi alloy in this work may shed useful insights into
the fundamental understanding of the mechanical properties of HEAs
and MEAs.
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