
A Survey of Nanoindentation Studies on HPT-Processed
Materials

In-Chul Choi and Jae-il Jang*

The development of high-pressure torsion (HPT) processing has increased the
possibility for achieving significant grain refinement, which leads to a material’s
ability to produce ultrafine-grained or nanocrystalline materials having enhanced
strength without a large expense of ductility at room temperature. Since the
applied strain is locally changed across the sample disc during HPT, the micro-
structure and thus mechanical properties vary within the disc. Recently, as a
promising tool for characterizing the mechanical behavior of the local regions
within the disc, the nanoindentation technique becomes widely used mainly due
to its simple and easy testing procedures and the requirement of only small
volume of material. The nanoindentation technique provides important clues to
better understand the relation between microstructural refinement and mechani-
cal property enhancement of the HPT-processed materials. Here, the nanoin-
dentation studies performed on various HPT-processed materials are reviewed
with focus on a variety of micromechanical properties that can be estimated by
nanoindentation and the interesting results are reported in the available
literature.

1. Introduction

The grain size, d, is one of the most important microstructural
scales to determine the mechanical properties of a polycrystalline
material. It is well accepted that most materials with smaller d
exhibit superior strength σ for either yielding (σy) or plastic flow
(σf ), generally in a way of so-called Hall–Petch relation[1,2]

σ ¼ σ0 þ kH�Pd�0.5 (1)

where σ0 is the friction stress that is free from grain boundary
(GB) contributions, and kH–P is a material constant that is often
referred to as the locking parameter or Hall–Petch coefficient.
Following this relation, ultrafine-grained (ufg) materials
(having d in the range of 0.1–1 μm) and nanocrystalline (nc)

materials (with d≤ 100 nm) are known
to show significantly enhanced strength.[3]

In addition, compared with conventional
coarse-grained (cg) counterparts, ufg and
nc materials are reported to possibly show
increased superplastic formability at high
temperature and/or high strain.[4,5] Thus,
structural materials with smaller d are attrac-
tive for various industrial applications.[6,7]

One of the popular ways to produce ufg
and nc materials is introducing exception-
ally high strain on bulky single-crystal (sx)
or cg materials, which is so-called severe
plastic deformation (SPD) process.[8–10]

The high dislocation density induced by
high straining results in microstructural
rearrangement and the forming of an
array of GBs. Several SPD techniques
are now available such as equal-channel
angular pressing (ECAP),[11] high-
pressure torsion (HPT),[12] accumulative
roll-bonding (ARB),[13] multi-directional

forging (MDF),[14] and twist extrusion (TE).[15] Among these
SPD techniques, the HPT processing leads to exceptional level
of grain refinement that is not generally achieved by other pro-
cedures.[16–23] The major advantage of the HPT process is that
bulk ufg and nc materials can be produced without involving
any major changes in the overall dimensions of the work-
pieces, some degree of residual porosity, and undesirable
crack.[3,18,21–24] These HPT-processed ufg and nc materials
show a remarkable combination of superior strength and good
ductility which results from significant increase in the fraction
of high-angle GBs.[3,4,7,9,10,17,18,21,22] Such high fraction of GBs
can also change the predominant deformation mechanisms in
ufg and nc.[24]

The equivalent strain applied to a HPT disc (which has gen-
erally a diameter of 10mm and a thickness of �0.8mm) can be
calculated as[22,25,26]

εeq ¼
1ffiffiffi
3

p 2πNr
tD

(2)

where r is the distance from the disc center, N is the number of
revolutions, and the tD is the thickness of the disc. Since the
strain proportionally varies with r, the microstructure and thus
mechanical properties change within the 10-mm-diameter disc.
Such local gradient makes it difficult to evaluate the mechanical
properties of the HPT-processed disc by performing standard
tension tests which inevitably require a larger volume of testing
material. One possible way to overcome this limitation is
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nanoindentation experiment. Its great success is due in part to
the simple and easy testing procedure and the requirement of
only small volume of a material. It has been also reported that
various mechanical properties beyond hardness and reduced
modulus can be extracted only from the load (P) versus displace-
ment (h) curves without additional characterization, which will
be introduced below. Furthermore, nanoindentation testing
at elevated temperatures is now feasible due to the advances
in thermal management techniques.[27] All these advantages
make nanoindentation technique a strong tool for estimating
the mechanical responses of selected location within the HPT-
processed disc,[10] and indeed nanoindentation experiments have
continuously played a major role in understanding the deforma-
tion mechanisms of HPT-processed materials. Here, nanoinden-
tation studies on various HPT-processed metals and alloys are
reviewed with focus on both properties that can be estimated
by nanoindentation and the interesting results are reported in
the literature.

2. Evolution of Hardness during HPT Processing

The fundamental goal of nanoindentation test is to precisely esti-
mate the hardness,H, which is also useful for further analysis of
time- or temperature-dependent deformation as discussed
below. The widely usedmethod to estimate theH value of a mate-
rial from its P–h curve diagram was proposed by Oliver and
Pharr.[28,29] The H is determined as

H ¼ Pmax

Ac
(3)

where Pmax is the maximum load and Ac is the projected contact
area that is a geometrical function of the contact depth, hc. It was
reported that even at a given number of revolutions, the equiva-
lent strain of Equation (2) can depend not only on a distance from
the disc center but also on that from the disc surfaces.[30] If so, for
an accurate interpretation of obtained nanoindentation data, it
may be also necessary to define the through-thickness coordi-
nates of the testing position. Nevertheless, in general, this issue
is not seriously considered because the ratio of the maximum
nanoindentation displacement to the disc thickness (hmax/tD)
is very small.

Figure 1 shows nanoindentation results obtained from ufg
ZK60 Mg alloy processed by HPT.[31] With increasing N, the
sizes of the material’s bi-modal microstructure are decreased
by dynamic recrystallization (DRX) where the concentration of
deformation occurs across the new fine grains.[32] In Figure 1,
both H values from nanoindentation and Vickers hardness tests
show a consistent trend; i.e., H increases rapidly in the early
stages of HPT process and thereafter saturates toward the maxi-
mum values due to abundant GB strengthening. The higher val-
ues were recorded for nanoindentationH compared with Vickers
H due to the indentation size effect (ISE), i.e., the H value
increases significantly with decreasing h at very shallow depths
for nanoindentation with a geometrically self-similar sharp
indenter.[33–35]

From nanoindentation tests, it is also possible to estimate the
kH�P of Equation (1) based onH data with different d induced by
HPT processing. For example, it was reported for face-centered

cubic (fcc) structured CoCrFeMnNi high-entropy alloy (HEA)
processed by HPT.[36] As shown in Figure 2, it is apparent that
higher H values were recorded for smaller d, which is exactly
following Hall–Petch relationship. The estimated value of
kH�P for the HEA, �27.7MPa(mm)1/2, is higher than for
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Figure 1. Variation in H of ZK60 Mg alloy as a function of N which is
compared with Vickers microhardness. Reproduced with permission.[31]

Copyright 2014, Elsevier Ltd.
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conventional fcc metals where the upper bound value of kH�P is
�19.0MPa(mm)1/2.[36] This means that the HPT-induced signif-
icant hardening in the HEA is mainly due to grain refinement
rather than by any other strengthening mechanism including
dislocation strengthening.

On the contrary, some ufg materials were reported to exhibit
the opposite behavior to Hall–Petch relation; i.e., softening
behavior with reducing d. An example is the HPT-processed
Zn–22%Al eutectoid alloy which consists of a binary microstruc-
ture with an Al-rich phase and a Zn-rich phase.[37,38] Although
the edge region (i.e., highest strain region) of the HPT-processed
disc shows a significant grain refinement to �350 nm, the mea-
sured nanoindentation H decreases with increasing N at any
given indentation strain rate, as shown in Figure 3. The reason
for the softening can be roughly categorized into two group.[39–42]

First, the strain weakening behavior observed in the alloys having
lowmelting temperatures (such as Zn-22%Al alloy[40] and the Pb-
62%Sn alloy[41]) generally results from a significant reduction in

the hard precipitates under severe straining by HPT.[39] Another
case of softening behavior was reported for high-purity metals
where strain hardening occurs in the very early stage of deforma-
tion and then softening follows. This softening is possibly due to
the easy cross-slip and microstructural recovery.[42]

3. Elastic-to-Elastoplastic Transition Behavior

Nanoindentation testing with a spherical (or blunt) indenter tip
makes it possible to estimate the critical shear stress for the incip-
ient plasticity (i.e., yielding or elastic-to-elastoplastic transition) of
HPT-processed materials.[31,43,44] The inset graph of Figure 4
shows an representative example of a P–h curve recorded during
spherical indentation of a HPT-processed ufg ZK60 Mg alloy. At
relatively low P, the loading part of the curve (blue-colored, open
circle) is completely reversed upon unloading, indicating that the
deformation is perfectly elastic. Each curve exhibits so-called
“pop-in” that is sudden displacement excursion from the elastic
P–h curve following Hertzian contact theory[45]

P ¼ 4
3
Er

ffiffiffiffi
R

p
� h

3
2 (4)

where R is the spherical indenter radius and Er is the reduced
modulus that accounts for the fact that elastic deformation occurs
in both the indenter and the sample.[28,29] The value of R can be
verified by using Equation (4) after performing indentations on a
sample with a known Er (such as fused silica or tungsten).

The maximum shear stress at the first-pop-in, τmax, represents
the critical shear strength for the onset of plasticity in the
indented material. Since the pop-in occurs at the elastic curve
following elastic contact theory, the magnitude of the τmax can
be easily calculated as[45]

τmax ¼ 0.31
�
6E2

r

π3R2 P
�1

3

(5)

The estimated values of τmax in the literature are often in the
same order as the theoretical shear strength of a defect-free mate-
rial.[45,46] The HPT-processed ZK60 Mg alloy shows that the

Figure 2. Change in H as a function of d in the CoCrFeMnNi HEA system.
Reproduced with permission.[36] Copyright 2015, Materials Research
Society.

Figure 3. Hardness variation of HPT-processed Zn-22%Al alloy with
increasing N. Reproduced with permission.[37] Copyright 2013, Elsevier
Ltd.

Figure 4. Cumulative probability distribution of the maximum shear
strength (τmax) of HPT-processed ufg ZK60 Mg alloy with increasing N
(with the inset image showing representative P–h curves with pop-ins).
Reproduced with permission.[31] Copyright 2014, Elsevier Ltd.
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average τmax increases to a saturation level of almost �G/15
where G is its shear modulus.[31]

Since these τmax values generally exhibit wide fluctuations due
to the complex inhomogeneities in a material, statistical analysis
of the pop-in data may be essential to shed light on underlying
yielding mechanisms.[44,47] On this basis, the cumulative distri-
bution function of pop-in events can be described as a function of
the shear stress beneath the indenter, τ:[47,48]

f ¼ 1� exp
�
� kT γ̇0
V*y ðdτ=dtÞ

� exp
�
�ΔF*

kT

�
� exp

�
τV*y
kT

��
(6)

where k is the Boltzmann constant, T is the absolute tempera-
ture, γ̇0 is the attempt frequency (that is the frequency of the fun-
damental mode vibration along the reaction pathway), ΔF* and
Vy

* are the Helmholtz activation energy and volume of the pop-in
event, respectively. Then, at τ¼ τmax, Vy

* can be estimated from
the slope of ln [ln (1� f )�1] versus τmax plot, which provides the
crucial information about the thermally assisted, stress-biased
yielding mechanisms. According to the cumulative distribution
of τmax for the HPT-processed ufg ZK60 alloy in Figure 4, all sam-
ples exhibit Vy

*�1b3 which corresponds to the yielding by hetero-
geneous dislocation nucleation.[31,44,48] The measured Vy

*

remains constant with increasing N, demonstrating that the
inherent mechanisms of yielding remain unchanged by
HPT.[31] This phenomenon is reasonable because the sizes of
the highly stressed zones beneath the spherical indenter are
smaller than the averaged d in the HPT-processed discs.

4. Stress–Strain Response for Plastic Flow

For practical applications of ufg and nc materials developed with
the aid of HPT, it is essential to capture the variation in consti-
tutive stress–strain behavior with d within the HPT-processed
discs. In this regard, a promising way to estimate stress–strain
behavior (especially for a relatively large plastic regime) can be
nanoindentation tests with several triangular pyramidal inden-
ters having different values of “sharpness” that can be identified
by centerline-to-face angle, ψ. Since a sharper indenter induces a
larger strain in the material, indentations made with different ψ
allow a systematic evaluation of the stress–strain response and
work-hardening exponent. An example is shown in Figure 5a that
provides representative P–h curves of the HPT-processed
CoCrFeMnNi HEA without and with annealing treatment at
723 K for 1 h (HPTþ 1A) and 10 h (HPTþ 10A). The H value
obtained from the curve can be converted into σf by using the
Tabor’s well-known empirical relationship[49]

H ¼ Cθ � σf (7)

where Cθ is the constraint factor and θ is the half-angle of a
“conical” indenter. The value of Cθ is typically in the range of
�2.6–3.0 for metallic materials in the fully plastic regime of
indentations but also depends on both θ and the level of plasticity
attained underneath the indenter. By assuming that identical
indentation responses are obtained when h gives the same
area-to-depth ratio as the pyramid, the relation between ψ and
θ is given as[50–52]

θ ¼ tan�1

 ffiffiffiffiffiffiffiffiffi
3
ffiffiffi
3

p

π

s
tanψ

!
(8)

Following Equation (8), e.g., a ψ of 65.3� for Berkovich
indenter corresponds to a θ of 70.3�. The characteristic strain
(εchar) for each sharp indenter geometry is defined as[45]

εchar ¼ 0.2� cot θ (9)

By applying Equation (7–9), the plastic flow behavior of the
indented samples can be simply estimated as shown in
Figure 5b.[52] Although there is a slight difference in stress pos-
sibly due to the ISE,[34] the estimated stress–strain response of
cg (as-cast) HEA sample is in reasonably good agreement with
the result from tensile testing.[52,53] It is interesting to find that
all HPT-processed nc HEA samples exhibit strain-softening
behavior which is opposite to the work hardening of the cg
sample. Strain-softening phenomena have been frequently

Figure 5. a) Typical P–h curves of the HPT-processed CoCrFeMnNi sam-
ples without and with annealing treatment at 723 K for 1 h (HPTþ 1A) and
10 h (HPTtþ 10A), which are obtained from nanoindenetation testing
with sharp indenter tips having five different ψ (with the inset image show-
ing the curves for as-cast sample). b) The variations in σf with εchar for as-
cast CoCrFeMnNi HEA and HPT-processed nc CoCrFeMnNi HEA with or
without isochronal annealing. The tensile test data for the as-cast HEA[53]

is also shown for comparison purposes. Reproduced with permission.[52]

Copyright 2017, Elsevier Ltd.
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observed in tensile and compressive tests of nc and ufg materi-
als because of a variety of possible mechanisms such as exten-
sive dynamic recovery, DRX, and the existence of residual
internal stress in GBs.[52] An important feature in Figure 5b
is an increase in the amount of the softening with the annealing
time, which indicates that additionally possible mechanisms
may be at work in the strain softening of the annealed HPT
samples. For the additional strain softening, the deformation-
assisted dissolution of the precipitates can be one of the rea-
sons, which is rationalized in consideration of the increase
in interface energy.[52] In addition, there can be substantial
atomic diffusion through the high fraction of GBs in the
annealed nc HEA.

5. Rate-Dependent Plasticity

The enhancement in ductility can be introduced in ufg and nc
metals by the sustained plasticity through activating grain-
boundary sliding (GBS), GB-mediated mechanism, and diffu-
sion. In this regard, numerous nanoindentation studies have
been performed to demonstrate the rate-dependent plasticity
of various HPT-processed materials. Two important indicators
for the rate-dependent plastic deformation, i.e., the strain-rate
sensitivity (m) and activation volume (V*), can be estimated by
nanoindentation tests in two different methods: multiple con-
stant strain-rate (CSR) tests and single strain-rate jump (SRJ)
tests. According to phenomenologically modelled power–law
response between H and indentation strain rate, ε̇i,

[50] the
m value can be determined at a given ε and T by[31,51,54]

m ¼
�
∂ ln σf
∂ ln ε̇

�
ε,T

¼
�
∂ lnðH=CθÞ
∂ lnð0.01ε̇iÞ

�
ε,T

(10)

Note that strain rate ε̇ and the indentation strain rate ε̇i are
related through the empirical relation ε̇ � 0.01ε̇i.

[50] Thus, the
variation in m can be estimated from slopes of the double loga-
rithmic plots ofH/Cθ versus ε̇i, as displayed in an inset image of
Figure 6.[37] The second important parameter for the rate-

dependent deformation is the apparent activation volume for
plastic deformation, V*[31,37,51,54–56]

V* ¼
ffiffiffi
3

p
kT
�
∂ ln ε̇
∂σ

�
�

ffiffiffi
3

p
kT
�

∂ ln ε̇i
∂ðH=CθÞ

�
(11)

These rate-sensitive parameters must be carefully interpreted
to determine the thermally activated deformation mechanism
because the m and V* values can vary with applied strain rate,
induced strain, temperature, and microstructure.

As listed in Table 1 that summarizes the m value obtained
from HPT-processed materials, grain refinements in fcc materi-
als (such as pure Al,[57] pure Au,[58,59] CoCrFeMnNi HEA,[36,60–62]

and (CoCrFeNi)94Ti2Al4 HEA[63]), hexagonal close-packed (hcp)
materials including ZK60 Mg alloy[31], and micro-duplex alloys

Figure 6. Variation in strain-rate sensitivity (m) of Zn-22%Al alloy with
increasing the total number of torsional revolution N. The inset image
is the double logarithmic plots of H/Cθ versus ε̇i. Reproduced with per-
mission.[37] Copyright 2013, Elsevier Ltd.

Table 1. Summary of strain-rate sensitivity (m) values for HPT-processed
ufg and nc materials, which were estimated from nanoindentation tests at
various temperatures.

Materials
Grain size,
d [μm]

Temperature, T
[oC]

Strain-rate
sensitivity, m Ref.

Pure Al 1.2 RT 0.030 [57]

Pure Au 0.325 RT 0.050 [58]

0.291 RT 0.016 [59]

100 0.033

200 0.152

300 0.152

400 0.124

Pure Cr 0.300 RT 0.020 [65]

100 0.017

200 0.026

Al-30%Zn 0.380 RT 0.220 [57]

Zn-22%Al 0.350 RT 0.226–0.256 [37]

Al-Mg 0.190 RT <0.01 [64]

ZK60 Mg alloy 20 & 2–3 RT 0.048 [31]

CoCrFeMnNi HEA 0.059 RT 0.031 [36]

0.038 RT 0.025

0.050 RT 0.018 [60,61]

50 0.017

100 0.017

150 0.017

200 0.019

300 0.028

400 0.081

0.038 RT 0.015 [62]

100 0.015

150 0.015

200 0.017

250 0.019

300 0.028

(CoCrFeNi)94Ti2Al4 HEA 0.062 RT 0.039 [63]

0.024 RT 0.042
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(such as Zn-Al alloy[37,57] and Al-Mg alloy[64]) generally lead to an
enhanced m value in comparison with that of cg materi-
als.[31,37,57,58,63] This trend is clearly seen in Figure 7a, where
the m values are given as a function of d. Figure 7b exhibits
the change in m with testing temperature. As one can expect,
the m value increases with the temperature.

Especially, as shown in Figure 3 and 6, the Zn-Al alloy[37]

with relatively high ductility and low melting point shows a sig-
nificant rate-dependency on the H value which becomes more
pronounced after HPT; i.e., the m value of the as-annealed
sample increases dramatically up to �0.26 after the HPT pro-
cess. Through analysis of the nanoindentation impressions
(Figure 8), these enhanced m values are affected by the
shear-off behavior by GBS which is apparent in the pile-up
region due to the different microstructural size.[37] However,
the calculated values of V* are almost constant as �8.5–11.4b3

which suggests GBS as the predominant deformation mecha-
nism for both the unprocessed and HPT-processed samples.

In contrast to fcc- or hcp-structured materials, the m value of
body-centered cubic (bcc) structured Cr has an opposite depen-
dency on grain refinement. Upon HPT processing for producing
ufg Cr, the m value is significantly decreased compared with the
sx counterpart (m� 0.07).[65] The pronounced rate-sensitive
deformation behavior in bcc metals is closely related to the

athermal stress which affect a limited mobility of screw disloca-
tions due to their non-planar dislocation core structure.[65,66] The
reducedm value of bcc metals is caused by the strongly enhanced
athermal stress component due to the increase in volume frac-
tion of GBs by HPT processing.

6. Room-Temperature Nanoindentation Creep
Behavior

In the HPT-processed ufg and nc materials, the large fraction of
GBs is considered to be in a non-equilibrium state due to their
excess extrinsic dislocations, higher energy, and larger free vol-
ume or vacancy concentration than in common GBs in cg mate-
rials.[67] Therefore, it is possible that HPT-processed materials
exhibit diffusion-related deformation processes such as creep
even at relatively low temperatures such as room temperature
(RT). Usually, the constant-load nanoindentation test is widely
used for evaluating the creep deformation because of its close
resemblance of load scheme (load-hold at peak load) to that in
the conventional uniaxial creep test; the sample is quasi-statically
loaded to a predetermined peak load, then the load is held con-
stant, and the increase in h with holding time, t, is monitored.
From the h versus t data, the change in σf with t can be estimated.
To estimate the displacement rate (dh/dt), which is required for
computing the indentation strain rate for the creep regime,
ε̇i ¼ ðdh=dtÞ=h, the h–t data is fitted with an empirical equa-
tion[68,69]

hðtÞ ¼ h0 þ Atκ þ Bt (12)

where h0 is the indentation depth at load-hold at peak load, and A,
B, and κ are fitting constants. In creep test, the steady-state creep
strain rate, ε̇ss, is sensitive to the applied stress, σ, and varies
according to ε̇ss ∝ σn, where n is the creep stress exponent.

Figure 7. Variation in the strain-rate sensitivity (m) of various materials
with a) grain size and b) testing temperature.

Figure 8. SEM images on morphology around impressions after nanoin-
dentation experiments a) as-annealed Zn-22%Al sample without HPT and
the alloy with HPT straining for b) 1 turn, c), 2 turns, and d) 4 turns.
Reproduced with permission.[37] Copyright 2013, Elsevier Ltd.
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Thus, the n value can be obtained by plotting σ versus ε̇ss on a
log–log scale.

In many studies, the indentation creep behavior has been ana-
lyzed through the tests with a “sharp” tip.[41,59] However, these
results have to be analyzed carefully because there are some crit-
ical issues related to the sharp tip geometry. Detailed explana-
tions for the issues are introduced elsewhere.[54] To solve the
issues related to sharp tip geometry, nanoindentaion creep tests
with a “spherical” tip were performed on the HPT-processed
CoCrFeMnNi HEA.[67] In spherical indentation, both the εchar
and the σf (i.e.,H) at the onset of creep can be changed by varying
the applied Pmax. As shown in Figure 9, creep deformation
indeed occurs in both cg and nc HEAs even at RT, and it is more
pronounced with increasing Pmax. From the variations in ε̇ss with
σf for nc and cg HEAs summarized in Figure 10a, n was deter-
mined as �1 for the nc HEAs and �3 for the cg HEA. This
implies that the creep is mainly governed by diffusion-related
mechanism in nc HEAs while the creep deformation of the
cg HEA is primarily controlled by dislocation-mediated mecha-
nism. Moreover, further insight into the creep mechanism
can be obtained by calculating the value of V* according to
Equation (11). For instance, the V* for nc HEAs is smaller than
V* of cg HEA as shown in Figure 10b. Since the influence of GB

diffusion on ε̇ss of nc HEAs is significantly larger than that of
lattice diffusion, creep deformation of nc materials is mainly
governed by GB diffusion and its related deformation mecha-
nisms such as Coble creep, GB sliding, GB migration, and
GB rotation. In addition, through comparison of a theoretical
creep rate between fcc-structured nc HEA and conventional nc
metal having fcc structure (i.e., Ni), it was revealed that the creep
resistance of nc HEA is significantly enhanced by sluggish dif-
fusion which is distinct characteristics of HEAs.

7. Apparent Activation Energy

Since all mechanical properties characterized by nanoindenta-
tion can strongly depend on testing temperature (Figure 7b),
nanoindentation tests at various temperatures can provide some
important information for high-temperature (HT) applications of
structural materials.[27,59,61,62] Keeping this in view, several HT
nanoindentation experiments have been performed on the
HPT-processed ufg and nc materials.[58,59,61,62] In the early

Figure 9. Strain rate versus holding time (with the inset showing creep
strain versus holding time). a) nc HEA for d� 33 nm and b) cg HEA
for d� 46 μm. Reproduced with permission.[67] Copyright 2016, Elsevier
Ltd.

Figure 10. a) Double logarithmic plot between quasi-steady state (QSS)
creep strain rate and stress where the slope corresponds to the creep
stress exponent, n, and b) logarithmic strain rate versus linear stress rela-
tion to estimate the activation volume V* for creep. Reproduced with per-
mission.[67] Copyright 2016, Elsevier Ltd.
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HT nanoindentation studies on HPT-processed materials, most
research was focused on the temperature dependency on various
mechanical properties, such asH,m, n, and V*. Above all things,
the HT nanoindentation makes it feasible to completely under-
stand a material’s thermally activated plastic deformation process
through estimating the apparent activation energy, Q. The
Boltzmann-type constitutive law for temperature-dependent plas-
tic strain rate is given as

ε̇ ¼ ε̇0 expð�Q=kTÞ � ε̇0 expð�ΔH =kTÞ (13)

where ε̇0 is a pre-exponential constant and the Q is described as
the stress-dependent Gibbs free energy ΔG for the activation of
flow. Since the entropy for plastic flow tends to be very small, ΔG
is often assumed to be equal to the apparent activation enthalpy,
ΔH .[70] Then, ΔH can be determined as[62,71]

ΔH ¼ �kT2 ∂ lnðε̇=ε̇0Þ
∂T

� �kT2 ∂ ln ε̇i
∂H

� ∂H
∂T

¼ �T
V*ffiffiffi
3

p
Cθ

�
∂H
∂T

�
¼ HV*ffiffiffi

3
p

CθT
� ∂ lnH

∂ð1=TÞ
(14)

Typically, a relatively lowΔH estimated by using Equation (14)
suggests that deformation is governed by GB-mediated disloca-
tion activities such as the emission of partial or perfect disloca-
tions from GBs, for which the activation barrier is expected as
0.7–1 eV.[62,71] The relatively high ΔH (�2 eV) approaches that
for GB diffusion mechanisms, which can be related with a large
volume of non-equilibrium GBs in HPT-processed nc
materials.[72]

Figure 11a shows the variations in H with 1/T of cg and nc
CoCrFeMnNi HEAs. Due to the grain refinement, the H value
of nc HEA is much higher than that of cg HEA at a given tem-
perature.[62] In contrast to cg HEA’s response within the whole
temperature range, nc HEA shows a bilinear response in ln(H)
versus 1/T plot with a considerable change in the slope at
�473 K. Although the sudden changes in the m value also
observed from 473 K onward with T (Table 1), these variations
are not sufficient to confirm amechanistic transition, which indi-
cate a possible change in the deformation mechanism.[61,62] A
transition in the thermally activated deformation mechanism
of nc HEA is described by estimating the ΔH from the change
in slope observed in Figure 11a. As shown in Figure 11b, the
estimatedΔH for T≤ 473 K (�0.3Tm) is relatively low which sug-
gests that deformation is governed by GB-mediated dislocation
activities such as the emission of partial or perfect dislocations
from GBs.[71] Then, for T> 473 K (�0.3Tm), there is a marked
and sharp increase in ΔH . This relatively high value approaches
that for GB diffusion of Ni in CoCrFeMnNi HEA,[73] which may
be closely related to a large volume of non-equilibrium GBs in
HPT-processed nc HEA.[62,72]

8. Conclusions

To enhance the mechanical properties through grain refinement
from sx or cg to ufg or nc, various SPD processes have been pop-
ularly performed. Compared with other SPD techniques, the
HPT processing leads to exceptional grain refinement in a

material due to very high straining. For better understanding
of the relation between refined microstructure and mechanical
behavior of HPT-processed materials, the nanoindentation tech-
nique has been widely used under various rate and temperature
conditions, which makes it possible to estimate various mechan-
ical properties of the local regions within a HPT disc. This review
focused upon the results of nanoindentation study for HPT-
processed materials with the following aspects: 1) Due to a GB
strengthening induced by HPT processing, the measured H val-
ues of most materials increase with increasing N. However,
some commercial metals and alloys show the strain weakening
that results from either a significant reduction in the hard pre-
cipitates or the microstructural recovery under severe straining
by HPT. 2) Nanoindentation testing with a spherical tip makes it
possible to examine elastic-to-elastoplastic transition behavior of
HPT-processed materials, which is observed as pop-in(s) during
loading sequence. The statistical analysis of the pop-in data may
shed light on underlying inherent mechanisms for the incipient
plasticity of the HPT-processed materials. 3) Through

Figure 11. Results of the HT nanoindentation experiments on HPT-proc-
essed nc CoCrFeMnNi HEA: a) the variation inH as a function of 1/T of nc
and cg HEA; b) the variations of the apparent activation enthalpy, ΔH , of
nc HEA with T. Reproduced with permission.[62] Copyright 2018, Elsevier
Ltd.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 22, 1900648 1900648 (8 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


nanoindentation tests with a variety of sharp tips having different
sharpness, it is possible to show the constitutive stress–strain
behavior for the large plastic regime of HPT-processed materials.
4) To investigate the rate-dependent plastic deformation which is
related with enhancement in ductility of ufg and nc materials
processed by HPT, them and V* values can be estimated by using
nanoindentation tests. The obtained m and V* is feasible for bet-
ter understanding of thermally activated plastic deformation
including superplasticity of HPT-processed materials. 5) Since
ufg and nc materials processed by HPT include the substantial
fraction of GBs, diffusion-related deformation, such as creep, can
occur even at RTs. A nanoindentation test with a spherical tip can
provide the useful parameters for showing creep mechanisms.
6) To examine material’s behavior at the industrial service con-
ditions, HT nanoindentation experiments have been also per-
formed on the HPT-processed materials. Through the tests, it
is feasible not only to measure temperature-dependent H data
but also to completely understand amaterial’s thermally activated
plastic deformation process through estimating activation energy.
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