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Nanoindentation experiments in the temperature (T) range of 298 and 573 K were performed to determine the
activation energy (Q) for the plastic flow in a nanocrystalline CoCrFeMnNi high-entropy alloy,whichwas synthe-
sized using high-pressure torsion. Amarked increase in Q from ~0.5 to ~1.8 eVwas observedwhen T is increased
from473 to 523K,which correspond to ~0.3 and ~0.34 Tm (Tm:melting temperature), respectively. Detailed anal-
ysis reveals that this transition is associatedwith the additional activation of the grain boundary diffusion mech-
anism in enhancing plasticity.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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High-entropy alloys (HEAs) or compositionally complex alloys
(CCAs), which are multicomponent alloys containing five or more
elements in (near-)equal atomic percent, have attracted significant re-
search interest over the past decade due to their simplemicrostructures
with interesting mechanical properties [1–4]. Recently, it has been re-
ported that the mechanical performance of HEAs can be further en-
hanced by reducing the grain size, d, to the nanocrystalline (nc)
regime with d b 100 nm [5–7]). One of the ways to obtain a nc HEA is
through the high-pressure torsion (HPT) process; it was reported that
d of CrMnCoFeNi HEA can be reduced from ~40 μm to ~40 nm [8–11]
via HPT. The mechanical behavior of such nc HEAs is also reasonably
well understood [8–12]; this was mostly accomplished by employing
small-volume mechanical testing techniques such as nanoindentation
and micro-pillar compression [10–13] due to the limited volume of tar-
get material available. In addition to hardness H and reduced modulus
Er, parameters such as the strain-rate sensitivity m and activation vol-
ume V*, which are essential for developing an understanding of the de-
formation mechanism, can be extracted via nanoindentation [10, 14,
15]. However, most of these studies are confined to room temperature
(RT). To the best of our knowledge, there is only one paper dealing
er), jijang@hanyang.ac.kr
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with high-temperature nanoindentation of nc HEA, in which Maier-
Kiener et al. [16] reported m and V* of a nc HEA. For a complete under-
standing of a material's thermally-activated plastic deformation pro-
cess, a good estimate of the activation energy Q for such flow, is also
essential. Keeping this in view, we performed high-temperature nano-
indentation experiments on a nc CrMnCoFeNi HEA processed by HPT
so as to estimate Q at various temperatures, T. The operating deforma-
tion mechanisms are interpreted on the basis of the data obtained.

The CoCrFeMnNi HEA (20 at.% for each element) used in this study
was prepared by arc-melting a mixture of pure metals (purity N99 wt
%) in a Ti-gettered high-purity Ar atmosphere. Disks of 10mmdiameter
and ~0.8 mm thickness were machined for the HPT process, which was
conducted at RT under an applied pressure of 6.0 GPa for a total of 2
turns using a rotational speed of 1 rpm. In the as-cast alloy, d is ~40
μm. Hence, it referred to as coarse-grained (cg) HEA hereafter. Upon
HPT, d reduces to ~38 nm [10, 11]. The surfaces of cg and nc specimens
were first mechanically polished with fine SiC paper (grit number up to
2000) and then electro-polished at 58 V for 20 s in a mixture of 90%
acetic and 10% perchloric acid at RT.

The nanoindentation experiments were performed using the
Nanoindenter G200 XP (Keysight Technologies, Santa Rosa, CA, USA)
operated with the continuous stiffness measurement (CSM) mode at
six different T of 298 (RT), 373, 423, 473, 523, and 573 K. A laser heating
stage (Surface Tec., Hückelhoven, Germany) and a Berkovich indenter
made of sapphire were utilized for the high T experiments. Both the
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tip and sample were independently heated by laser via an optical fiber;
details of this setup can be found in Refs. [17, 18]. This arrangement not
only minimizes the thermal drift (to b0.1 nm/s), but also allows for sta-
bilization of the contact temperature, guaranteeing, thus, a well-defined
homogeneous temperature distribution. The correction of the frame
stiffness and the calibration for tip area function were performed ac-
cording to the procedure outlined by Oliver and Pharr [19]. More than
10 tests were conducted for each of the testing conditions.

For evaluating the T-dependence of H, nanoindentation tests were

performed at a constant indentation strain rate, _εi ¼ h−1ðdh=dtÞ ,
where h is the indentation depth and t is time; the specimens were
loaded to maximum indentation depth hmax of 1700 nm at a constant
_εi of 0.025 s−1. In order to evaluate m and V*, the indentation strain-
rate jump (SRJ) tests were carried out. During these, the sample experi-
ences three different _εi (of 0.025, 0.008, and 0.0025 s−1) until hmax is
reached, as depicted in Fig. S1(a) of Supplementarymaterial. The inden-
tation impressions were imaged using atomic force microscopy (AFM),
XE-100 (Park System, Suwon, Korea).

Possible changes in themicrostructure of the high T testedHEAwere
investigated using transmission electron microscopy (TEM; JEM 2100F,
JEOL Ltd., Tokyo, Japan). For TEM specimen preparation, focused ion
beam (FIB) milling using a SCIOS (FEI Co., Hillsboro, OR) was utilized.
During TEM analysis, element mapping was performed using energy
dispersive X-ray spectroscopy (EDS).

Fig. 1a shows representative load-displacement (P-h) responses ob-
tained on cg and nc HEAs at a variety of T. With increasing T, the load at
Fig. 1. Results of the nanoindentation experiments: (a) representative P-h responses ob-
tained at different indentation strain rates for cg and nc HEAs and (b) the variation in
the hardness as a function of 1/T.
the maximum displacement Pmax decreases from ~130 mN at 298 K to
~100 mN at 573 K for cg HEA, while it changes from ~320 to ~220 mN
for nc HEA. The H was determined from CSM [19]; the variations of H
with 1/T are displayed in Fig. 1b. As expected, (i) H of nc HEA is much
higher than that of cg HEA at all T, which is due to the grain refinement
[9–11], and (ii) H decreases with increasing T in both cases. The T-
dependence of plastic flow resistance (represented by H here) of poly-
crystallinemetals and alloys can generally be described by the equation:
H = A exp (B/T), where A and B are material constants; B is often re-
ferred to as softening coefficient [14, 20]. While this equation describes
the cg HEA's responsewithin the entire T range examined, a bilinear re-
sponse in ln(H) vs. 1/T plot of nc HEA can be noted, with a significant
change in the slope occurring at ~473 K. Since the value of ∂(lnH)/∂(1/
T) is closely related to (although not exactly the same as) Q [14, 20],
the change in slope observed in Fig. 1b indicates a change in the nature
of deformation in nc HEA. This will be discussed later.

The material pile up characteristics around the indent can indicate
the nature of the plastic deformation; pronounced pile-up is often ob-
served in a material that does not strain harden considerably [21, 22].
The ratio of pile-up height hpile-up (measured with AFM) to residual dis-
placement hr (obtained from the P-h responses), hpile-up/hr, is plotted in
Fig. 2 as a function of T. In cg HEA, a linear, but marginal, decrease in
hpile-up/hr with T is noted. This observation suggests that work harden-
ing behavior of cg HEA is not affected in any significant manner by T.
The nc HEA's response is significantly different. At 298 K, the pile-up is
pronounced, which is possibly due to the lack of work hardening ability
in this HEA [12, 14].While hpile-up/hr decreases with increasing T, the re-
duction accelerates for T N 473 K, indicating a strong change in thework
hardening behavior.

The above changes in ∂(lnH)/∂(1/T) andwork hardening behavior at
a T of ~473 K suggest a transition in the deformation mechanism of nc
HEA. Before discussing that and to rule out the possibility ofmicrostruc-
tural instability being the reason for the observed transition, the results
of TEM analysis performed on the nc HEA sample that was tested at
573 K are presented (Fig. 3). The bright-field (BF) image exhibits a nc
microstructure with d ~36 nm, which is consistent with the initial
grain structure with d ~38 nm [10, 11]. Elemental mapping of the im-
aged area using EDS indicates homogeneous distributions of constituent
elements, i.e., no obvious segregation or clustering can be seen. These
Fig. 2.Representative AFMdata (for cg andncHEAs) and the variations inpile-up ratio as a
function of T.



Fig. 3. Results of the TEM analysis: bright-field image and corresponding EDS maps of nc HEA which was subjected to nanoindentation at 573 K prior to TEM.
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results lead us to conclude that the nc HEA is structurally stable within
the T range examined.

To ascertain the dominant deformation mechanism(s) in nc HEA, a
series of SRJ tests were performed on ncHEAs at various T in order to es-
timate m ¼ ∂ð lnH=∂ ln _εiÞε;T and V� ¼

ffiffiffi

3
p

CkTð∂ ln _εi=∂HÞ, where C is
the constraint factor (~3) for fully-plastic deformation [23] and k is the
Boltzmann constant. Representative P-h curves for nc HEAs obtained
from SRJ tests were displayed in Fig. S1 of Supplementary material, in
which the corresponding H-h curves are also shown. The variations in
m and V* as a function of T for ncHEAs are summarized in Fig. S2 of Sup-
plementary material (the reason for placing these data in Supplemen-
tary material is that Maier-Kiener et al. [16] have reported such data
for an nc HEA with the same composition). The value of m remains al-
most constant (~0.015) until 423 K and increases from 473 K onwards
with T. In contrast, V* has a peak at 423 K. These trends are in a good
agreement with the data reported by Maier-Kiener et al. [16], while a
slight difference in the absolute values can be noted. Although these re-
sults do indicate a possible change in the deformation mechanism, they
are insufficient to confirm a mechanistic transition whereas, Q, being a
thermodynamic parameter for the thermally-activated plastic flow can
provide such confirmation.
Generally, in the Arrhenius-type constitutive law for T-dependent
plastic strain rate, _ε ¼ _ε0 expð−Q=kTÞ, where _ε0 is a pre-exponential
constant, the barrier Q is described as the stress-dependent Gibbs free
energy for the activation of flow. While is given as – T
(where and are activation enthalpy and entropy, respectively),

for plastic flow tends to be very small and hence often ignored
(e.g., 0.0004 eV/K for Cu with d ~18 μm [24]). Thus, for plastic deforma-
tion, is often assumed to be equal to [24, 25]. By applying the def-
inition of = − T(∂ / ∂T) to Arrhenius-type equation, can be
determined as [24–26]:

ð1Þ

and with V� ¼
ffiffiffi

3
p

CkTð∂ ln _ε=∂HÞ,

ð2Þ

Fig. 4 summarizes the T-dependence of the apparent activation
enthalpy , estimated using Eq. (2), for nc HEA. For T ≤473 K



132 D.-H. Lee et al. / Scripta Materialia 156 (2018) 129–133
(~0.3Tm), is ~0.5 eV. This barrier can be re-cast as “normalized ac-
tivation enthalpy” /μb3 (where shear modulus μ and length of
Burger's vector b are ~80 GPa [27] and ~0.25 nm [10], respectively,
for this alloy) of ~0.06. This is much lower than those reported
(0.2–1.0) for low-T dislocation plasticity that typically is controlled
by the forest dislocation interactions [28]. Such a low activation bar-
rier suggests that deformation is governed by grain boundary (GB)-
mediated dislocation activities such as the emission of partial or per-
fect dislocations from GBs, for which the activation barrier is ex-
pected as 0.7–1 eV [26, 29–31]. Recently, Lin et al. [32] conducted
in-situ high-resolution TEM analysis of GB dislocation activities in
an HPT-processed nc CoCrFeMnNi HEA and reported that Frank par-
tial dislocations at GBs were relaxed by emitting Shockley partials
and the emitted partials glide into the grain under e-beam irradia-
tion. Such an easy activation of the partial dislocation emission in
nc HEA [32] agrees well with our measurements of low and sug-
gests that the plastic deformation in nc HEA below a T of 473 K may
be primarily governed by such a mechanism.

From Fig. 4, a marked and sharp increase in from ~0.5 to ~1.8 eV
for T N 473 K can be noted. This relatively high approaches that of GB
diffusion of Ni in CoCrFeMnNi HEA, ~2.3 eV [33]. In addition, since T
~523 K corresponds to relatively high homologous temperature (~0.34
of Tm), it is reasonable to expect more pronounced GB diffusion. This
can be related with a large volume of non-equilibrium GBs in HPT-
processed ncHEA [9]; suchGBs contain a high concentration of extrinsic
dislocations giving a larger excess free energy, and hence exhibit en-
hanced diffusivities (or lower activation barrier) compared to typical
GBs [34, 35]. For T N 473 K, the values of m (up to ~0.03) and V*
(~20b3) (see Fig. S2) suggest that GB diffusion-related phenomena
(such as Coble creep and GB sliding which are expected to show much
higher m values and lower V* values) may not be predominant, but
they may still play some role in the plastic deformation. For instance,
diffusive transport across GBs may promote GB-mediated dislocation
activity such as dislocation nucleation, climb, and annihilation at GBs
that often are aided by diffusion, GB sliding, and grain rotation [36,
37]. In this context, it is interesting to note that Maier-Kiener et al.
[16] report a further increase in m (to 0.1) and a commensurate drop
in V* to b10b3 at 673 K, indicative of an even more prominent role of
GB diffusion at that T. On this basis, we can conclude that the hot defor-
mation of nc HEA at T ≥473 K, can be enhanced by GB diffusion while
still being governed by GB-mediated dislocation activity. Thus, the
sharp change in the deformation behavior of nc HEA observed for T
above 473 K can be attributed to the enhanced plasticity due to GB
diffusion. It is noteworthy that although GB diffusion becomes more
pronounced above 473 K, this nc HEA did not exhibit noticeable grain
growth within the examined T range (see Fig. 3). It is known that for
Fig. 4. Variations of the apparent activation enthalpy of nc HEA with T.
conventional nc Ni, appreciable grain growth occurs above 0.27Tm [38,
39]. Good thermal stability of nc HEAs has been often reported and ra-
tionalized by sluggish diffusion and/or the segregation-induced GB en-
ergy reduction [40, 41]. Since GB segregation is absent in the present
nc HEA (Fig. 3), sluggish diffusionmay play a crucial role in its excellent
thermal stability.

In summary, the activation energy for the plastic flow of HPT-
processed nc CoCrFeMnNi HEA was investigated through high-
temperature nanoindentation experiments, results of which show that
there is a sudden increase in the barrier from ~0.5 to ~1.8 eV at a T of
473 K. It was revealed that this increase is not caused by themicrostruc-
tural instability but by the change in deformation mechanism,
i.e., enhanced plasticity due to GB diffusion at high T.

The work at Hanyang University was supported by the National Re-
search Foundation of Korea (NRF) grants funded by the Ministry of Sci-
ence and ICT (No. 2015R1A5A1037627 and No. 2017R1A2B4012255).
The work at Karlsruhe Institute of Technology was supported by the
Deutsche Forschungsgemeinschaft DFG (German Research Foundation)
under grant number SCHW 855/6-1 within the priority program SPP
2006 “Compositionally Complex Alloys - High Entropy Alloys (CCA-
HEA)”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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