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               Introduction 
 High-entropy alloys (HEAs), composed of multiple prin-
cipal elements, tend to form a single-phase solid solution 
because of their high confi gurational entropy.  1 , 2   This new 
class of materials shows interesting properties, such as 
promising strength and ductility,  3   –   5   and good corrosion,  6 , 7 

irradiation,  8   and wear resistance.  9   In particular, high-
temperature properties of HEAs, such as high-temperature 
strength  10 , 11   and good thermal and microstructure stability,  12 , 13 

are important and necessary for elevated-temperature engi-
neering applications,  14   such as in gas turbines in the aerospace 
industry.  10 , 14 , 15 

 Nanoscale time-dependent mechanical testing of alloy mate-
rials is usually conducted via microelectromechanical systems 
(MEMS)  16   or nanoindentation systems.  17   For the latter, with 
the high accuracy of depth-sensing technology and stable 
temperature-controlling stages in current instruments, the time-
dependent mechanical behavior of HEAs can be conducted on 
localized regions, ignoring the limit of standard-sized speci-
mens, especially in traditional creep testing. Several studies 
have reported the time-dependent mechanical properties of 
HEAs via nanoindentation, including the elevated-temperature 

creep of FeCoNiCrMn and FeCoNiCrMn-Al HEAs at 300–
600°C,  18   room-temperature creep of as-deposited and annealed 
CoCrFeCuNi HEA thin fi lms,  19   room-temperature creep of 
as-cast and severelyplastic-deformed CoCrFeMnNi,  20   initial 
creep behavior of CoCrNi HEA,  21   characteristics of plas-
tic deformation in CoCrFeMnNi HEA from room tem-
perature to 300°C,  22   strain rate sensitivity of AlCoCrFeNi 
HEA at room temperature,  23   room-temperature creep in 
CoCrFeNiCu HEA with a face-centered-cubic (fcc) struc-
ture,  24   and room-temperature creep in CoCrFeNiCuAl 2.5

HEA with a body-centered-cubic (bcc) structure.  24 

 In this article, we focus on creep properties, explored 
using nanoindentation, on several well-known HEAs, such as 
FeCoNiCrMn (also known as the Cantor alloy) and extended 
alloy systems. Several important parameters that play an impor-
tant role in creep behavior are discussed, such as minor solute 
addition effects in HEAs, structure effects, grain-size effects, 
and orientation effects. This article summarizes the current 
fi ndings in HEAs based on nanoindentation creep. It is hoped 
that more exploration using this new method of nanoindenta-
tion can provide new scientifi c fi ndings on the high-temperature 
properties of HEAs.   
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Creep behavior of HEAs at elevated 
temperatures
Minor solute addition effects—Al in FeCoNiCrMn 
HEA
Tsai et al.18 reported the impact of Al addition in a HEA 
matrix. Elevated-temperature creep measurements on 
Fe20Co20Ni20Cr20Mn20 (FeCoNiCrMn) and Fe18Co18Ni20 
Cr18Mn18Al8 (FeCoNiCrMn-Al) HEAs using nanoindenta-
tion in the temperature range of 300–600°C were conducted. 
FeCoNiCoMn and FeCoNiCoMn-Al exhibit fcc structure 
and fcc + bcc structure, respectively. Figure 1a–b present 
the relationship between creep displacement (h) and creep 
holding time (t) of FeCoNiCrMn and FeCoNiCrMn-Al 
HEAs, respectively. The strain rate (ε) as a function of creep 

time period, t, can be obtained based on 
1ε = dh
h dt

, as shown 
in Figure 1c–d.

The work of Li et al. illustrates how the creep stress expo-
nent (n) is equal to the inverse of the strain-rate sensitivity (m).25 
For FeCoNiCrMn, the average stress exponent n values of the 
fcc {111} planes are 3.8 (m ∼ 0.263) in the temperature range of 
400–600°C.18 With decreasing temperature, n shows a dramatic 
jump to 14 at room temperature. Similarly, for the fcc {111} 
grains in FeCoNiCrMn-Al, the average n value over 400–600°C 
is approximately 4.3 (m ∼ 0.233) and increases to approxi-
mately 5.0 at 300°C and about 14 at room temperature.18 The 
creep strength of the Al-modified Cantor alloy, FeCoNiCrMn-Al,  
is comparable to that in the standard Cantor alloy, suggesting 
that the solid-solution effect (only ∼4 at.% Al remaining in 
the fcc grains and remaining Al present in the bcc grains) is 

insignificant for the fcc {111} grains at elevated temperatures.18 
In the temperature range of 400–600°C, the stress exponent n 
is approximately 4 ± 1 (or m ∼ 0.25) for both of FeCoNiCrMn 
and FeCoNiCrMn-Al, suggesting possible climb-controlled 
dislocation creep.18 Creep is a thermally activated process, and 
the creep activation energy, Qc, is linked to the activation 
energy for vacancy diffusion. The creep activation volume Vc 
for the fcc {111} grains in these two HEAs reaches approxi-
mately 140 Å3 at 600°C, which is larger than the typical acti-
vation volume of 50–100 Å3 for Ni-based alloys.25–29

In traditional dilute alloys, dislocation climb is controlled 
by vacancy diffusion, which involves a simple one-to-one 
atom–vacancy exchange. In HEAs, however, the lattice is dis-
torted because of the different sizes as well as the chemistry 
of the constituent atoms. A vacancy is surrounded by various 
constituent elements, and vacancy–element exchange during  
diffusion is more complicated, involving the cooperative 
motion of several atoms in order to maintain compositional 
portioning.18 This collective atomic motion would certainly 
expand the activation volume to that larger than a single atom. 
Kim et al.30 reported that a solute drag effect occurs at low 
strain rates and at high temperatures, and the rate-controlling 
deformation mechanism is in relation to Al atoms. The esti-
mated values of σbreak,31 which represents the critical stresses 
for the breakaway of dislocations from the Al solute environ-
ment, are 25.5 and 14.5 MPa at 1023 and 1323 K, respec-
tively.30 For equiatomic CoCrFeMnNi, Cr holds the largest size 
factor ei (=(ri-raverage)/raverage, where ri and raverage represent the par-
ticular atom radius and the average radius), equal to 1.46 × 10–2,  
among the five constituents.30 Thus, Cr is most likely to form 

the solute atmosphere around the disloca-
tions. The σbreak of the Cr element is about 
32× smaller than those of Al0.5CoCrFeMnNi. 
Figure 2a–b30,32 show the solute drag creep 
becoming dominant at very low strain rates in 
CoCrFeMnNi, and hardly contributing to hot 
deformation in the typical strain rate range for 
hot metal working, unlike Al0.5CoCrFeMnNi.30

Structure effects
Ma et al.24 studied the strain-rate sensitivity, m, 
and activation volume, Vc, of a CoCrFeNiCu 
(zero Al, namely, Al-0) HEA thin film with a 
fcc structure and CoCrFeNiCuAl2.5 (2.5 at.% 
Al, namely, Al-2.5) HEA thin film with a 
bcc structure at room temperature. Figure 3a 
shows the creep displacement as a function 
of loading rate (log scale) from 0.05 mN/s to 
2.5 mN/s. In the Al-0 film, the creep displace-
ment almost doubled from 11.8 nm to 21.8 nm 
with increasing loading rate.24 However, the 
Al-2.5 film maintained a stable creep displace-
ment from 0.05 mN/s to 2.5 mN/s.24 It can be 
concluded that the creep of Al-0 film had a strong 
correlation with the loading rate. The higher the 

Figure 1. Representative creep displacement–creep holding time (h–t) curves for  

(a) FeCoNiCrMn {111} grains and (b) face-centered-cubic (fcc) {111} grains in dual-

phase FeCoNiCrMn-Al. Representative creep strain rate–creep time period (ε−t) curve 

for (c) FeCoNiCrMn {111} grains and (d) fcc {111} grains in dual-phase FeCoNiCrMn-Al.18



ELEVATED-TEMPERATURE CREEP OF HIGH-ENTROPY ALLOYS VIA NANOINDENTATION

862 MRS BULLETIN  VOLUME 44  NOVEMBER 2019  www.mrs.org/bulletin 

loading rate, the greater disparity of creep displacements 
between Al-0 and Al-2.5.

Figure 3b shows the relationship between hardness and 
equivalent strain rate (log scale) for the Al-0 and Al-2.5 films. 
The value of m can be deduced from the slope of the linear 
regression lines, yielding m = 0.035 for the fcc Al-0 and  
m = 0.0048 for the bcc Al-2.5.24 These results for the two 
HEAs are typical for fcc and bcc nanocrystalline metals 
according to previous experimental studies. A high value of m 
is obtained in ductile metals, in which plastic deformation is rela-
tively more nonlocalized (preventing necking or shear band-
ing in crystalline or amorphous alloys).33 The activation volume 
for dislocation nucleation in HEA films can be estimated 
based on the strain-rate sensitivity and shear stress.34 The acti-
vation volume obtained is 0.08 nm3 for Al-0 and 0.51 nm3 for 
Al-2.5.24 The significant enlargement of the activation volume 

thus predicts a reduction in strain-rate sensitiv-
ity with the structure transition from fcc to bcc. 
However, the underlying mechanism for the 
distinction of the activation volumes between 
nanocrystalline fcc and bcc HEAs remains 
unknown and was outside of the scope of that 
study.24

In addition to well-known factors such as 
the film structure, alloy system, and grain size, 
creep response also appears to be strongly 
dependent on the thermal history of sample 
preparation. For example, with the fast cool-
ing rate in sputtering, the inner structure of the  
as-deposited HEA films remains in the non-
equilibrium state with higher residual stress.19 
With the aid of annealing, flaws, lattice dis-
tortion, and residual stress would be reduced, 
yielding a stable structure for creep behavior.19

Grain-size effects
Recently, nanocrystalline HEAs have been widely investi-
gated for their high-strength and high-temperature mechani-
cal behavior. Zou et al. reported that the Nb25Ta25Mo25W25 
refractory HEA exhibits an extraordinarily high yield strength 
of greater than 5 GPa at temperatures of up to 600°C, using 
micro-compression tests; this is 5× higher than that of its 
single-crystal equivalent.35

Lee et al. also reported another significant result for nano-
crystalline FeCoNiCrMn HEA creep behavior where nanoin-
dentation analysis was performed with a constant loading rate 
of 0.5 mN/s and held for 1000 s at different maximum loads.20 
With high-pressure torsion (HPT) processing, the grain size 
was reduced from ∼46 μm (coarse grains [cgs]) for the as-cast 
state to ∼33 nm (nanocrystalline [nc]) after HPT processing. It 
was found that the creep stress exponent, n, extracted from the 

nanoindentation creep test was ∼3 for coarse 
grains, while n was ∼1 for nanocrystalline mate-
rial, as shown in Figure 4a.20

The activation volumes were also extracted, 
presenting a value of 4.6 b3 (b is Burgers vector) 
for the coarse-grained structure, while the value 
was 0.8 b3 for the nanocrystalline structure 
(Figure 4b).20 The results indicate the transition 
from the dislocation-controlled mechanism in 
the coarse-grain state to the diffusion-controlled 
mechanism in the nanocrystalline state. Elevated 
temperature creep tests from room temperature 
to 300°C using the nanoindentation system were 
carried out by the same group using strain-rate 
jump tests with three different strain rates (0.025, 
0.008, and 0.0025 s–1),22 presenting the activation 
enthalpy for different temperatures. With temper-
atures lower than 473 K, the activation enthalpy 
was about 0.5 eV, indicating that the deforma-
tion is controlled by grain-boundary-mediated 

Figure 2. Log Z-log (σ0.6/E) plots at ε = 0.6 for (a) Al0.5CoCrFeMnNi and (b) CoCrFeMnNi.30,32 

Solute drag creep is dominant at very low strain rates in CoCrFeMnNi, but hardly 

contributes to hot deformation at the typical strain rate range for hot metal working, unlike 

Al0.5CoCrFeMnNi. Note: σbreak, breakaway stress; Qc, activation energy; Z, Zener–Hollomon 

parameter; σ0.6, stress at a strain of 0.6; E, Young’s modulus; n, creep stress exponent.

Figure 3. (a) Creep displacement as a function of the loading rate (log scale) for Al-0 

and Al-2.5 high-entropy alloy ([HEA] CoCrFeNiCu) films. The creep for the Al-0 film 

strongly correlates with the loading rate. The higher the loading rate, the greater disparity 

of creep displacements between Al-0 and Al-2.5 (b) Nanoindentation hardness versus 

equivalent strain rates (log scale) of the HEA films for calculation of strain-rate sensitivities. 

These values are typical for face-centered-cubic (fcc) and body-centered-cubic (bcc) 

nanocrystalline metals and in agreement with previous experimental studies. Note:  

m, strain-rate sensitivity.24



ELEVATED-TEMPERATURE CREEP OF HIGH-ENTROPY ALLOYS VIA NANOINDENTATION

863MRS BULLETIN  VOLUME 44  NOVEMBER 2019  www.mrs.org/bulletin

Figure 4. (a) Relationship between quasi-steady-state (QSS) creep strain rate and stress; the 

slope corresponds to the creep stress exponent, n. n is extracted from the nanoindentation 

creep test and was ∼3 for coarse grains (cgs) and was ∼1 for nanocrystalline (nc) material. 

(b) Logarithmic strain rate versus linear stress relation to estimate the activation volume (V*) 

for creep. The results indicate a transition from the dislocation-controlled mechanism in 

the coarse-grain state to the diffusion-controlled mechanism in the nanocrystalline state.20 

Note: d, grain size; H, hardness; C, constant factor, typically ∼3 for metals; εi, indentation 

strain rate; b, Burgers vector; HEA, high-entropy alloy.

dislocation activity.20 A significant increase in activation 
enthalpy to about 1.8 eV for temperatures higher than 473 K 
was observed.20 This was attributed to the enhancement of 
grain-boundary diffusion.

Yu et al.36 reported a similar trend in the Al0.1CoCrFeNi 
alloy at room temperature with a 400 μN/s loading rate, up to 
4000 μN maximum load and holding for 10 s. With decreas-
ing grain size, the strain-rate sensitivity increased, leading 
to a decrease in activation volume (Figure 5).36 It should be 
noted that the sample was processed by HPT as well, leading 

to coarser grains in the middle and finer grains 
at the edge (r represents the distance from the 
center). The results indicate that the dominant 
mechanism of creep changes from dislocation 
slip to grain-boundary sliding, resulting in lower 
creep resistance with decreasing grain size.36 
However, nanocrystalline alloys have never 
been used at elevated temperatures because of 
their poor high-temperature strength and sta-
bility. Therefore, the development of thermally 
stable nanocrystalline systems that can retain 
high strengths over a wide temperature range 
are highly desirable for both scientific study 
and engineering applications.

Orientation effects
The anisotropic behavior in elevated-temperature 
creep deformation is another important mechan-
ical characteristic. To exploit this for poten-
tial applications, it is necessary to develop a 

predictive system that can model effects of crystallographic 
anisotropy on high-temperature creep deformation of such 
materials. Ghosh37 reported the simulation of anisotropic 
behavior and creep resistance of single-crystal Ni-based super-
alloys. Wen et al.38 also reported high-temperature creep test-
ing on notched samples.

To enhance the efficiency of creep testing, elevated- 
temperature creep via nanoindentation provides an efficient 
and precise method for research. The nanoindentation probe 
interacts with the samples at localized regions of the grains, 
which are much larger than the area indented by the indenta-
tion tip. This can be essentially treated as creep testing of a 
single crystal, which means the influence of the grain bound-
ary can be neglected. Because of this, the single-crystal creep 
behavior can be extracted from a polycrystalline sample, 
reducing the difficulty of sample preparation.

Tsai et al.18 reported the elevated-temperature creep of fcc 
{100} and {111} FeCoNiCrMn HEAs. The elastic modulus 
of FeCoNiCrMn dropped from 190 ± 7 for {111} to 166 ± 5  
for {100}; the corresponding hardness decreased from  
2.9 ± 0.2 to 2.4 ± 0.2 GPa, respectively, when compared to 
the room-temperature elastic modulus and hardness of {111} 
and {100} grains. This result is similar to that observed for 
pure Ni,39 Ni-based superalloys,38 and a fcc FeCoNiCr40 and 
FeCoNiCrMn41 HEA single crystal, in which the strength 
along the 111  orientation is stronger than that along 100 .

For elevated temperature creep behavior, fcc {111} grains 
are stronger than fcc {100} grains. At 550°C, the creep displace-
ment was 75 nm for the {100} grains, but only 60 nm for the 
{111} grains. The activation volumes for {100} at elevated tem-
peratures are also higher than those for {111}, suggesting that 
the creep resistance of the fcc {111} grains is higher than that of 
the fcc {100} grains.18 Despite this difference between {111} and 
{100} grains, the creep mechanism of these fcc {111} and {100} 
grains was shown to be the same, as deduced from the similar 

Figure 5. Dependence of ln t versus lnH for the Al0.1CoCrFeNi 

alloy after high-pressure torsion at 6 GPa for N = 2, at different 

positions from the sample center (r). Coarser grains were 

located in the middle of the sample and finer grains were 

located at the edge of the sample. With decreasing grain size 

(increasing r), the strain-rate sensitivity increased, leading to a 

decrease in activation volume. The dominant creep mechanism 

changes from dislocation slip to grain-boundary sliding, resulting 

in lower creep resistance.36 Note: H, hardness; t, time ; N, number 

of torsion for 360°; m, strain-rate sensitivity.
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stress exponent and activation energy (Figure 6).18 Few reports 
have focused on orientation effects, besides this work, and fur-
ther exploration is clearly needed. These results showcase one 
of the benefits of using nanoindentation for creep characteriza-
tion in polycrystalline materials. The individual creep response 
from each crystalline orientation would not be possible with tra-
ditional creep testing on bulk samples.

Comparison and discussion
Creep data for various HEAs measured by different creep test-
ing methods are compared in Table I,18–20,22–24,27,30,42 and di-
vided into elevated-temperature and room-temperature data. 
Note that some data were converted or extracted from pub-
lished figures, since they were not presented in the original 
papers. The grain-size effects and the strain-rate effects on 

creep response are normally studied at room 
temperature to avoid the influence of thermal 
drift. Also, some nanocrystalline samples are 
not stable at elevated temperatures.

Generally, the creep mechanism at elevated 
temperatures is controlled by several critical 
parameters such as strain rate, stress, grain 
size, and creep temperature. When com-
paring the results of elevated temperature 
nanoindentation creep response with tradi-
tional creep tension tests for the FeCoNiCrMn 
alloy subjected to a normal lower stress level 
in the range of 10–150 MPa, the stress expo-
nents (approximately 3–8), activation energies 
(around 300–400 kJ/mol), and activation vol-
umes (around 40–100 b3) are similar, suggest-
ing that the mechanisms should be the same, 

likely due to dislocation climb-controlled creep. For such a 
lower stress level (and thus a lower strain rate level), lattice 
diffusion could play a dominant role. A higher activation vol-
ume has been found in many HEAs since these would induce 
collective atom motion during the creep deformation.

In comparison, in order to prevent strong thermal drift, 
nanoindentation creep testing at elevated temperatures from 
400–600°C usually adopts a much shorter creep testing dura-
tion by raising the creep stress level to around 200 to 500 MPa, 
or even higher. Note from Table I that the extracted stress  
exponents (approximately 3–5) and activation energies (around 
240–260 kJ/mol) are still comparable to those reported from 
traditional creep tension tests, implying a similar creep defor-
mation mechanism. The slightly lower activation energy could 
be a result of grain-boundary and dislocation pipe diffusion 

Figure 6. The dependence of ln(strain rate) versus 1/T for (a) {111} grains and (b) {100} 

grains in Fe20Co20Ni20Cr20Mn20. The creep mechanism of these face-centered-cubic (fcc) 

{111} and {100} grains are the same, as deduced from the similar stress exponent and 

activation energy values.18 Note: Qc, activation energy; ε, strain rate; T, temperature.

Table I. Comparison of the extracted creep stress exponent (n), activation energy (Qc), and activation volume (Vc) from different  
reported creep tests.

Materials Temp. (°C) Stress (MPa) n Qc (kJ/mol) Vc (b3) Test Method Structure Ref.

Fe20Co20Ni20Cr20Mn20 400–600 150–540 3.8–5 239–259 4–7 Nanoindentation fcc 18

Fe20Co20Ni20Cr20Mn20 750–850 10–120 3–5 280–330 38–124 Tension fcc 42

Fe20Co20Ni20Cr20Mn20 25–300 200–2000 36–66 48–174 15–24 Nanoindentation fcc 22

Fe18Co18Ni20Cr18Mn18Al8 400–600 170–680 4.3 260 4–8 Nanoindentation fcc + bcc 18

Al0.15CoCrFeNi 650–700 60–150 5–6 387–418 32–52 Tension fcc 27

Al0.6CoCrFeNi 650–700 50–130 8–8.5 293–338 — Tension fcc + bcc 27

Al0.5CoCrFeMnNi 750–1050 50–600 3–5 251–312 — Compression fcc + bcc 30

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

FeCoNiCrCu RT 2000–2700 4–10 — — Nanoindentation fcc + bcc 19

FeCoNiCrMn RT 250–1000 1–3 — 0.8–4.6 Nanoindentation fcc 20

FeCoNiCrAl RT 2200–2500 250–416 — — Nanoindentation bcc 23

FeCoNiCrCu RT 2400–2700 28 — — Nanoindentation fcc 24

FeCoNiCrCuAl2.5 RT 2900 208 — — Nanoindentation bcc 24

Note: b, Burgers vector; RT, room temperature.



ELEVATED-TEMPERATURE CREEP OF HIGH-ENTROPY ALLOYS VIA NANOINDENTATION

865MRS BULLETIN  VOLUME 44  NOVEMBER 2019  www.mrs.org/bulletin

that have been involved in the nanoindentation creep test-
ing adopting much higher creep stress levels. The extracted 
activation volume (around 4–8 b3) also appears to be much 
lower than those extracted by the by traditional creep ten-
sion tests (40–100 b3). This is likely the result of much higher  
stress and strain rate levels, such that fewer atoms are  
involved in the collective motion. Additionally, the nanoin-
dentation probe region interacting with the sample is consid-
erably smaller, causing a relatively higher loading pressure 
and lower activation volume. Nevertheless, this might also 
be an advantage for using nanoindentation creep testing, 
which can be conducted on a specific small region to inves-
tigate the creep behavior of a particular regime or particu-
lar second phases.

Summary and future directions
Current findings on nanoscale time-dependent creep behav-
ior of HEAs, explored using the nanoindentation technique, 
are reviewed. With the advantage of depth-sensing technol-
ogy and a precise temperature control system, identification 
of elevated-temperature mechanical behavior, such as room-
temperature and elevated-temperature creep responses, is 
now possible. HEA creep response related to minor solute 
addition effects, structure effects, grain-size effects, and ori-
entation effects are reviewed and discussed. These findings 
are useful for future alloy design of advanced high-entropy 
materials. In particular, anisotropic mechanical properties at 
room and elevated temperatures for various grain orienta-
tions in individual fcc or bcc grains of HEAs can be revealed 
by the nanoindentation technique. Traditional creep testing 
on bulk samples will not show individual creep response 
from each crystalline orientation. In addition, the region 
where the nanoindentation probe interacts with the sample 
is quite small, which could be an advantage in using nanoin-
dentation creep testing. Such testing can be conducted on a 
specific small-sized region to investigate the creep behavior 
of a particular regime or second phase.
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