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ABSTRACT
Dislocation creep behaviors of CoCrFeMnNi were investigated at intermediate temperatures. Shape
of creep curves, stress exponents and the activation energies at high stresses (> 40MPa) were dis-
tinctly different from those at low stresses, suggesting the transition of creep mechanism from
climb-controlled creep to viscous glide creep. Lattice strain energy of dislocations plays an important
role on the distribution of atoms over the configurational entropy in the vicinity of dislocation. The
excellent agreement between the experimental transition stress and the theoretical stress using the
data of Cr suggests that Cr is the most influential element to the viscous glide at high stresses.

IMPACT STATEMENT
We report climb-to glide-creep transition in CoCrFeMnNi first time. The transition to viscous glide is
attributed to dragging of dislocations caused by change of dislocation-line-energy and mobility of
segregated atoms.
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Introduction

In multi-element high entropy alloys (HEAs), high con-
figurational entropy stabilizes the single solid solution
phase over the phase separation or intermetallic com-
pound formation [1–3]. Structurally simple solid solu-
tion HEAs exhibit the excellent mechanical properties
associated with the severe lattice distortion [4] and slug-
gish lattice diffusion [5]. Solution strengthened HEA
also demonstrated the extensive strain hardening accom-
panied with the remarkable plasticity [6]. The unique
mechanical and physical properties associated with the
complex composition have attracted intensive interest of
many investigators [1–3,6–8]. Recently, high temperature
superplasticity was reported in fine-grained [9] CoCr-
FeMnNi. Chockshi [9] also observed the power-law creep
behaviors at high temperature (>850°C) and at high
stresses.

Solution strengthening alloys exhibit excellent creep
resistance at intermediate temperatures [10–12]. The
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interaction between dislocation and constituent atom
would have a great influence on the creep of HEAs
[7,8]. Creep resistance is expected to be improved by
the severe lattice distortion and sluggish lattice diffu-
sion in HEAs. It would be interesting to study the roles
of constituent elements in creep resistance and perfor-
mance of HEAs at intermediate temperatures. In this
study, creep performance of CoCrFeMnNi were stud-
ied between 535°C and 650°C to investigate the creep
deformation mechanisms at intermediate temperatures.

Experimental

Equiatomic CoCrFeMnNi alloy ingot (19.0 wt.%Co-21.5
wt.%Cr-20.0 wt.%Fe-20.4 wt.%Mn-19.1 wt.%Ni) pro-
duced by arc melting [13] were homogenized, rolled
into 1.0mm thick plates and annealed at 900°C. For
more experimental details, the readers are directed to
Ref. [13]. The grain shape of the annealed CoCrFeMnNi

© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2018.1543731&domain=pdf
mailto:sihong@cnu.ac.kr
http://creativecommons.org/licenses/by/4.0/


690 Y. B. KANG ET AL.

was characterized using an electron backscatter diffrac-
tion system (Oxford Instruments, UK). Tensile creep
specimens with a gauge length of 9mm were machined
by electrical discharge machining. Creep tests was car-
ried out at intermediate temperatures (535∼ 650°C)
in a constant stress creep tester with the specially
designed Andrade-Chalmers lever arm [14]. The
creep extension of the specimen was measured by
Schaevitz model HR 1000LVDT with an accuracy of
0.5× 10−5 m.

Results

The grain size of the annealed CoCrFeMnNi was 21.7
μmexcluding twin boundaries [13]. Chokshi [9] reported
that CoCrFeMnNi exhibited superplasticity for samples
with initial grain sizes of 1.4 μm [9,15] whereas coarser
grained HEA (∼ 12 μm) exhibited power-law creep at
850°C. The grain size of the specimens in the present
study is therefore large enough to induce the dislocation
creep [9,10–12].

Figure 1. Creep curves of CoCrFeMnNi HEA at temperatures between 535°C and 650°C. (a) lower stresses and (b) high stresses.
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Figure 2. Stress dependence of the steady state creep rate of
CoCrFeMnNi.

Creep curves of CoCrFeMnNi at temperatures
between 535°C and 650°C are exhibited in Figure 1. The
representative creep curves at lower stress (< 40MPa)
and at high stress are exhibited in Figure 1(a,b), respec-
tively. At low stresses, the creep rate was initially high
and decreased during the primary creep, exhibiting the
normal transient creep curves [10]. At high stresses, the
creep curves exhibited the inverted transient curves in
which the initially low creep rate increased gradually to
reach the steady-state [10] (Figure 1(b)). Creep rate var-
ied considerably with stress at high stresses, curves at
high stresses are shown in the expanded view along the
time axis. The shape of creep curves is closely related to
the creepmechanism in alloys [10,11]. The inverted tran-
sient is indicative of initially stable substructure caused by
viscous glide of dislocations [10–12]. The shape change of
primary creep curves in Figure 1 supports the transition
of creep mechanism [11,12].

In Figure 2, the stress dependences of the steady state
creep rate of CoCrFeMnNi at three temperatures are
presented. The slope of the creep rate vs. stress appar-
ently changed as the stress increased from low stresses to
higher stress region. The stress exponent(=n) decreased
from ∼6 to ∼3 as the stress increased. The transition of
the stress exponent from 5–7 to ∼3 was suggested to be
due to the creep mechanism transition from the climb-
to glide-controlled creep [10–12]. The creep strain rates
are predicted by the typical power-law creep equations
[16]. For example, the creep rates in the climb-controlled
region in Figure 2 is comparable to those predicted by
the lattice diffusion controlled creep of iron and stainless
steel [16]. The creep rate in the viscous glide creep region
of CoCrFeMnNi is expected to be slower because of the
low stress dependence of creep rates at higher stresses
(>40MPa).

Figure 3. Steady state creep rates of CoCrFeMnNi plotted against
the reciprocal of temperature.

He et al. [17] reported the increase of stress expo-
nent for high temperature steady state deformation
(750∼850°C) in tensile testing, in contrast to decrease
of the stress exponent with increasing stress. It is
noted that the transition of stress exponent observed
by He et al. [17] occurred at much higher strain
rates (10−5–10−4/s) than the transition strain rate of
the present study (10−8/s∼10−6/s). Oikawa et. al [18]
reported the decrease of the creep stress exponent from
∼5 to ∼3 at the creep rates of 10−7–10−6/s and the
increase to ∼5 again as the creep rate increased above
10−5/s. Hong [12] proposed that the increase of stress
exponent again to ∼5 at strain rates above 10−5/s is due
to the diminishing effect of solute dragging with further
increase of stresses.

In Figure 3, the steady state creep rates of CoCr-
FeMnNi are plotted against the reciprocal of temperature.
Creep activation energies were determined using the data
at three temperatures. The creep activation energy in the
low stress region (305–320 kJ/mol) is close to the average
of the lattice diffusion activation energy of five elements
in CoCrFeMnNi reported by Vaidya et al. (294 KJ/mol)
[19,20] and Tsai et al. (303 kJ/mol) [6]. The creep activa-
tion energies (235–250kJ/mol) in the high stress region
(>40MPa) was noticeably smaller than the average acti-
vation energy of five elements (294–303 kJ/mol) [5,19,20]
in CoCrFeMnNi.

Discussion

Viscous glide of dislocations in HEA may arise from
the operation of one or more of following viscous drag
processes as in conventional alloys [11]; (a) segregation
of atoms to moving dislocations, (b) short range orders
(SROs), (c) chemical interaction of atoms with stacking
faults. Recently, Hong et al. [7] and Moon et al. [6] sug-
gested that the interaction between dislocations and the
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Figure 4. Hypothetical representations of interaction of atoms of the same constituent element with a stationery dislocation (a) and a
moving dislocation (b).

nanoscale inhomogeneity such as coclusters and/or SROs
is the rate controlling deformation of CoCrFeMnNi at
low temperatures. However, effects of SROs and stress-
induced ordering diminish with increase of temperature
because of homogenization effects of entropy at high
temperatures. Since the stacking fault energy of CoCr-
FeMnNi increases with temperature [21,22], chemical
effect of atoms on stacking faults is not likely to dom-
inate at high temperatures. Toda-Caraballo et al. [23]
suggested elasticmisfit is prominent in solution strength-
ening of HEA.

At high temperatures, obstacles associated with the
lattice distortion regardless of whether they be due to sin-
gle constituent atom or the local arrangement of atoms
cannot be treated as fixed obstacles [24,25] because of
the high mobility of atoms. In order to take the effect of
dislocation into consideration on the distribution of con-
stituent atoms, the Gibbs free energy change �G of the
particular volume with a dislocation is expressed as:

�G = �Hmix + �Ed − T�Smix (1)

where �Ed is the strain energy associated with a disloca-
tion, �Hmix is the enthalpy of mixing, and �Smix is the
entropy of mixing. Influence of configurational entropy
on the promotion of ideally homogeneously distribution
of atoms diminishes in the small volume containing a dis-
location because of its high strain energy. Atoms of the
larger size misfit against the matrix of the average atomic
size can be readily attracted to the dislocations to relieve
the line energy at elevated temperatures, inducing the
segregation of atoms.

In Figure 4(a,b), the possible the interaction of atoms
of the same constituent element with a stationery dis-
location (a) and a moving dislocation (b) are schemat-
ically shown. The free energy of the resting dislocation

Table 1. Atomic size misfit between each element of CoCr-
FeMnNi and the matrix of the average atomic radius of the con-
stituent elements [30].

Element Co Cr Fe Mn Ni

Atomic size misfit parameter 0.0138 0.0267 0.0138 0.0008 0.0024

in Figure 4(a) can be lowered by the segregation of con-
stituent atoms. The reduction of internal strain energy is
far greater than the reduction of entropy, favoring the seg-
regation of atoms at dislocations. Since the reduction of
dislocation line energy due to segregation would increase
with the increase of atomic size misfit [26–28], atoms
with a larger size misfit are more likely to segregate at
dislocations. As dislocations are forced to move by the
external stress, the increase of internal strain energy asso-
ciated with the liberation of dislocation from segregated
atoms would cause the dragging stress on dislocations.

Chaudhury and Mohamed [11,27] suggested that the
atomic size misfit plays an important role in inducing
the transition from climb-controlled to glide-controlled
creep. Viscous dislocation glide operates in the concen-
trated binary solid solution alloys [29] despite the rather
small atomic size misfit [28,29]. The atomic size mis-
fits of the constituent atoms of CoCrFeMnNi with the
matrix were calculated assuming that the atomic radius
of HEA matrix is the average of the constituent atoms
[30] (Table 1). As summarized in Table 1. The atomic size
misfit of Cr (eCr = 0.0267) is far greater than those of Co
(eCo = 0.0138), Fe (eFe = 0.0138) I Mn (eMn = 0.0008)
and Ni (eNi = 0.0024). The element with the largest
atomic size misfit in CoCrFeMnNi is Cr as shown in
Table 1.

Chaudhury and Mohamed [11] suggested the fol-
lowing criterion for climb-glide transition of binary
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solid-solution alloys;

(
kT

ec1/2Gb3

)2
= B

( γ

Gb

)3 Dc
Dg

( τ

G

)2
(2)

where k is Boltzmann’s constant, T is creep tempera-
ture (K), e is the atomic size misfit, c is the concentra-
tion of element, b is the Burgers vector (0.25 nm) [30],
B is a dimensionless constant (4× 1013) [10,11], γ is
the stacking fault energy at intermediate temperatures
(34–50mJ/m2) [22,30], G is the shear modulus [31], Dc
is the diffusion coefficient related with the climb process
and Dg is the diffusion coefficient related with the glide
process [10–12]. The stacking fault energy used in this
study (45 mJ/m2 at 850–950K) is larger than the theo-
retically calculated stacking fault energy (34 mJ/m2) [22]
of CoCrFeMnNi since the experimentally determined
stacking fault energy of CoCrFeMnNi at 77K [30] was
reported to be 30 mJ/m2 and the stacking fault energy
increases with temperature [21].

The quantification of the critical stress for viscous
glide creep by solute dragging in HEA is difficult because
of the indistinguishable nature of solute and solvent.
The greater interaction between dislocations and a spe-
cific element with a larger atomic size misfit [25–29] is
expected to promote preferential segregation at disloca-
tions (Figure 4). If the diffusivity of segregated atoms is
comparable to the velocity of dislocations so that they
can exert the larger dragging stress [22], the creep is
controlled by viscous glide of dislocations [11,12,24–26].
Two important criteria to induce the drag stress for vis-
cous glide in HEA would be the large atomic size misfit
and the appropriate diffusivity [10–12]. Climb of dislo-
cations is controlled by the lattice diffusivity [11] and
Dc for climb controlled creep was calculated by averag-
ing the inter-diffusion coefficient of constituent atoms
(Dc = ∑5

n=1 XnDn), where Xn is the composition of
constituent element (=0.2) andDn is the tracer diffusion
coefficient [11] of the each constituent element. Acti-
vation energies (Qn (kJ/mol)) and the pre-exponential
constants (Do (m2/s)) for tracer diffusion in CoCr-
FeMnNi were Qn = 276 and Do = 4.52 x10−5 for Co,
Qn = 312 and Do = 2.46 x10−3 for Cr, Qn = 255 and
Do = 1.05 x10−5 for Fe, Qn = 267 and Do = 1.25 x10−4

for Mn, Qn = 304 and Do = 6.24 x10−4 for Ni, respec-
tively [19,20]. Since viscous glide is controlled by the
diffusivity of segregated atoms [12], tracer diffusion coef-
ficient of segregated element was used for Dg of glide
controlled creep [19,20].

The comparison of the calculated transition stress
using the tracer diffusion coefficient of each element
as Dg of glide-controlled creep with the experimental
transition stress would reveal which element is most

Figure 5. Plot of
(

kT
ec1/2Gb3

)2
versus B

( γ
Gb

)3 Dc
Dg

(
τ
G

)2 on a loga-

rithmic scale at 600°C and 650°C (b) along with the experimental
data of CoCrFeMnNimarkedon theCo, Cr, Fe,MnandNi horizontal
lines.

responsible for the transition from the climb- to glide-

controlled creep. In Figure 5(a,b),
(

kT
ec1/2Gb3

)2
is plotted

against B
( γ
Gb

)3 Dc
Dg

(
τ
G
)2on a logarithmic scale at 600°C

(a) and 650°C (b) respectively, along with the experi-
mental transition point marked on the Co, Cr, Fe, Mn,
Ni horizontal lines assuming that each constituent ele-
ment is responsible for the transition. It should be noted
that the experimental transition points of CoCrFeMnNi
at 600°C (Figure 5(a)) and 6500C (Figure 5(b)) marked
on the Cr horizontal lines are in good agreements with
the theoretical transition points on the sloped lines. The
experimental transition point of CoCrFeMnNi on the
Mn, Ni, Fe and Co lines are away from the sloped line
at 600°C (Figure 5(a)), suggesting their contributions on
the viscous glide are negligible at 600°C. Note that Fe
and Co points are marked on the same line because the
atomic size misfit parameters of Fe and Co are the same
(Table 1). The excellent agreement between the experi-
mental transition point of CoCrFeMnNi and the theo-
retical transition point of Cr both at 600°C and 650°C
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suggests that Cr is the most influential element to the
viscous glide behavior in CoCrFeMnNi. The influential
role of Cr in the viscous glide creep at intermediate tem-
peratures is associated with the large atomic size misfit
to relieve the dislocation line energy and the appropriate
diffusivity comparable to the dislocation velocity.

The creep activation energies (305–320 kJ/mol) at low
stresses are close to the average of the lattice diffusion
activation energy [21,22]. Chaudhury andMohamed [11]
noted that the creep activation energy (151 KJ/mol)
of Al-Cu solid solution in the glide-controlled creep
region is slightly smaller than that (155 KJ/mol) observed
in the climb-controlled creep region. Chaudhury and
Mohamed [11] associated the larger creep activation
energy in the climb-controlled creep to that of self-
diffusion in Al and the smaller creep activation energy
for viscous glide creep to that for diffusion of solute
atom (Cu) in Al. The apparent creep activation energies
(235–250kJ/mol) for the glide-controlled creep at higher
stresses is smaller than those of lattice tracer diffusion of
elements in HEA matrix. Hong [32] suggested that the
low creep activation energies in Al-Mg at intermediate
temperatures resulted from dynamic solute-dislocation
interaction. The variation of interactions between dislo-
cations and various constituent atoms at different tem-
peraturesmaymodify the dragging of dislocations as well
as the creep activation energies in the viscous glide creep
region.

Conclusions

The present study demonstrated the transition of creep
mechanism fromclimb-to glide-controlled creep at inter-
mediate temperatures (535–650°C) in CoCrFeMnNi.
Influence of configurational entropy on the homoge-
neous distribution of atoms diminishes adjacent to a
dislocation because of its high strain energy. The reduc-
tion of dislocation line energy by segregation of atoms
with larger atomic size misfit is greater than the reduc-
tion of entropy, favoring the segregation of constituent
atoms. The climb to glide creep transition criterion was
used to predict the transition from the climb- to the
glide-controlled creep. The excellent agreement between
the experimental transition point of CoCrFeMnNi and
the theoretical transition point using the data of Cr sug-
gests that Cr is the most influential element to viscous
glide behavior at high stresses. The influential role of
Cr in the viscous glide creep at intermediate tempera-
tures is attributed to the large atomic size misfit of Cr
to relieve the dislocation line energy and the appropriate
diffusivity comparable to the dislocation velocity in the
glide-controlled creep.
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