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Abstract
It is of the uttermost interest to understand the mechanical performance and deformation mechanisms contributing to small-scale plasticity of
materials in micro/nanoelectromechanical systems at their service temperatures, which are usually above room temperature. In recent years,
high-temperature nanoindentation experiments have emerged as a reliable approach to characterize the deformation behavior of materials at
the nano and submicron scale. In this review, we highlight the role of the temperature in nanoindentation response of a wide variety of mate-
rials, with a particular focus on the thermally-activated deformation mechanisms in crystalline and non-crystalline materials under the indenter,
e.g., dislocation processes, shear transformation zone, and phase transformations. A brief survey of the temperature-dependent nanoinden-
tation elastic modulus, hardness, and creep behavior of materials is also provided. We also discuss experimental methods for correctly
measuring the mechanical properties of materials at high temperatures.

Introduction
The focus of scientific research within the past decade has
shifted to the investigation of the material behavior at the nano-
scale. The proliferation of researchers studying materials on
this length scale has resulted in the invention of the phrase
“nanotechnology”. Meanwhile, studies of mechanical proper-
ties on this scale have led to the term “nanomechanics”,
which is a subfield of mechanics characterizing the mechanical
behavior of materials at atomic level subject to different types
of boundary conditions.[1] As almost all mechanical properties
of materials are temperature-dependent, small-scale characteri-
zation at high temperatures could lead to substantial opportuni-
ties in nanomechanics to understand material behavior at
service temperatures and conditions relevant to industrial
applications.[2] Accordingly, high-temperature nanomechanical
testing techniques, predominantly high-temperature nanoin-
dentation, are becoming increasingly popular among research-
ers within the nanomechanics community. The simplicity of the
sample requirement, automated data collection and analysis, as
well as the capability to probe small-scale physical phenomena
in materials, such as dislocation nucleation, shear band activa-
tion, and phase transformations, have made high-temperature
nanoindentation a powerful tool for small-scale materials char-
acterization at elevated temperatures.[3] On the other hand,
regardless of the specimen size, reliable high-temperature char-
acterization calls for precise application and measurement of
deformation (load or displacement) while concurrently control-
ling and measuring sample temperatures. Fundamentally,
instrumented high-temperature nanoindentation requires addi-
tional instrumentation advances in two fields: (i) minimizing

or eliminating oxidation and (ii) successful management of
thermal drift and noise.[4,5] Procedures for satisfying these
requirements have been discussed in the literature. These
include works by Wheeler and co-workers[3,6,7] and those
brought forward by Schuh and his colleagues.[5,8–10] For the
sake of brevity, they are not elaborated in this paper and inter-
ested readers are referred to relevant publications to comprehend
the high-temperature nanoindentation instrumentations.

In this review, we systematically describe the influence of
temperature on the mechanical behavior and corresponding
plasticity mechanisms involved in nanoscale deformation of
various materials subject to high-temperature nanoindentation
loading. Our review provides an in-depth understanding of
the mechanisms of surface plasticity at high temperatures
where the interactions between thermal activation processes
and surface stresses multiply the defect formation and nano-
scale effects accompanied by the macroscopic mechanisms.
In the remainder of this paper, thermally-activated deformation
mechanisms in crystalline and non-crystalline materials under
indenter, e.g., dislocation processes, shear transformation
zone (STZ), and phase transformations, are elaborated; then
the way to correctly measure mechanical properties of materials
at high temperatures is explained and mechanical response of
materials at elevated temperatures is discussed; research chal-
lenges and future directions in the field of high temperature
nanoindentation are outlined in the last section of the paper.

Nanoscale deformation mechanisms
Heat content plays a crucial role in the deformation of micro-
structures and onset of nanoscale plasticity. As shown in
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Fig. 1, an increase in temperature leads to increased activities of
phonons (in crystalline insulators and some semi-conductors),
electrons (in metal and some semi-conductors), propagons, dif-
fusons, and locons (in amorphous non-metallic materials),[11,12]

which in turn contribute to additional atomic displacements, an
increase in the average interatomic distance, and a decrease in
the restoring forces due to thermal expansion.[13–16] While
increasing the dislocation mobility, a higher temperature lowers
the minimum stresses required for homogeneous dislocation
nucleation, dislocation gliding in a lattice, and breaking dislo-
cation locks. As a result, thermal softening improves the plas-
ticity of the material.[17,18]

In the following, we focus on the insights provided by the
high-temperature nanoindentation into the thermally-activated
processes, activation energies, volumes, and the onset of
plasticity. First, the plasticity of crystalline materials, primarily
the thermally-activated dislocation processes, is discussed.
Plasticity of non-crystalline materials is then covered, where
the STZ mechanisms beneath the indenter at high temperatures
are elaborated. Finally, a section is devoted to the phase trans-
formation during nanoindentation at elevated temperatures.

Plasticity of crystalline materials
Thermally-activated dislocation plasticity in crystalline materi-
als can be examined by high temperature nanoindentation
experiments. Dark-field transmission electron microscopy
(TEM) images of Mg17Al12 underneath the indentation
shown in Fig. 2 indicate that at room temperature, dislocations
are straight and mostly gliding on particular parallel slip planes
extending to the surface with increasing dislocation entangle-
ment towards the center of the plastic zone. At high

temperatures, e.g., 278 °C, more homogeneous dislocation dis-
tribution is achieved, exhibiting a curved shape with some
dissociation.[19]

Nanoindentation tests of the two-phase eutectic Sn-Bi alloy
up to 100 °C reveal that the dislocation climb controlled by
core diffusion and power-law breakdown, in which the defor-
mation is governed by dislocation glide-controlled flow, are
the dominant creep and deformation mechanisms, respec-
tively.[20] Dislocation climb motion controlled by the disloca-
tion pipe mechanism is reported to be the creep mechanism
of the bulks of low-Ag Cu/Sn-Ag-Cu-Bi-Ni/Cu microsolder
joints up to 85 °C.[21]

The occurrence of “pop-in” events in nanoindentation, i.e.,
sudden depth excursions under load control or sudden load
drops under displacement control, is associated with the dislo-
cation activity. As illustrated in Fig. 3(a), at room temperature,
one large discontinuity is observed on the load-displacement
(P-h) curves, whereas at 200 °C, multiple pop-ins separated
by elastic reloading segments occur, resulting in a highly ser-
rated P-h curve.[22,23] The serrated flow behavior is a result
of the defect evolution owing to the special quasi-elastic reload-
ing. On the other hand, thermally-activated deformation pro-
cesses, e.g., dislocation nucleation or abrupt release of
dislocation entanglements causes the appearance of multiple
pop-ins and discontinuity. Note that the Taylor dislocation
model[24] can be adopted to determine the temperature effects
on the friction stress of screw dislocations.[25–27] Taylor dislo-
cation model relates the shear flow stress to the dislocation den-
sity. It is also widely used to describe the indentation size effect
(ISE). As shown in Fig. 3(b), the friction stress and friction
coefficient decrease with increasing temperature, which is in
agreement with the mobilization of screw dislocations at the
critical temperature, Tc = 177 °C, where screw dislocations
become mobile.[22]

As seen in Figs. 4(a) and 4(b), indentation of pure Pt at high
temperatures leads to the discretization of plasticity into sharp
bursts of activity. Based on the complementary mathematical

Figure 1. Temperature-dependent phenomena in materials during
high-temperature nanoindentation.

Figure 2. Dark-field TEM of the indentation imprint on Mg17Al12. More
homogeneous dislocation distribution exhibiting a curved shape with some
dissociation is seen at the high temperature. Adopted with permission from
Ref.[19] (Elsevier, 2016).
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approaches,[28,29] the onset of plasticity of Pt is explained by
heterogeneous process of dislocation nucleation, with an
atomic-scale, low-energy event as the rate limiter.[30] An
analysis based on the total activation energy and activation vol-
ume indicates that screw dislocation cross-slip governs the
operative plastic deformation of Mg, regardless of the strain
rate and temperature (<300 °C).[31] Nanoindentation experi-
ments of high-purity Cr have also revealed the existence of
thermally-activated strength component superimposed on a
temperature-/rate-independent strength contribution, attribut-
able to the propagation of screw dislocations governed by
thermally-activated kink-pair nucleation.[32] Similarly, indenta-
tion plastic deformation of ultrafine-grained (UFG) Cu-Nb
composite with a randomly distributed oriented grain size

∼100–200 nm up to 300 °C is controlled by dislocation glide
and nucleation of kink pairs. However, the plasticity mecha-
nism changes to thermally-activated processes at grain bound-
aries (GBs) at higher temperatures.[33] As for the UFGAl with a
grain size of ∼400 nm, when the temperature increases, the
type of dislocation interaction with GBs changes from disloca-
tion motion along GBs to dislocations emitted from GBs into
the lattice and finally, at the highest temperatures, to diffusion
of Al along the GBs. The onset of diffusion-based deformation
is observed at lower temperatures for UFG Al than for conven-
tional grained (CG) Al with grain size of ∼80 µm, which is con-
sistent with that the GB activity increases with decreasing grain
size. Creep behavior during the indentation strain rate jumps,
where several abrupt changes in the applied strain rate at

Figure 3. (a) P-h curves from the nanoindentation of Ta at a loading rate of 1000 µN/s at different temperatures, (b) Elastic-plastic and elastic fit; the dashed
curve is from experiments at 23 °C. Friction coefficient decreases with temperature. Adopted with permission from Ref.[22] (Taylor & Francis, 2010).

Figure 4. (a) P-h curves from the nanoindentation of Pt (100) at different temperatures, (b) cumulative fraction of pop-in events. Displacement bursts increase
with temperature. Adopted with permission from Ref.[28] (American Institute of Physics, 2004).
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defined indentation depths during one single indentation are
used,[34] is thought to have masked any change in the activation
volume at elevated temperatures.[35]

Plasticity of non-crystalline materials
Bulk metallic glasses (BMGs) have recently attracted much
interest, primarily due to their exclusive combination of
mechanical and functional properties. One of the most momen-
tous thermophysical properties of BMGs is the glass transition
temperature (Tg), higher than which a transition from a hard and
relatively brittle glassy state into a viscous or rubbery state
occurs. If a BMG is heated to a considerable fraction of its
Tg, ∼0.75 Tg or higher, its strength decreases significantly
as a result of delocalization of deformation as well as
homogeneous occurrence of diffuse strain accommodation
throughout the stressed material. High temperature nanoinden-
tation studies in Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG show that
inhomogeneous-to-homogeneous flow transition and reverse
ISE occurs when the temperature approaches Tg = 130 °
C,[36,37] which can be explained in terms of the free volume the-
ory.[36] Notice that the free volume model[38–40] can be adopted
to calculate the volume of a basic shear flow unit STZ and the
thermal activation energy of a metallic glass.

Amorphous Pd40Ni40P20 and Mg65Cu25Gd10 metallic glasses
have demonstrated two different regimes of homogeneous flow
under nanoindentation loading: the first one correlates with the
onset of viscous deformation at high temperatures and low
rates; the second one corresponds to the high rates at tempera-
tures well below the glass transition, and arises when the defor-
mation rate exceeds the characteristic rate for shear band
nucleation, kinetically forcing strain distribution.[41]

Figure 5 compares a time-series of topographical images of
single indentations implemented at 176 and 250 °C on
Pt57.5Cu14.7Ni5.3P22.5 metallic glass, where the viscous-plastic
shape recovery at high temperatures is observed due to the
surface-tension-driven viscous flow.[42] Such surface tension
of metallic glasses in the supercooled liquid temperature
range can be modeled by an elastic-viscoplastic constitutive
theory developed by Henann and Anand.[43] Self-smoothing
of metallic glass surfaces[44] is also witnessed at temperatures
above Tg.

[42]

As seen in Fig. 6(a), for similar levels of penetration depth,
the high-temperature indentations in Zr-based BMG demon-
strate considerably fewer numbers of shear offset displacements
than at room temperatures. Also, the onset of shear offsets tran-
spires at higher depths of penetration, culminating in a lower
total pile-up at the edge of the indentation. Temperature also
affects the morphology of the shear offsets, i.e., at room tem-
perature a pointed apex is seen while at 200 °C, a smooth semi-
circular aspect is realized. P-h curves presented in Fig. 6(b)
indicate the increase of serrated flow with temperature.[45,46]

Fig. 6(c) demonstrates that hardness of Zr-based BMG
increases linearly with temperature from an average of 7 GPa
at 25 °C to 7.6 GPa at 200 °C, while the reduced Young’s
modulus marginally decreases from 105 GPa to 103 GPa.

The increase of hardness with temperature is explained by the
increase of friction and energy consumed by the progressively
thermally favored formation/reactivation of shear band
deformation, which is prevented from contributing to a total pen-
etration depth in the form of pop-ins during the displacement-
controlled indentation.[45]

Phase transformation
Indentation with a nanoscale tip is known to induce a phase
transformation in Si at room temperature. Minomura and
Drickamer[47] were the first to discover the change of

Figure 5. Topographic images of two indentations in Pt-based metallic glass
at 176 and 250 °C after unloading, illustrating relative stability and substantial
shape recovery, respectively. h in the legend indicates the surface roughness.
Adopted with permission from Ref.[42] (Elsevier, 2009).
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conductivity of Si under high-pressure loading, explained by a
semiconductor–metal phase transition. Under room tempera-
ture condition, Si transforms to a metallic phase with β-Sn
(Si-II) structure at a pressure of ∼11–13 GPa, and further
phase transforms (depending on unloading conditions) to amor-
phous silicon (a-Si) and/or the high-pressure crystalline phases
Si-III (bc8, body-centered cubic (BCC) structure), and Si-XII
(r8, the rhombohedral distortion of bc8) on unloading, which
shows semi-metallic electronic behaviors.[48–51] In-situ high-
temperature nanoindentation studies uncover that the Si-II
phase is unstable in a pristine Si matrix at high temperatures.
The nucleation of Si-III and Si-XII phases during unloading
is intensified with the increase of temperature, however, the
final phases depend on their thermal stability.

As shown in Fig. 7, an unusual “bowing” occurs on the P-h
curve at 200 °C, which is attributed to the direct Si-II to Si-I
transformation accompanied by rapid volume expansion. In
fact, “bowing” phenomenon is detected for temperatures
above ∼125 °C. Furthermore, due to the rapid volume expan-
sion as a result of the abrupt formation of Si-III/Si-XII during
unloading of relaxed a-Si (relaxed by annealing), a pop-out
event happens. However, no pop-out occurs for the unrelaxed
a-Si.[52,53] Kiran et al.[54] showed that relaxed a-Si undergoes
a pressure-induced phase transformation, either crystalline
(Si-III/Si-XII) end phases or pressure-induced a-Si, at temper-
atures below 100 °C, as illustrated in Fig. 8.

However, at higher temperatures, plastic flow dominates the
mode of deformation. It can be postulated that synergy of

Figure 6. (a) In-situ scanning electron microscopy (SEM) pile-up deformation of a Zr-based BMG at 25 °C and 200 °C, (b) P-h curves for indentations loaded at
1 mN/s at different temperatures, (c) Hardness and reduced modulus as a function of temperature. Adopted with permission from Ref.[45] (Elsevier, 2011).
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pressure and temperature can cause bond softening and defect
formation in relaxed a-Si, resulting in the inhibition of phase
transformation owing to pressure-releasing plastic flow beneath
the indenter. Interestingly, unrelaxed a-Si does not undergo
phase transformation; rather it deforms completely via plastic
flow up to 200 °C.[54] Si-VIII phase has also been observed
during unloading at 100–125 °C,[55] whereas at temperatures
above 350 °C, no phase transformation has been reported.[56]

Figure 9 presents the cross-sectional TEM (XTEM) bright
and dark-field images of residual Berkovich indents of Si at dif-
ferent temperatures, along with selected area diffraction (SAD)
patterns from the regions directly underneath the residual
indents. Indents made at 25 and 100 °C, Figs. 9(a) and 9(b),
show the presence of phase transformed zones within the
deformed volume. Apart from Si reflections, there are several
extra diffraction spots which are known to be characteristic
reflections from polycrystalline Si-III and/or Si-XII phases.
At 150 and 200 °C, only a very small phase transformed vol-
ume can be noticed. However, twinning along {111} planes
is dominant at these temperatures, as illustrated in Figs. 9(c)

and 9(d). Figure 10 depicts the deformation processes in Si
under a nanoscale Berkovich indenter in the temperature
range 25–200 °C, signifying that both phase transformation
and defect propagation occur but to different extents depending
on the indentation temperature.[57]

It is worthwhile to note that due to its technological impor-
tance, Si has remained an interesting material for high-
temperature deformation mechanism studies and it is expected
that, by using novel in-situ observation techniques, further
issues will be uncovered in the following years. On the other
hand, although Si and Ge are well-characterized materials in
semiconductor section, other semiconductors, such as lithium
niobate (LiNbO3 or LN), have not been explored as systemati-
cally. LN is also called the “silicon of photonics”, and is in-
dispensable in advanced photonics and nonlinear optics.
Furthermore, since these semiconductors should be cut and
polished to produce a qualified wafer, they undergo several
mechanical treatments which are directly associated with their
deformation behavior at higher temperatures. These issues cer-
tainly point to the need for further research specifically address-
ing the role of temperature on the fundamental mechanical
deformation of such semiconductor materials.

TEM images in Fig. 11 demonstrate that at room tempera-
ture, the transformed region in Ge comprises a BCC structure
and the original diamond structure, whereas at 400 °C twinning
in the diamond structure mainly drives the deformation. SAD
analysis also reveals the presence of hexagonal structure at
high temperatures,[58] both at the intersection of twins and in
ribbons by the passage of a secondary twin,[59] indicating that
the pressure-induced phase transformation to the β-Sn structure
occurs at 400 °C. This observation is in line with the fact that
hardness (4 ± 1 GPa) is lower than the pressure required to
induce the phase transformation (∼7–10 GPa, depending on
the presence of shear stresses.[60])

Analysis of the high-temperature nanoindentation of shape
memory alloy (SMA) Ni-Ti at 110 °C confirms that the mar-
tensite phase is converted to austenite at high temperatures,
which demonstrates the mechanical properties akin to the aus-
tenite at room temperature, underscoring the thermally-induced
phase transformations of Ni-Ti. Besides, the Young’s modulus
and hardness of the martensite films are smaller than those of
the austenite films.[61] Pseudoelasticity (also referred to as
superelasticity) of SMAs is usually linked with the reversible
austenite-martensite phase transformation characterized by dif-
fusionless, shear-induced atomic rearrangement. The occur-
rence of pseudoelasticity of martensitic Ni-Ti films is
possible at the nanoscale over a specific temperature range
without the evolution of martensite-austenite transformation.
At an intermediate temperature of 55 °C, the anomalous pseu-
doelastic behavior of martensitic Ni-Ti films driven by
increased twinned structure mobility can be realized.[62] The
deformation mechanisms and the energy dissipated in the mar-
tensitic Ni-Ti films which exhibit pseudoelasticity are usually
interpreted in terms of the behavior of metastable pseudotwins
in the stress-induced martensite.[62,63]

Figure 7. P-h curves of pristine Si (c-Si), relaxed and unrelaxed a-Si at (a)
25 °C and (b) 200 °C. Unusual “bowing” behavior of pristine Si at 200 °C is
observable. Relaxed a-Si shows a “pop-out” event. Adopted with permission
from Ref.[52] (Cambridge University Press, 2012).
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Mechanical properties
High-temperature nanoindentation can be used for measuring
mechanical properties of materials, mainly hardness and elastic
modulus, at elevated temperatures. For high-temperature nano-
indentation and/or viscoelastic-plastic materials, e.g., poly-
meric materials, where the deformation is time-dependent and
pile-up or sink-in is significant around the contact impression,
the modified Oliver-Pharr method has to be adopted, where the
true (elastic) contact stiffness, Se, is used:

[64,65]
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where ḣh is the indenter displacement rate at the onset of

unloading, Ṗ
∣
∣
∣
∣ is the unloading rate, α is a positive dimension-

less constant exponent, β is the correction factor for the indenter
shape (β = 1.034–1.09 for a Berkovich indenter), Er is the
reduced modulus, A is the contact area, E, ν and Ei, νi stand
for the elastic Young’s modulus and Poisson’s ratio of the

sample and indenter, respectively. The hardness of the sample
is calculated from Eq. 4.

Another recently-developed technique is to calculate a cor-
rection factor for the contact area calculated using the surface
acoustic wave (SAW)[66] measurement which allows a correct
hardness value, accounting for the pileup, to be determined.[67]

This is a new and interesting approach for determining the true
hardness and modulus which is expected to be pursued further
in the coming years. An alternative method is the direct imag-
ing of the residual impression[68] to determine the projected
area. Such direct imaging technique is suitable for the cases
where the edges of the residual indent impression (phase trans-
formed or plastically deformed zone) are clearly visible owing to
changes in surface morphology. In other words, the measurement
of the indentation hardness by direct imaging is only correct if the
measurement of the projected area captures the full phase trans-
formed or plastically deformed area during loading.[69]

Notice open questions regarding the oxide film/substrate
system still remain, particularly for high-temperature nanoin-
dentation experiments. Although a preparatory explanation
for the effect of the oxide film on the mechanical properties
of a substrate was proposed by Tsui and Pharr,[70] further exper-
imental and theoretical work are required to pinpoint the impact
of oxide film/substrate system on the measured modulus and to
propose new schemes to eliminate it from the measurements.

While the detailed literature on the determination of
mechanical properties using high-temperature nanoindentation
is extensive, most work identically reported the deterioration of
mechanical properties with increasing temperature. Figure 12
illustrates the temperature versus percentage of hardness/

Figure 8. Deformation of relaxed a-Si at different temperatures. Adopted with permission from Ref.[54] (American Institute of Physics, 2014).
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Young’s modulus reduction with respect to the room tempera-
ture values for different materials. Clearly, hardness is more
affected by the temperature than Young’s modulus. In support
to Fig. 12, some interesting findings on the indentation response
of materials at high temperatures are summarized in Table 1. It is
instructive to note that the effect of nanoindentation speed (load-
ing rate) on the resulting mechanical properties of materials is
less pronounced at high temperatures. For example, as seen in
Fig. 13, indentation hardness of high-purity Cr becomes strain-
rate independent at a high temperature of 400 °C.[32] Less pro-
nounced ISE at high temperatures has also been observed for
Fe-Cr-Ni alloy 800H, which is attributed to the larger plastic
zone size or the storage volume of geometrically necessary dis-
locations (GNDs).[82]

As a final note, we remark that the location where the
indenter is applied, e.g., GB or grain interior, can affect the
nanoindentation response of the nano/polycrystalline materials.
The same goes for the multi-phase materials, where various
grains belonging to the same phase could have different grain
size, elemental distribution, and grain orientation. For instance,
room temperature indentation studies of a multi-phase quench
and partitioning (Q&P) steel indicate that indentation hardness
generally decreases with increasing distance from the GB in
tempered martensite, which is attributed to the higher GNDs
density near the GB, GB strengthening or carbon diffusion
from martensite to retained austenite during the partitioning
process.[102] On the other hand, the grains of the ferrite phase
in a dual phase steel are found to be harder in the vicinity of
martensitic grains.[103] Higher values of indentation hardness
of austenitic phase compared to ferritic in transformation-
induced plasticity steels, and specific pop-in events resulting
from the onset of strain-induced martensitic transformation
has also been reported,[104,105] which contradicts the hardness
values obtained from the austenitic-ferritic duplex stainless
steel, where the ferrite is the harder phase.[106] These room tem-
perature studies point to the fact that one should be careful
while measuring nanomechanical properties of multi-phase
materials using nanoindentation instrument at low and high
temperatures. It may also be noted that in spite of relatively
detailed knowledge about the room temperature nanoindenta-
tion of multiphase steels, the temperature-dependent indenta-
tion behavior and high-temperature phase transformation of
martensite, austenite, and ferrite in multiphase steels remains
unexplored. This is an exciting area of further research which
is encouraged for future work.

Remarks and perspective
Engineering materials exhibit temperature dependency in their
physical and mechanical properties, arising from activities of

Figure 9. (a) and (b) Bright-field and (c) and (d) Dark-field XTEM images
along with the SAD patterns of Berkovich indents indented on Si. Diffraction
spots from bc8/r8 are pointed to by red arrows. The yellow arrows in (c) and
(d) represent twinning and in their corresponding SAD patterns represent
streaking and spot splitting due to twinning, respectively. For clarity, the red
lines in (a), (b), and (c) illustrate the boundary between phase transformed
and untransformed volumes under the indenter. Adopted with permission
from Ref.[57] (American Institute of Physics, 2015).

Figure 10. Schematic of the temperature dependence of the deformation
mechanisms of diamond cubic Si under a nanoscale Berkovich indenter.
Adopted with permission from Ref.[57] (American Institute of Physics,
2015).
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phonons (crystalline insulators and some semi-conductors),
electrons (metal and some semi-conductors), propagons,
diffusons, and locons (amorphous non-metallic materials), as
well as thermal activation and phase transformation processes.
A fundamental understanding of the temperature effects on the
nanomechanical behavior and corresponding underlying mech-
anisms of nanostructured materials in the temperature regime of
interest is critical for designing and developing micro/nanoelec-
tromechanical systems, where surface atoms in contact regions
are subjected to certain forms of loading at service tempera-
tures. High-temperature nanoindentation renders a novel
approach to uncover the nanomechanical behavior at elevated
temperatures as well as thermally-activated processes and
incipient plasticity in materials. In particular, recent break-
through in in-situ high-temperature nanoindentation measure-
ments, e.g., in-situ SEM,[7,45,107] in-situ Raman, in-situ TEM

techniques, allow the real-time study of the interplay between
mechanical, thermal, and electrical effects at the nanoscale.
In general, the ability to implement multiple measurements
simultaneously and to combine information from multiple anal-
yses and techniques is highly desirable for nanoscale material
characterization at high temperatures. As a result of the great
capability of the in-situ measurements, it is envisioned that
this arena will be pursued further by researchers in the upcom-
ing years. Such technical advances in in-situ high-temperature
nanoindentation instrumentation and their capabilities can ben-
efit other in-situ thermomechanical testing methods such as
high-temperature microcompression, as identical equipment
can be used for characterization of multi-functionality at the
nanoscale.

In addition, knowledge of the true contact area is very
important for the successful determination of indentation

Figure 11. TEM bright-field image demonstrating (a) Phase transformation in Ge, marked ‘t’, at room temperature, (b) Hexagonal crystal structure (‘cr’) and
twinning (‘tw’) at 400 °C. Adopted with permission from Ref.[58] (Elsevier, 2007).

Figure 12. Percentage of (a) hardness (b) Young’s modulus reduction as a function of temperature. The percentage values are calculated with respect to their
values at room temperature. For further information, see Table 1.
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Table I. Overview of nanoindentation mechanical responses of different materials at high temperatures.

Material Primary characteristics of mechanical responses

W Decrease of hardness up to 54% at 150 °C;[71] Increase of creep and creep recovery with temperature.[72]

Cr Discontinuity of elastic modulus at the magnetic phase transition from antiferromagnetic order to the
paramagnetic phase at 35 °C.[32]

α-Al2O3 Significant decrease of hardness (∼36%) and a slight decrease of Young’s modulus at 500 °C; Slight increase
of Young’s modulus and hardness at 600 °C due to oxidation of the substrate.[73]

κ-Al2O3 Constant hardness and Young’s modulus up to 300 °C, followed by a decrease of hardness (up to 700 °C) and
Young’s modulus (up to 500 °C).[73]

a-SiCN Drop of hardness up to 23% at 300 °C for a-SiCN with low nitrogen (N) content, and up to 31% for the a-SiCN
with high N content; Increase of elastic modulus at 650 °C due to the pronounced effect of short-range
ordering.[74]

SiC Significant drop of hardness and slight decrease of elastic modulus up to 500 °C.[75]

ZrB2 Increase of hardness at 450 °C and decrease at 600 °C; Erratic changes of elastic modulus at 400–600 °C,
attributable to the increase from single to multiple slip plane systems, weakly (10�10) textured film and
oxidation of the film or substrate.[76]

GaN The higher the temperature, the lower the critical force for the pop-in in the P-h curve to occur.[77]

Zr-10Al-5Ti-17.9Cu-14.6Ni Sudden drop in hardness above 400 °C caused by a structural relaxation at Tg.[78]

Cu6Sn5 and Cu3Sn Weak dependence of hardness and Young’s modulus on temperature, and low creep rates up to 175 °C.[79,80]

CMSX-4 Constant hardness up to 400 °C followed by considerable softening, 92%, at 1000 °C.[81]

Fe-Cr-Ni alloy 800H Decrease of hardness with increasing temperature, whereas reduced modulus remains relatively constant.[82]

Ni-Ti More strain recovery at higher temperatures.[83]

UFG Al Significantly higher hardness than CG Al at room temperature, but converges towards the CG Al hardness at
higher temperatures; Absence of pile-up at temperatures ≥200 °C.[35]

UFG Cr Increase of strain-rate sensitivity (SRS) above the critical temperature 150–225 °C caused by
thermally-activated dislocation-GB interactions in the UFG state with the grain size of 300 nm, as opposed to
the constant decrease of SRS for single crystal Cr with increasing temperature.[84]

UFG Cu-Nb Increase of SRS up to 400 °C, followed by a drop at 500 °C, owing to a coarsened microstructure.[33]

Nanoporous (NP) Au Increase of hardness up to 100 °C, then decrease up to 300 °C, explained by the substantial reduction of
mobile dislocations upon annealing of the foam, as dislocations are able to exit at free surfaces.[85]

Ultra-fine porous Cu Increase of hardness and Young’s modulus with temperature, due to oxidation of the top of the ligaments
which hinders dislocations to exit from the surface and dislocations are piled-up at the oxide–metal
interface.[86]

Nanocrystalline (NC) Ni-W Less pronounced thermal softening at finer grain sizes, e.g., 3 nm.[87]

NC Cr-Mn-Fe-Co-Ni alloy Increase of SRS and constant activation volume above 100–150 °C, attributed to deformation governed by
thermally-activated interactions between dislocations with high angle GBs.[88]

NC Cu37Ag More pronounced decrease of hardness in the dual-phase regions at high temperatures than in the
single-phase regions, suggesting that a temperature rise does not cause a softening in the shear bands
compared to the nearby matrix.[89]

Cellulose nanocrystal Increase of hardness and modulus at 150 °C due to decomposition of cellulose nanocrystal films from
switchgrass.[90]

Multi-phase glass-ceramic G18 A slight increase of hardness before Tg in 100 h-aged sample; More pronounced decrease of hardness in 4
h-aged sample compared to100 h-aged sample due to the higher amount of glassy phase in the lesser-aged
sample.[91]

Fe-based alumina-forming alloy
PM2000

Dominance of creep for temperatures above 500 °C, correlated with a strongly decreasing stress exponent with
increasing temperature.[92]
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hardness and modulus. One paramount consideration when
determining the mechanical properties of materials is that,
although conventional methods such as the Oliver-Pharr[108]

and Field-Swain[109] approximations for estimating contact
depth are robust and directly applicable to room temperature
nanoindentation and elastic-plastic materials, measurements
of the contact depth for high temperature nanoindentation
and/or viscoelastic-plastic materials, where deformation is
time-dependent and pile-up or sink-in is significant around
the contact impression, ought to be conducted using modified
schemes such as the modified Oliver-Pharr method[65] to
avoid any over-estimation of the reduced modulus and

hardness. New methods and measurement techniques such as
SAW[67] and direct imaging of the residual impression[68] can
also be adopted to tackle this challenging problem. Such issues
remain unsolved for most commercial nanoindentation instru-
ments. It is therefore anticipated that determination of the
true hardness and modulus will be advanced further in the
near future.

Finally, we remark that with further advancements in com-
putational modeling techniques, it will be feasible to gain clear
insights into the temperature-dependent nanoindentation
behavior and thermally-activated processes in functional mate-
rials. Particularly, a combination of the atomistic-based model-
ing and in-situ nanoindentation experiments provides a
promising means to address the defect formation processes in
crystalline and non-crystalline materials.
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