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Nanoindentation became a versatile tool for testing local mechanical proper-
ties beyond hardness and modulus. By adapting standard nanoindentation
test methods, simple protocols capable of probing thermally activated defor-
mation processes can be accomplished. Abrupt strain-rate changes within one
indentation allow determining the strain-rate dependency of hardness at
various indentation depths. For probing lower strain-rates and excluding
thermal drift influences, long-term creep experiments can be performed by
using the dynamic contact stiffness for determining the true contact area.
From both procedures hardness and strain-rate, and consequently strain-rate
sensitivity and activation volume can be reliably deducted within one inden-
tation, permitting information on the locally acting thermally activated
deformation mechanism. This review will first discuss various testing proto-
cols including possible challenges and improvements. Second, it will focus on
different examples showing the direct influence of crystal structure and/or
microstructure on the underlying deformation behavior in pure and highly
alloyed material systems.

INTRODUCTION

The strain-rate sensitivity exponent and the
activation volume provide a fingerprint of the rate
controlling mechanisms during thermally activated
deformation. Over many years, nanoindentation
has been used for assessing local mechanical prop-
erties such as hardness and modulus. To shed light
into temperature and rate dependent deformation
behavior, indentation creep tests were suggested,1

and Mayo and Nix2 reported superplastic deforma-
tion behavior of Pb and Sn during indentation.
Especially for ultrafine-grained (UFG) and
nanocrystalline (NC) materials, nanoindentation
became a frequently used technique to determine
strain-rate sensitivity (SRS). Schwaiger et al.3 pub-
lished in 2003 a systematic comparison of nanoin-
dentation and tensile testing on NC-Ni, where both
techniques found a strongly grain size dependent
SRS. Within the last decade, many studies on
different materials classes, microstructures and
environmental influences were reported in litera-
ture. Due to the limited amount of required

material, especially the severe plastic deformation
(SPD)4 and thin film5,6 communities used nanoin-
dentation to gain information on the microstructure
dependent deformation behavior of many face-cen-
tered cubic (FCC),7–16 body-centered cubic
(BCC),17–21 and some hexagonal closed packed
(HCP)22–25 metals. Also the SRS of nanocomposites
such as Cu-Nb,26 nanoporous Cu and Au,27,28 or
nowadays high-entropy alloys (HEA)29,30 were suc-
cessfully investigated by nanoindentation. Besides
the successful determination of positive SRS, few
studies report experiments and results of negative
SRS.31,32 Moreover, many other investigations deal-
ing with various materials systems, such as
glasses32–34 or intermetallic phases,35 can also be
found.

The general analyses of SRS probed by nanoin-
dentation is based on the conventional methods for
macroscopic materials testing.36,37 For more
detailed information, the reader is referred to
classic literature such as the textbook by Caillard.38

Generally, the parameter quantifying the SRS of a
material is m. It can be directly calculated from a
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simple power-law relationship between plastic
stress r and applied strain-rate _e (r ¼ _em). For
nanoindentation experiments, correspondingly the
indentation stress, thus the hardness H, is used:

m ¼ @ ln r

@ ln _e
� @ lnH

@ ln _e
¼ @ lnH2 � @ lnH1

@ ln _e2 � @ ln _e1
ð1Þ

The stress is directly connected to the hardness by a
constraint factor (C�), which generally depends on
the elastic–plastic deformation behavior of the
material39,40 (r ¼ H=C�). Nevertheless, since only
differences in stress are required to evaluate m, the
exact choice of C� is only of minor concern. Further-
more, the activation volume V�, which describes the
plastic volume that is involved during the deforma-
tion, was described by Gibbs41,42 and is given for the
macroscopic, uniaxial case as:

v� ¼ kT � @ ln _e

@r
ð2Þ

with k Boltzmann constant, T testing temperature.
For the local, multiaxial condition, it has to be
converted or, as derived by Wei,43 m can be
included:

v� ¼ C� �
ffiffiffi

3
p

� kT � @ ln _e

@H
� C� �

ffiffiffi

3
p

� kT

m �H ð3Þ

Many macroscopic studies regarding thermally
activated deformation processes can be found in the
literature.43–45 Moreover, especially the comparison
between local and global behavior was intensively
used to get a better understanding of the acting
deformation mechanism in UFG-materials.46,47

Nevertheless, one major aspect concerning all these
studies are some experimental issues occurring
during long-term nanoindentation, mainly caused
by insuperably and omnipresent thermal drift.

In the following, two independent advanced
nanoindentation methodologies for a reliable char-
acterization of a strain-rate sensitive deformation
behavior will be discussed on the example of a
highly deformed austenitic steel (A220). Further-
more, several examples will demonstrate the signif-
icance of microstructure, crystal structure, and
solute content on the time dependent deformation
behavior and the underlying thermally activated
deformation processes.

All shown indentation data and protocols were
carried out using a standard platform Nanoindenter
G200 (Keysight Tec, San Jose, USA). The instru-
ment was equipped with a Berkovich diamond tip
and a dynamic indentation unit (continuous stiff-
ness measurement—CSM), where a harmonic oscil-
lation is applied and the phase angles, the load, and
the displacement amplitude together with the Sned-
dons equation48 are used to analyze the dynamic
contact stiffness. This allows the determination of
modulus and hardness continuously over indenta-
tion depth. For further information on that tech-
niques and possible issues, the reader is referred to

the literature.49–51 At this point, it should be
mentioned that all presented approaches are not
limited to this manufacturer but can be readily
implemented on all available indentation systems
equipped with a dynamic indentation unit.

EXPERIMENTAL POSSIBILITIES AND
CHALLENGES: DEVELOPMENT OF
ADVANCED TESTING TECHNIQUES

The basic principle for probing thermally acti-
vated deformation is to analyze the time dependent
material response during a stress- or strain-rate
controlled experiment, i.e., during strain-rate
changes, stress relaxation, or creep loading. In
nanoindentation, several testing possibilities are
available, such as constant strain-rate,52 indenta-
tion creep,53 or indentation relaxation54–56 experi-
ments. In all cases, the indentation strain-rate is
the key parameter for a successful analysis. In the
following discussion, several examples with possible
issues are addressed, focusing mainly on pyramidal
indenter tips (constant indentation strain, depen-
dent on opening angle39) and only touching spher-
ical indenters.

Overview of Various Testing Options

The simplest but overall most frequently used
indentation method is the constant load rate (cLR)
indentation, where the indentation is conducted
with a constant loading rate to a preset load, mostly
without using any dynamic indentation technique.
Therefore, loading times, load levels, and number of
loading cycles can be adjusted by the user. Since in
1999 when Lucas and Oliver52 successfully showed
that a constant indentation strain-rate can be
accomplished by a proportional loading protocol, it
has been obvious that the applied indentation
strain-rate during each indentation segment is not
constant. According to Lucas and Oliver, the inden-
tation strain-rate can be described as follows (with h
indentation depth, P indentation load, and H inden-
tation hardness):

_e ¼
_h

h
¼ 1

2

_P

P
�

_H

H

 !

� 1

2

_P

P
ð4Þ

Thus, for a constant strain-rate (cSR) experiment
with pyramidal indenter tip geometry, a propor-
tional loading protocol according to Eq. 4 is applied.
This is commonly used in combination with a
dynamic indentation unit, which analyzes, based
on the dynamic stiffness and Sneddons equation,
the mechanical data continuously as a function of
indentation depth. Generally, the cSR is often used
in the literature, but it is also known that macro-
scopic and local data were prone to differ in
between,9 mainly caused by thermal drift effects.
As shown in Refs. 32 and 57, cSR indentations with
a strain-rate of 0.001 s�1 might easily end up with
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individual indentation times of more than 2 h, while
a cSR of 0.05 s�1 leads to a total time of �200 s.
Taking into account low thermal drift values of
0.05 nm/s, this might easily sum up in displacement
drift of more than 350 nm for low cSRs.

Applying Eq. 4 to cLR indentations shows32 that
during conventional protocols with several partial
loading–unloading cycles, constant loading times,
and variable load levels, the strain-rate at the last
point of each loading segment generally varies. A
constant strain-rate is only achieved if the loading
time to the different load levels remains constant
during the partial loading segments, moreover, fully
unloading the indenter tip after each loading seg-
ment. The corresponding contact stiffness and thus
the mechanical properties will be evaluated after a
holding segment at a constant peak load from the
elastic unloading curve.58 This hold segment, how-
ever, still leads to some minor changes between the
cSR and cLR methods due to strain-rate sensitive
deformation behavior as recently pointed out by
Leitner et al.51

Nanoindentation Strain-Rate Jump Tests

To overcome these issues, Maier et al.57 and
Alkorta et al.19 came up with an advanced inden-
tation protocol, where abrupt strain-rate changes
are applied during one single indentation seg-
ment.57 These kind of test are state-of-the-art in
many macroscopic compression or tension tests, and
they were successfully adjusted to the small-scale
testing world. Within nanoindentation strain-rate
jump tests, the applied strain-rate/indentation
depth protocol can be adjusted individually, allow-
ing variable indentation depths for the abrupt
changes and different indentation strain-rates.
Every parameter can be chosen to the requirement
of the application and material.32 Additionally,
several drawbacks of the cSR-method can be over-
come with this one indentation method. For exam-
ple, the total indentation time is significantly
reduced because the initial indentation depth is
performed at large strain-rates and segments with
lower indentation strain-rates are performed at
larger depths, effectively reducing testing times.
Moreover, strain-rate jump tests also allow probing
the mechanical properties at one single location,
thus, e.g., the determination of SRS of individual
phases or microstructural heterogeneities.57 For
stable microstructural conditions, the evaluated
strain-rate sensitivity is independent of the individ-
ual applied sequences of strain-rates and indenta-
tions depths. Nevertheless, in the case of
unstable microstructures or during varying plastic
strain conditions, the experimental sequence might
slightly influence the evaluated materials proper-
ties. Therefore, the SRS should be always discussed
as a function of hardness, since the rate sensitivity,
the microstrcutural length scales and the hardness
are closely related to each other.

In Fig. 1, the applied indentation protocol of a
nanoindentation strain-rate jump test (Fig. 1a) in
an austenitic steel A220 is shown together with the
corresponding load displacement curves (Fig. 1b) for
a coarse-grained (CG) and a highly deformed NC
microstructure. For both CG- and NC-conditions, a
significant dependency of the load–displacement
data on the applied strain-rate is found, with a
larger effect on the NC-condition. After each SR-
jump, the curve goes through a transient region
adjusting correspondingly to the new applied SR.
Figure 1c shows the calculated Young’s modulus
and hardness data. The Young’s modulus is inde-
pendent of the applied SR, only showing more data
points in the regions with the lower indentation
strain-rates and thus longer testing times. After
each SR-jump, the hardness of the NC-condition
goes through a transient region until a new SR-
dependent, but depth-independent hardness is
reached. Thereby, the hardness values of the first,
third, and fifth strain-rate segment (0.05 s�1)
exhibit about the same hardness values, indicating
that no indentation size effect or microstructure
changes are present.

To calculate a strain-rate sensitivity m or the
corresponding activation volume V�, the hardness
difference according to the applied strain-rate
changes has to be determined, as shown in the
inset of Fig. 1c. These analysis have to be performed
in both a global manner (average values cSR
regions57) for materials showing a depth-indepen-
dent hardness and/or instantaneous (e.g., in the
presence of an ISE18) manner for materials with any
kind of indentation size effect as the size effect
would affect the global evaluation of m.

Nanoindentation Long-Term Creep Tests

Indentation creep or relaxation testing is another
common methodology to probe thermally activated
processes.54,59,60 In these tests, the indentation tip
is pushed into the material to a preset indentation
load or displacement, and afterwards, the load is
held constant for a preset creep time. To assess the
creep properties, the change in displacement has to
be recorded over a long time range.

The topic is highly discussed but at the same time
frequently used, and several analysis of interpreta-
tion can be found in literature.59,61–67

Some main methodical aspects, especially while
comparing global and local data, have to be pointed
out and kept in mind:

� During macroscopic creep testing, a constant
stress level is applied and a change in creep
strain and strain-rate are recorded. Pyramidal
indentation tips imply, however, a constant
representative strain to the material, which
varies in the plastic zone but is independent of
indentation depth. During constant load creep, a
change in the indentation hardness is found and
both applied stress and strain-rates are chang-
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ing. This makes a comparison with macroscopic
constant stress creep tests rather complicated.65

Furthermore, during uniaxial creep testing, a
steady-state secondary creep regime is analyzed,
which cannot be reached with pyramidal long-
term indentations.32,63

� The use of spherical indentation tips during
creep67 probes a varying indentations strain
with changing indentation depth due to the not
self-similarity of the sphere, which comes closer
to macroscopic creep regimes but still suffers
from the not uniform stress–strain fields under-
neath the indenter.63

� Long time creep experiments can suffer from
thermal drift issues; therefore, some groups only
apply creep experiments of less than a minute.68

Nevertheless, there the initial setting processes
in the plastic zone are hardly related to long time
creep mechanisms.

To investigate the environmental influences during
nanoindentation creep testing at room temperature,
Maier et al.34 performed two individual constant
load indentations for 2 h at four different indenta-
tion depths on the reference material fused quartz.
They found that the displacement signal for all
indentations showed some significant scatter that
obviously could not be explained with actual
mechanical properties. Further long-time indenta-
tions of 24 h on FQ32 could prove that there is a
relation between indentation temperature evolution
and recorded displacement data.

These thermal drift related issues have already
been well known for a long time, although they are
still ignored in many works. In 1992, Weihs and
Pethica69 came up with a first dynamically cor-
rected long-term creep method. This method was
later further improved by Pethica and Asif70 and
Goldsby et al.71 All groups used a correction tech-
nique based on the dynamic contact stiffness S
during both the loading and the constant load
segment. This contact stiffness is less prone to
thermal drift influences than the recorded indenta-
tion displacement. While the displacement is
recorded far away from the indented area in the
gauge of the indenter head, the dynamically
recorded contact stiffness gives knowledge about
the true apparent contact at a frequency of several
Hertz during the experiment. Together with Sned-
don’s equation,48 this allows the determination of
the true contact area Ac:

S ¼ 2b
ffiffiffi

p
p � ER �

ffiffiffiffiffiffi

Ac

p

¼ SCSM ð5Þ

Ac ¼
p

4b2
� S2

E2
R

ð6Þ

As described in Ref. 10 in more detail, from the
know contact area, the drift corrected contact depth
hc can be evaluated. Together with the Oliver–

Pharr equation h ¼ hc þ e � P
SCSM

, drift issues can be

taken into account for both displacement h and
contact depth hc. Finally, according to Joslin and
Oliver,72 this corrected contact area Ac can be also
used to determine the hardness, simply based on
contact stiffness and a known modulus:

Hcorrected ¼ P

Ac

¼ 4b2

p
E2

R � P
S2

ð7Þ

A long time creep indentation experiment is shown
in Fig. 2 on A220. Figure 2a shows the mechanical
data of the cSR loading segment, including load–
displacement behavior, hardness, and modulus. The
reduced modulus Er from the loading segment
serves at the same time as basis for the dynamic
correction,10 as shown in Eqs. 5 and 6.

Fig. 1. Nanoindentation strain-rate jump tests demonstrated on CG-
and NC-A220 (austenitic steel), (a) preset indentation strain-rate
protocol with four independent abrupt strain-rate changes, (b) cor-
responding load–displacement curves, and (c) hardness and
Young’s modulus continuously over indentation depth (inlay presents
a magnification of the third strain-rate jump for visualization of
instantaneous SRS determination).
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After reaching the preset indentation depth, the
raw load is held constant at that level for a preset
time (Fig. 2b). The recorded displacement data as
well as the corrected data according to the method
suggested by Weihs and Pethica69 are plotted in the
lower part. Although the thermal drift was less than
0.05 nm/s, the recorded original displacement data
differs significantly to the corrected one. The cor-
rected hardness and displacement exhibit some
scatter, which is due to the use of the square of
the dynamic contact signal. Any noise in the
dynamic stiffness is thereby amplified. Using a
power law function to fit the data, this can be
circumvented and the resulting values can be
treated analytically. Further analysis concerns the
determination of equivalent creep/strain-rates

_eequivalent ¼ _h
h
from the corrected indentation signal

or a transformation of the hardness into an equiv-

alent stress requivalent ¼ Hcorrected

C� .

Applying this dynamic correction protocol to
several data sets shows extensively that the men-
tioned differences in displacement signal just col-
lapse to one reproducible curve, as demonstrated in
Ref. 34.

A further successful application for this method is
the investigation of SRS of thin films, where the
thickness of the investigated film is too low for other
kind of tests.5 Additionally, for high-temperature
testing, especially for systems with an apparent

thermal mismatch due to a nonheated indentation
tip, this method might act as a possibility to
overcome the drastic issues of thermal drift during
indentation.10 But also for indentation systems with
an independently heated tip and sample, a reduc-
tion of thermal drift issues especially during the
indentation times was demonstrated for ufg-Au.34

Other Small-Scale Testing Techniques
and Expanding to Harsh Environmental
Conditions

Since nanoindentation testing is a common tool to
probe mechanical properties and is not limited
anymore to ambient conditions, several methods
and protocols can also be used for high-temperature
testing. Results of both nanoindentation strain-rate
jump tests8,17,35,68 as well as nanoindentation creep
tests26–28,34 are reported over a wide range of
temperatures and strain-rates, shedding more light
on local thermally activated deformation processes.
High temperature testing, however, leads to further
challenges regarding thermal stability and testing
procedures.73

The effect of different strain regimes on thermally
activated deformation processes can be addressed
by spherical indentation. Spherical tips have no
self-similar geometry; thus, the implied strain
varies with indentation stress and contact radius.
Recently, Feldner et al.74 implemented strain-rate

Fig. 2. Nanoindentation long-term creep experiments on HPT-deformed austenitic steel A220, with dynamically corrected displacement signal,
(a) cSR (0.05 s�1) loading segment to a preset indentation depth of 1500 nm (load–displacement, Young’s modulus and hardness) and (b)
indentation creep protocol (load versus indentation time) and corresponding creep displacement with original drift influenced (gray), dynamically
corrected (black), and fitted data (red) (Color figure online).
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jump tests with a spherical tip. Localized creep tests
with spherical tips are also reported in the litera-
ture.75 Spherical indenter tips have thereby many
advantages but also one drawback, which is the
required spherical shape, which is only easily
achieved for diamond indenters. Nevertheless, at
this point, it is worth mentioning that especially the
calibration of the nonperfect, spherical tip shapes,
the controlling parameters of cSR indentation
experiments, as well as the correct analysis of the
data are still in an emerging state.

Besides nanoindentation, which always repre-
sents a multiaxial loading situation, uniaxial
micropillar compression experiments can also be
used to examine thermally activated deformation
parameters on a very local scale, using, for example,
creep,76 jump,73 or stress relaxation tests.77 Wehrs
et al.12,78 demonstrated that the different protocols

for the same material lead to comparable results.
Finally, also bulge test techniques were modified
regarding a reliable testing of SRS.79

Quantification of Thermally Activated
Processes

With a reproducible long-term creep and strain-
rate jump test, the underlying thermally activated
deformation mechanisms can be determined for a
wide variety of materials. For the analysis, the m
and V� are determined according to Eqs. 1 and 2.
Correlating these material parameters, a unique
characteristic for each material, depending on crys-
tal structure and microstructure but also on tem-
perature and deformation history, can be evaluated.
Figure 3a shows a Norton plot for A220 and various
other materials, where the calculated displacement

Fig. 3. Analysis of nanoindentation long-term creep experiments. (a) Norton-plot for NC-A220 (data from Fig. 2) compared with different
materials, crystal structures, and microstructures. (b) Corresponding SRS over hardness for various materials and testing protocols (creep
results appear in continuous manner and strain-rate jump tests as crosses); FCC-metals: Al, Ni,10 BCC-metal: Cr,17 intermetallic phase:
Mg17Al12, reference materials: FQ,10 Sapphire (some data are taken with permission by Cambridge Press10 and Elsevier17).
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creep rate is plotted over hardness during the
constant load segment. Figure 3b displays the cor-
responding SRS exponent from creep tests and
strain-rate jump tests for several fcc and bcc metals
as well as a glass and a ceramic. Generally jump
and creep tests are in good accordance with each
other,32,68 and as described for macroscopic com-
pression tests,80 the SRS depends on the hardness
(which is for jump tests mostly neglected) since
during creep experiments, m is given by the slope of
the hardness versus equivalent strain-rate.

The mechanical properties shown in Fig. 3 spread
over two orders of magnitude in hardness, five orders
in strain-rate, and two orders in strain-rate sensitiv-
ity. Consequently, a variety of material behavior and
underlyingdeformationmechanismswere tested.We
will at this point not go into all details, but only
summarize a few general findings. Reference mate-
rials such asFQor Sapphire exhibit little SRS but are
definitively not negligible, which should be kept in
mind when using them as athermal standards.
Mg17Al12 as a representative for an intermetallic
phase shows at RT almost no thermal activation.
Nevertheless, overcoming 150�C, itwas reported that
the deformation behavior suddenly changes within a

narrow temperature interval to a highly SR-depen-
dent behavior.35 For pure Cr as a BCC metal,
underneath its critical temperature Tc, the SRS
increases with increasing grain size,17,18 approach-
ing the single crystal condition due to the more
dominant thermally activated movement of screw
dislocations. The activation volume V�, however, is
rather independent of themicrostructure as thekink-
pair-mechanism prevails. In Al or Ni, which are
common examples for pure FCC-metals, the SRS
increases with grain refinement. Interestingly, com-
paring pure Ni with a smaller grain size of �50 nm
compared to �300 nm for Al, the former exhibits a
lower rate sensitivity. Moreover, the hpt-A220 has a
grain size comparable to NC-Ni but lower values of
SRS. This indicates that simple thermally activated
dislocation annihilation at grain boundaries46 or
grain boundary sliding47 is not sufficient to explain
this behavior; rather, the interplay and detailed
atomistic details of the mechanisms involved should
be considered in the future. Initial studies on various
materials and microstructures indicate that besides
the dislocation-GB interaction, also solute-content
affected grain boundary motions might play a dom-
inant role, as focused in the next section.

Fig. 4. Zr-based materials (Zr-MG, NC-Zr, CG-Zr) tested by nanoindentation strain-rate jump tests (a) load–displacement behavior indicating
SRS for all three microstructures, (b) crystal-structure dependent Young’s modulus, and (c) strain-rate dependent hardness.
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THERMALLY ACTIVATED PROCESSES
DEPENDING ON CRYSTAL STRUCTURE,

MICROSTRUCTURE, AND SOLUTE
SOLUTION CONTENT

Since strain-rate sensitive deformation behaviors
have manifold characteristics and also shed more
light into the individual underlying deformation
mechanism, in the following two subsections, inter-
esting materials systems will be discussed in closer
detail.

Zr-Based Materials—Influence of Crystal
Structure and Microstructure

Zr-based materials can be found in many different
structures and microstructures. Zr is common as a
base element in many BMGs, but also it is studied
as a pure metal in the nanocrystalline condition and
industrially used for example in cladding
applications.

During nanoindentation of BMGs, it is known
that the material shows strain-rate dependent
shear band formation.81,82 This can be also seen in
Fig. 4a for a Zr metallic glass (Zr-MG, for further
details, see Ref. 83), where the load–displacement
data show some serrated flow for low strain-rates.
Next to that, the data of CG- and a highly deformed
NC-condition are plotted. Corresponding Young’s
modulus and hardness data are shown in Fig. 4b
and c. While Zr-MG exhibits the highest hardness
but is independent of strain-rate, the modulus is, as
expected for BMGs, the lowest. CG-Zr has an hcp
crystal structure, which is also prone to show some
SRS in CG states due to the prismatic slip. This can
be clearly seen in the hardness data, leading to a
SRS of �0.023 and a corresponding V� � 13Æb3. The
transient behavior occurs smoothly, and the mate-
rials require about 100-nm indentation depth until
a new steady deformation state is reached again.
SPD leads to a further change in the crystal
structure and to the formation of an x-phase,24

which can be also seen by the changed Young’s
modulus. The hardness significantly increases, but
the SRS stays the same. The characteristic of the
jump itself, however, has slightly changed to a more
abrupt distinct change in hardness with less
transients.

Highly Alloyed Materials—High-Entropy
Alloys (HEA)

HEA are a further intensively discussed materi-
als class. Besides their infinite number of composi-
tions and their unique mechanical properties, these
HEAs exhibit an interesting behavior regarding
their thermal activation.30,84,85 As already reported
for macroscopic tests,86 it was also shown during
nanoindentation of the CoCrMnNiFe-HEA that the
single crystalline like CH-condition exhibits a sur-
prisingly high SRS of around 0.01 for a single
crystalline FCC metal (Fig. 5c). A refinement of the
microstructure by HPT leads to a significant
increase in hardness and to an increasing SRS.
Corresponding behavior is seen in the activation
volume, where for all states, surprisingly low values
were calculated. According to these results, it can be
concluded that in these highly alloyed systems, a
further mechanism in the single crystalline state
might act since conventional pure fcc-metals are
expected to be strain-rate insensitive with corre-
sponding activation volumes around �1000Æb3.

Fig. 5. Influence of solid solution content and microstructure on SRS
of an equiatomic HEA with different microstructures (according to
Maier-Kiener et al.29 and reprinted with permission by Elsevier).
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Furthermore, with grain refinement, also the
jump characteristics change from a pronounced
transient behavior to a so-called yield point phe-
nomena, where the hardness first decreases fol-
lowed by a slight increase and a further decrease.
This is also found in other highly alloyed, NC-
materials (such as NC-A220—Fig. 1c) and was also
reported previously by Van Petegem et al.87 for NC-
Ni-Fe alloys during transient tension testing. Nev-
ertheless, the overall underlying deformation
behavior is not fully understood yet and subject to
ongoing investigations.

CONCLUSION AND OUTLOOK

Nanoindentation is a versatile tool for probing
thermally activated processes on a local scale. Simple
methodological adjustments lead to reliable testing
results pairedwith aminimization of testing time and
a reduction of number of indentations. This opens
furtherpossibilities regardingadetailed investigation
of the properties of individual phases, heterogeneous
microstructures, and thin coatings. In this application
oriented review, different exampleswere presented to
demonstrate how SRS and activation volume can be
employed for a fundamental understanding of gov-
erningdeformationmechanismsbut also howalloying
and solute content as well asmicrostructure influence
the thermally activated deformation behavior, in
termsofboth the individual load–displacementbehav-
ior as well as the overall hardness evaluation.

Generally it is stated that:

� Distinct testing protocols have to be carefully
selected regarding reliability, application, and
expected gain.

� Strain-rate jump tests allow the calculation of m
and V� in a limited amount of time based on a
single indentation.

� Dynamically corrected long-term creep experi-
ments can be used to probe low strain-rate
regions, but the achieved strain-rates depend
on the SRS of the material itself.

� Crystal structure, microstructure, and testing
temperature significantly influence the deforma-
tion behavior.

� The absolute values of strain-rate sensitivity m
and activation volume V� can be directly used to
identify the underlying rate-limiting deformation
mechanism. Moreover, the quantitative changes
upon, for example, different material modifica-
tions, loading rates, or temperatures are indica-
tive of the interaction, competition, and change of
different contributing plasticity mechanisms.

Nonetheless, for an overall scale bridging and
comprehensive understanding of thermally acti-
vated processes, macroscopic and microstructural
investigations are additionally recommended to
allow for a reliable investigation over several length
scales.
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and O. Renk (ÖAW-ESI) for providing some of the
here presented materials. R. Pippan, D. Kiener, and
H. Clemens are gratefully acknowledged for many
fruitful discussions and their support. Financial
support by the Austrian Federal Government
(837900) within the framework of the COMET
Funding Programme (MPPE, Project, A7.19) and by
the European Research Council under Grant
Number 340185 is appreciated (V.M.-K.).

OPEN ACCESS

This article is distributed under the terms of the
Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and re-
production in any medium, provided you give appro-
priate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and
indicate if changes were made.

REFERENCES

1. S.N.G. Chu and J.C.M. Li, J. Mater. Sci. 12, 2200 (1977).
2. M.J. Mayo and W.D. Nix, Acta Metall. 36, 2183 (1988).
3. R. Schwaiger, B. Moser, M. Dao, N. Chollacoop, and S.

Suresh, Acta Mater. 51, 5159 (2003).
4. M. Kawasaki, B. Ahn, P. Kumar, J. Il Jang, and T.G.

Langdon, Adv. Eng. Mater. 19, 1600578 (2017).
5. Y. Liu, J. Hay, H. Wang, and X. Zhang, Scripta Mater. 77, 5

(2014).
6. Z. Fan, Y. Liu, S. Xue, R.M. Rahimi, D.F. Bahr, H. Wang,

and X. Zhang, Appl. Phys. Lett. 110, 161905 (2017).
7. M. Ruppert, C. Schunk, D. Hausmann, H.W. Höppel, and
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Sci. Forum 503–504, 31 (2006).
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46. H.W. Höppel, J. May, P. Eisenlohr, and M. Göken, Zeits-
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