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A B S T R A C T

We report the short-term tensile creep behavior of CoCrFeMnNi and CoCrNi model MPEAs at 550 ◦C. Dislocation 
glide and dislocation-dislocation/lattice interactions are proposed to be dominated deformation mechanisms for 
CoCrFeMnNi and CoCrNi, respectively. Besides, compared to CoCrFeMnNi, CoCrNi exhibits lower creep rate and 
longer rupture time at same testing conditions. This is attributed to CoCrNi’s lower stacking fault energy and 
higher lattice friction. Additionally, the effect of grain size on the short-term creep behavior of CoCrFeMnNi was 
revealed.

1. Introduction

In the past two decades, multi-principal element alloys (MPEAs) 
consisting of three to five principal elements, have been gaining 
increasing interest. The most investigated face-centered cubic (FCC) 
single-phase MPEAs are the CoCrNi-based alloys (such as CoCrNi and 
CoCrFeMnNi), which are regarded as model MPEAs and promising en
gineering materials due to their excellent mechanical properties, fatigue 
and fracture toughness [1–5]. At elevated temperatures, in spite of their 
excellent oxidation and corrosion resistance [6], the strength of 
CoCrNi-based FCC MPEAs is often inadequate, limiting their wide ap
plications [7]. However, based on the CoCrNi matrix, the advancement 
of oxide dispersion-strengthened (ODS) MPEAs and high-entropy su
peralloys (HESAs) has shown promising elevated-temperature strength, 
which is comparable or even superior to Ni-based superalloys [7–9]. 
Therefore, it is essential to understand the deformation behaviors (such 
as tension/compression [10,11], fatigue [12–14] and creep) of the 
CoCrNi-based matrix alloys at elevated temperatures, which can serve as 
prerequisite for modeling and developing more complex CoCrNi-based 
ODS MPEAs or HESAs [7,15].

Recently, much attention has been placed on the elevated- 
temperature creep properties of FCC MPEAs [15–18]. For instance, 
Kang et al. [16] investigated the long-term creep performance of 
CoCrFeMnNi at temperatures of 535–650 ◦C and under stresses of 
20–100 MPa. They found the creep deformation mechanisms’ transition 
from dislocation climb to dislocation glide, accompanied by a change in 
stress exponent from low stress regime to high stress regime [16]. 

Rozman et al. [19,20] have reported the long-term creep behaviors of 
CoCrFeMnNi and CoCrFeNi alloys at temperatures of 600–650 ◦C and 
under stresses of 120–189 MPa. They found that the stress exponent of 
CoCrFeMnNi is ≈ 6.3, and that of CoCrFeNi is within the range of 
6.3–7.5. These values indicate that dislocation glide combined with 
cross slip and climb as primary deformation mechanisms [19,20]. Xie 
et al. [18,21] studied long-term creep behaviors of CoCrNi, CoCrFeNi 
and CoCrFeMnNi alloys at temperatures of 700–800 ◦C and under 
stresses of 30–140 MPa. Their results displayed that CoCrNi and CoCr
FeNi show lower stress exponent ≈5.4–5.5 as compared to CoCrFeMnNi 
(≈6.0), suggesting dislocation climb as dominant deformation mecha
nisms [21]. Zhang et al. [17] reported a much lower stress exponent of 
≈3.7 for CoCrFeMnNi by performing creep tests under stresses of 
20–200 MPa and at temperatures of 750–900 ◦C.

It should be mentioned that the above studies mainly focused on the 
long-term creep behaviors (e.g., lifetime >200 h) of FCC MPEAs, with 
few studies covering their short-term creep behaviors (e.g., lifetime 
≤200 h) at intermediate temperatures. Besides, the question of how the 
grain size of FCC MPEAs affects their creep behaviors also remains 
unexplored.

Consequently, this work aims to fill these gaps and provide short- 
term creep deformation behaviors of CoCrFeMnNi (with two distinct 
average gran sizes) and CoCrNi model MPEAs at an intermediate tem
perature of 550 ◦C (which lies within the proposed operating tempera
ture range of advanced power plants and nuclear reactors [22–24]).
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2. Experimental details

The investigated CoCrFeMnNi and CoCrNi alloys were synthesized 
from pure metals (with at least 99.9 wt% purity) by arc melting and 
vacuum induction, respectively, followed by casting. The as-cast CoCr
FeMnNi and CoCrNi ingots were homogenized at 1200 ◦C for 72 h and 
48 h, respectively, followed by water-quenching. Subsequently the al
loys were rotary swaged. More details about the processing can be found 
in Ref. [25].

For performing creep tests, flat dog-bone shaped micro-specimens 
(with a gauge length of ≈1 mm, a gauge width of ≈0.3 mm and a 
gauge thickness of ≈0.12 mm) were machined out from the rotary- 
swaged rods by micro-electric discharge machining [26]. Then the 
CoCrFeMnNi alloy was annealed for 1 h at 800 ◦C and 1000 ◦C, 
respectively, to obtain two different grain sizes (with at least one-order 
magnitude difference). The CoCrNi alloy was annealed for 1 h at 825 ◦C 
to receive a similar average grain size as one of the CoCrFeMnNi alloy. 
The initial microstructures of these alloys were characterized using 
electron backscatter diffraction (EBSD) and transmission electron mi
croscopy (TEM). EBSD investigations were performed using an FEI 200 
Dual-Beam SEM/FIB equipped with an HKL EBSD detector with step size 
of 200 nm at 20 kV. TEM investigations were carried out using a Gatan 
F20 microscope.

Creep tests were performed in air using an in-house micro-creep 

testing setup [26]. The tests were carried out at 550 ◦C with constant 
applied stresses from 180 MPa to 280 MPa. The stresses were chosen to 
ensure that the fracture lifetime is within 2 weeks (i.e., at short-term 
creep stage). After testing, the true strain was calculated by Digital 
Imaging Correlation using open-source Matlab scripts [27]. To under
stand creep damage mechanisms, specimens’ surface and fracture sur
face were examined using a Zeiss EVO MA 10 SEM.

3. Results and discussion

The representative inverse pole figure (IPF) maps of CoCrFeMnNi 
and CoCrNi alloys after annealing at the above-mentioned three condi
tions (prior to creep testing) are shown in Fig. 1a–c, respectively. It can 
be seen that the investigated CoCrFeMnNi and CoCrNi alloys have FCC 
single-phase, a high density of annealing twins and a weak texture 
(Fig. 1a–c). Besides, the insets in Fig. 1a–b shows that the CoCrFeMnNi 
alloys annealed at 800 ◦C and 1000 ◦C have average grain sizes of ≈5 μm 
and ≈50 μm, respectively, which are referred to as fine-grained (FG) and 
coarse-grained (CG) hereafter. In addition, the inset in Fig. 1c displays 
that the average grain size of the CoCrNi alloy is ≈ 8 μm, similar to the 
FG CoCrFeMnNi alloy. Furthermore, the CoCrFeMnNi and CoCrNi alloys 
both possess low initial dislocation densities, indicating fully recrystal
lized microstructures (see a typical TEM micrograph in Fig. 1d). 
Together, these similarities allow a relatively fair comparison between 

Fig. 1. (a–b) Microstructures of the CoCrFeMnNi alloy annealed at 800 ◦C (a) and 1000 ◦C (b), as well as of the CoCrNi alloy annealed at 825 ◦C (c–d). Figures (a–c) 
are representative IPF maps along the swaging direction and have been reported in Refs. [25,28]. The insets in (a–c) provide the grain size distributions of each state 
(where the twin boundaries were included during calculating grain sizes). Figure (d) is an example BF-TEM micrograph illustrating low initial dislocation density 
after annealing at the three conditions.
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the FG CoCrFeMnNi and CoCrNi alloys.
Typical creep curves of the three alloys tested at 550 ◦C and 220 MPa 

are shown in Fig. 2a, which shows the true strain as a function of time. 
The curves of the CoCrFeMnNi and CoCrNi alloys feature classic pri
mary, secondary and tertiary regions. For simplicity, only the secondary 
stage (II) were marked in Fig. 2a. The classic primary creep stage is 
linked with the decreased density of mobile dislocation and the forma
tion of dislocation substructures till reaching the steady state, as often 
observed in pure metals and class M alloys [29]. These trends are also 
valid for the alloys tested at other stress levels from 180 MPa to 280 MPa 
at 550 ◦C (not shown here for brevity).

The secondary creep stage takes up the majority of the creep lifetime 
tr (Fig. 2a). The minimum creep rate ε̇ at secondary steady-state was 
plotted against the applied stress as shown in Fig. 2b and fitted by the 
power law equation [30]: 

ε̇=Aσn exp
(

−
QC

RT

)

(1) 

where A is a material constant, n is the stress exponent, Qc is the acti
vation energy of creep, R is the ideal gas constant, and T is the absolute 
temperature. The fitted slopes in Fig. 2b represent the stress exponent n 
values, which were also given in Fig. 2b and Table 1. Despite the devi
ation from scatter, the minimum strain rate and the applied stress follow 
the above power-law equation fairly-well.

For comparison, the creep testing results of CoCrFeMnNi and CoCrNi 
obtained from other studies were also provided in Table 1. Evidently, the 
n values of the present FG and CG CoCrFeMnNi tested at short-term 
creep stage and 550 ◦C are around 7.4–7.8, which is close to the 
values of CoCrFeMnNi tested at long-term stage and 600–650 ◦C (i.e., 
around 6.3–7.5) [19,20]. This suggests that the short-term creep 
deformation of FG and CG CoCrFeMnNi is carried by dislocation glide 

[19,20]. On the other hand, the n value of the present CoCrNi tested at 
short-term creep stage and 550 ◦C is around 3.4, which is close to the 
value of CoCrFeMnNi tested at long-term stage and 750–900 ◦C (i.e., 
around 3.7). This implies that the short-term creep of CoCrNi is domi
nated by dislocation-dislocation interactions and dislocation-lattice in
teractions [17]. To verify the operating creep deformation mechanisms 
and probe the difference of the two alloys, further dedicated micro
structural investigations are warranted and shall be reported in the 
future.

Fig. 2. (a) Typical tensile creep curves tested under applied stress of 220 MPa and 550 ◦C, (b) double-logarithmic plots of minimum strain rate versus applied stress 
for FG and CG CoCrFeMnNi, as well as FG CoCrNi at 550 ◦C. The fitted n values using equation (1) are also provided in (b).

Table 1 
A comparison of creep experiments for CoCrFeMnNi and CoCrNi MPEAs.

Materials Average grain size 
(μm)

Tempe-rature 
(◦C)

Stress range σ 
(MPa)

Stress exponent 
n

Mechanisms Ref.

CoCrFeMnNi ≈50 550 180–280 7.8 ± 1.2 Dislocation glide This 
work≈5 7.4 ± 0.4

≈25 500, 550, 600 140–400 5-6 (low σ); Dislocation climb; [31]
8.9–14 (high σ) Dynamic recrystallization, precipitation, and dislocation 

climb
≈21.7 535, 650 20–40 ≈6 (low σ); Dislocation climb; [16]

50–100 ≈3 (high σ) Dislocation glide
≈24 800, 850, 900, 

950
40, 60, 80 ≈3.7 Dislocation and dislocation/lattice interactions [17]

≈18 575–650 103–207 ≈6.2 Dislocation creep [19]
≈140-150 700 50–110 6.0 Dislocation creep [21]

CoCrNi ≈8 550 180–280 3.4 ± 1.0 Dislocation and dislocation/lattice interactions This 
work

≈150 700, 750, 800 50–130 5.5 Dislocation climb and lattice diffusion [18]

Fig. 3. (a) Applied stress, and (b) minimum strain rate versus rupture time of 
FG and CG CoCrFeMnNi, as well as FG CoCrNi crepted at 550 ◦C.
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The applied stress σ versus creep rupture time tr curves of the 
investigated alloys were plotted in Fig. 3. The creep rupture time tr and 
applied stress σ were fitted using the equation of tr=(σ/B)^-r. Here B and 
r are materials constant. Their fitted values were given in Table 2.

As evident from Fig. 3, under the same stress levels, the FG CoCr
FeMnNi shows longer creep rupture time as compared to the CG CoCr
FeMnNi, which can be ascribed to grain boundary strengthening. 
Furthermore, the CoCrNi exhibits longer rupture time than that of the 
CoCrFeMnNi alloys, due to the CoCrNi’s higher yield strength. Notably, 
the yield strength of current CG and FG CoCrFeMnNi as well as FG 
CoCrNi at 550 ◦C is around 120 MPa, 227 MPa and 312 MPa, respec
tively (which are estimated from the stress-strain curves in our previous 
work [14] and Ref. [32]). The higher yield strength of CoCrNi originates 
from both higher grain boundary strengthening and solid solution 
strengthening ability, due to its lower stacking fault energy and higher 
lattice friction than CoCrFeMnNi [14].

Additionally, it is of interest to compare the creep behaviors of the 
current FCC CoCrNi-based MPEA with those of conventional austenitic 
steels [33,34] (such as 316 L(N) steels). Since the data of steels tested at 
the same conditions are not available, the available data of 316 L(N) 
steels tested at a higher temperature of 650 ◦C were provided below to 
give first insights on the comparison. Specifically, it was reported that 
for Nitrogen alloyed 316 L(N) steels, the creep rupture lifetimes ranged 
from 100 to 1000 h at temperature of 650 ◦C and stress of 200 MPa [34]. 
These rupture lifetimes are longer than that of the current CoCrNi-based 
MPEAs (i.e., 40–200 h, see Fig. 3) tested at 550 ◦C and a same stress of 
200 MPa. Therefore, the 316 L N steels are expected to perform better (i. 
e., having longer lifetime) at the same temperature of 550 ◦C and 220 
MPa than the current MPEAs. The superior creep behavior of 316 L(N) 
steels than the MPEAs may stem from the beneficial effects of interstitial 

Nitrogen and Carbon contents, including solid solution strengthening, 
increase in Young’s modulus, decrease in stacking fault energy and 
matrix precipitation strengthening of carbonitride precipitates [34]. In 
this context, the incorporation of Nitrogen and Carbon in the MPEAs are 
anticipated to improve creep resistance of CoCrNi-based MPEAs, which 
requires further investigations in the future.

Typical SEM micrographs of the specimens’ surface and fracture 
surface for CoCrFeMnNi and CoCrNi alloys are shown in Fig. 4a–c to 
reveal their creep damage mechanisms. It can be seen that from the 
specimens’ surface, both CoCrFeMnNi and CoCrNi show creep cavities, 
irrespective of grain size (see Fig. 4a1, b1, and c1). However, their 
fracture surfaces exhibit different features. Specifically, the FG CoCr
FeMnNi and CoCrNi alloys display ductile dimple feature; while the CG 
CoCrFeMnNi shows non-ductile cleavage feature that suggests an 
intergranular fracture mechanism and is correlated with the shorter 
rupture lifetime in the latter alloy.

4. Conclusion

This work revealed the short-term creep deformation behaviors of 
the fine-grained (FG) and coarse-grained (CG) CoCrFeMnNi, as well as 
fine-grained (FG) CoCrNi MPEAs under stress of 180–280 MPa at 550 ◦C. 
Key findings are summarized as follows:

(1) At the investigated conditions, as suggested by the fitted stress 
exponent n, the creep mechanisms of FG and CG CoCrFeMnNi 
alloys (of n value of 7.4–7.8) are dislocation-glide. On the other 
hand, the creep of CoCrNi alloy (of n value of around 3.4) is 
characterized by dislocation-dislocation and dislocation-lattice 
interactions.

(2) At the same stress levels, the CoCrNi alloy exhibits longer creep 
lifetime and lowest creep rates, due to its higher strength from 
grain boundary strengthening and solid solution strengthening 
ability than the CoCrFeMnNi alloy. Besides, the FG CoCrFeMnNi 
alloy shows longer creep lifetime and lower strain rate owing to 
its higher grain boundary strengthening than its CG counterpart.

(3) Both the CoCrFeMnNi and CoCrNi alloys show creep cavities after 
creep testing. The FG CoCrFeMnNi and CoCrNi alloys display 
ductile fracture. However, the CG CoCrFeMnNi alloy exhibits 

Table 2 
Fitted parameters B and r from the relationship of creep lifetime and applied 
stress of CoCrFeMnNi and CoCrNi MPEAs.

Materials Parameter B Parameter r

FG CoCrFeMnNi 390.75 7.18
CG CoCrFeMnNi 308.06 9.24
FG CoCrNi 640.56 4.80

Fig. 4. SEM micrographs of (a1-3) CG and (b1-3) FG CoCrFeMnNi, as well as (c1-3) FG CoCrNi crepted at 550 ◦C until fracture. (a1, b1 and c1) were acquired from 
specimens’ surface; while the rest (a2-c2, a3-c3) were obtained from the corresponding fracture surfaces.
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non-ductile intergranular fracture, which well explained its 
lowest creep lifetime.

(4) The CoCrNi and CoCrFeMnNi appear to show inferior creep 
properties as compared to Nitrogen-alloyed 316L(N) steels, 
probably due to the beneficial effects from interstitial Nitrogen 
and Carbon contents (including solid solution strengthening, in
crease in Young’s modulus, decrease in stacking fault energy and 
matrix precipitation strengthening of carbonitride precipitates) 
in the latter.
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