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Nanoindentation based techniques were significantly enhanced by continuous stiffness monitoring capabilities.
In essence, this allowed to expand from point-wise discrete measurement of hardness and elastic modulus to-
wards advanced plastic characterization routines, spanning the whole rate-dependent spectrum from steady state
creep properties via quasi static flow curves to impact or brittle fracture. While representing a significant step

forwards already, these techniques can tremendously benefit from additional or complementary input provided
by in situ or operando experiments. In fact, by combining and merging these approaches, impressive advances
were made towards well controlled nanomechanical investigations at various non-ambient conditions. Here we
will discuss some novel experimental avenues facilitated by deliberate extreme environments, and also indicate
how future improvements and enhancements will potentially provide previously unseen insights into funda-
mental material behavior at extreme conditions.

1. Introduction

Nanoindentation has become one of the most popular mechanical
characterization techniques in materials sciences and beyond [1,2]. This
is to a large extent due to the ease of use and high amount of automation
of this technique. By today’s standards, nanoindentations can be
executed within less than a second and with lateral resolution chal-
lenging that of optical microscopy [3]. Another avenue of advancement
to the technique was provided by the integration of continuous stiffness
measurement (CSM) [4-6]. In conventional nanoindentation, only a
single measurement of hardness and modulus was acquired at the end of
the prescribed indentation depth. Using CSM these quantities can now
be measured continuously during the whole indentation process, even
including the unloading segment [7,8]. Building on this, measurement
protocols were advanced to extend from a continuous evaluation of
hardness and modulus to providing access to more complex character-
istics such as strain rate sensitivity and creep properties [9]. By con-
ducting these rate controlled experiments at varying temperatures,
researchers also gain access to activation energies of the underlying rate
controlling processes.

Another field of research where monitoring a sample stiffness is of
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ominous importance is the field of elastic—plastic fracture mechanics.
Similar to the classical nanoindentation situation, by using continuous
stiffness measurement a single experiment allows to monitor the spec-
imen stiffness and deduce the current crack length therefrom in a
continuous fashion [10]. Conventionally, this would require running
multiple experiments with different initial crack lengths. In a sense, one
can regard every sinusoidal unloading during the quasi-static loading as
a partial unloading experiment, from which the current crack length is
deduced. This can again be regarded in analogy to studying indentation
depth dependent properties, achieved either by a single CSM indent or
many conventional imprints to different depths [11-14].

Besides these rather obvious and established applications of CSM-
enabled nanoindentation or micromechanical experiments, there is a
number of emerging or conceivable methods to further enhance the
field, which we attempt to address in this work.

In recent years significant advances were made in conducting such
miniaturized indentation or deformation experiments in situ within
scanning or transmission electron microscopes (SEM, TEM) [15-18].
First of all this provides advances with respect to local positioning and
alignment [19], but enables also a rich parallel data stream of additional
or complementary information to be gathered. In the field of micro-
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mechanics, this would relate for example to the identification of slip
systems or the visual determination of the current crack length on the
sample surface. When conceptually extending to more extreme condi-
tions, the vacuum environment of electron microscopes certainly facil-
itates mitigating the oxidation challenges, but also rises issues with
respect to potential material degradation in a dry vacuum environment.
Moreover, the limited scanning speeds impose a certain temporal reso-
lution on our imaging capabilities. With the increasing availability of
direct electron detectors or other complementary fast measurement
schemes such as acoustic emission [20], these limits will also be pushed
in the future. This will allow well controlled in situ and operando con-
ditions, providing previously inaccessible information at extreme con-
ditions and enable scientists to address material characteristics over a
wide range of physical properties and environmental conditions. In this
work, we pick up and build upon where Durst & Maier [9] ended eight
years ago, and attempt to highlight some of the recent advances in the
field using continuous stiffness measurement approaches, in particular
enhanced by in situ setups. We will also sketch potentially fruitful ave-
nues for further evolution, as well as some remaining challenges that
should be tackled by the community.

There are different ways to approach this, for example from devel-
oping the technology to application on material systems, or just in a
chronological historical manner. We attempt to take a somewhat
different path in following the complexity of the material behavior. Thus
we will evolve from rather simple deformation to fracture, then regard in
situ observations for enhanced fidelity, and finally address external
stimuli such as temperature, radiation or chemical attack for more
realistic material testing conditions.

With this strategy in mind, chapter 2 will concern developments in
rate dependent material behavior, from measuring quasi-static flow
curves by spherical nanoindentation to creep properties at low strain
rates. Commonly, nanoindentation is regarded as a measurement taking
place after a certain amount of plastic deformation occurred, ranging
from the pop-in as elastic-plastic transition to a full hardness imprint
that imposes a certain amount of strain on the material with an
accordingly evolved microstructure. However, in this chapter we will
also highlight recent micro-mechanical spectroscopy probing mechani-
cal material characteristics in the elastic regime, as well as the natural
extension of this towards elastic—plastic fracture experiments.

Nanoindentation is an extremely powerful technique, yet due to its
high automation potential it remains seen more as a high throughput
measurement, allowing for example fast mapping of material hardness
and modulus. This already provides vast amounts of data to be utilized
for complementary statistical analysis or machine learning approaches,
but chapter 3 further addresses possibilities for additional information
or data streams to be gained from in situ observation of the
nanoindentation-based experiments. This encompasses features such as
a current crack length or the strain field near the crack tip, as well as
means to blend and bridge this information commonly accessibly only
by certain instruments.

Finally, to account for significant advances achieved by the com-
munity in recent years, in chapter 4 we will focus on adding different
environments to probe not only extreme temperatures, but also examine
the response of materials to radiation or electro-chemical modification,
as well as testing organic materials and tissues in an environment that
closer resembles in vivo conditions. This in fact provides the opportunity
to converge the tremendous possibilities offered by micro- and nano-
mechanical testing techniques with the actual operating conditions or
environment of the material problem of concern.

Ideally, at the end we hope to have provided some thoughts on how a
wide range of materials, from biological structures to novel nano-
materials, can be examined in conditions possibly close to their native or
designated extreme environment by using advanced nanoindentation or
related micro-/nanomechanical in situ or operando testing strategies in
academic as well as industrial applications.
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2. CSM enabled novel experiments

Within the last 10-15 years the field of so-called advanced nano-
indentation has expanded tremendously. At the beginning mostly
hardness and modulus values analyzed according to the Oliver-Pharr
method [1] were in focus of research, and only some further attempts
towards addressing the quasi-static pop-in behavior for an experimental
evaluation of theoretical strength values [21,22] were made. The com-
mercial implementation of dynamic indentation protocols opened a vast
space for further mechanical characterization possibilities beyond sim-
ple hardness and modulus. Of course this also demanded a more pro-
found understanding of the general processes [23] and limitations
[24,25] that come along with dynamic nanoindentation protocols. This,
in the end, significantly benefited the development of advanced nano-
indentation methodologies that reliably address higher strain rate
deformation [25-27] as well as low strain rate creep experiments [9,28].
Today, these procedures operate much more alike realistic macroscopic
deformation conditions.

As detailed in 2015 [9], the slight modification of standard inden-
tation protocols to enable features such as strain-rate jump tests or long
term creep experiments allows the reliable determination of thermally
activated deformations processes. Especially nanoindentation strain-
rate jump tests became a versatile tool to characterize strain-rate
sensitivity, activation volume and activation energies, and can be
applied under ambient [28-31] as well as non-ambient conditions
[32-37].

Depending on the used nanoindentation system, the applied strain
rates are limited to a range between approximately 1—10~3 s~! during
these loading profiles. Applying smaller strain rates leads to a significant
increase in measurement time and correspondingly to more pronounced
drift effects [9,38], where the latter could be mitigated by dynamic
indentation techniques. However, previously used approaches resemble
a combination between relaxation and creep experiments. Since in
literature the extraction of power-law creep data is frequently critically
discussed [39-42], few recent works attempted nanoindentation con-
stant pressure creep approaches. In a mesoscale approach, Matschkal-
Amberger et al. [43] used an adapted TMA instrument. More recently,
based on the Constant Load Hold (CLH) method described by Durst and
Maier [9], Prach et al. [44] and Minnert & Durst [45] came up with a
Constant Contact Pressure (CCP) approach. Thereby, the indenter tip is
pushed into the material in a strain-rate controlled manner. After
reaching a preset force or displacement, the contact pressure is kept
constant at a slightly reduced value compared to the previously
measured initial hardness. To maintain the indentation stress inside the
plastic zone constant, the applied load is increased continuously during
the hold segment according to the increasing contact area. Notably, this
is in contrast to macroscopic uniaxial creep experiments and a conse-
quence of the expanding plastic zone. Moreover, by applying Berkovich
indentation, also the deformation strain is much higher compared to
conventional macroscopic creep testing, which is commonly initiated in
the elastic regime. Despite some remaining differences to conventional
macroscopic creep tests, material specific contact pressures can be
preset during the holding segment, and the corresponding creep rates
accordingly calculated. During CLH experiments the measured contact
pressure was only depending on the holding time, with longer hold
relating to lower pressures. The CCP protocol allows determination of
nanoindentation creep response even at lower and better controlled
contact pressures. Here again the dynamic approach is indispensable, as
maintaining the contact area at a constant contact pressure is achieved
via monitoring the continuous stiffness signal according to Sneddons
equation [46].

A further step towards even higher fidelity data for nanoindentation
experiments is possible by carefully considering the choice of indenter
geometry. Not only can the used tip be adapted to simulate various
operando contact situations, using different geometries also supplies
more information for material characterization. Pyramidal tips are
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relatively simple to fabricate and convenient to calibrate, they imply a
fixed representative strain dictated by the respective self-similar ge-
ometry. These properties make them ideal for many high-throughput
and mapping techniques, but also for advanced methods such as
strain-rate jump tests or observation of size effects. Conical, spherical or
ball indenter geometries imply varying deformation strains with
increasing indentation depth depending on the applied spherical radius.
This allows to vary strain with penetration depth, as depicted for two
different conical tips on nanocrystalline Ni in Fig. 1. As such, not a fixed
strain material characteristic, but the response to increasing plastic
deformation can be probed, namely the complete material flow curve as
detailed in the next chapter.

2.1. Quasi-static flow curves

Combining advanced CSM based techniques with spherical inden-
tation tips allows the continuous measurement of flow curves from
indentation experiments [47,48]. This can even be achieved at constant
strain rates if displacement-time profiles are adjusted accordingly
[49,50]. Of utmost importance is thereby the definition of the applied
strain and equivalent uniaxial stress, which are not directly accessible to
indentation measurements [48]. CSM testing can lay the foundation for
accessing these values through the continuous determination of elastic
modulus and hardness. Previously, flow curves from spherical indenta-
tion testing required a multitude of experiments to varying indentation
depths [51] or multiple partial-unloading approaches [52]. Further-
more, a continuous assessment of the constraint factor relating the
measured hardness to an equivalent stress is essential [49]. This
constraint factor was determined as close to three for fully plastic
deformation by Tabor [51]. In more detail, it also depends on the ratio of
plastic to elastic deformation underneath the indenter, and thereby on
the applied strain [51]. The degree of plasticity can either be derived
from the ratio of final to maximum indentation depth, or from the ratio
of loading to unloading slope [53]. The latter is especially interesting, as
it can be assessed in a continuous fashion during indentation testing
using the CSM signal [53]. Still, a remaining limitation for pronounced
plastic deformation is that calculation of the constraint factor depends
on the strain hardening behavior of the investigated material [53]. This
requires some a-priori assumption to be made, which can later be
adjusted to the actual material response.

For the calculation of the strain inflicted by spherical indentation,
the suggestion by Tabor was used for a long time. This assumes the strain
¢ to be proportional to the ratio of contact diameter d to indenter
diameter D [51], as presented in Eq. (1):
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A more recent recommendation by Kalidindi & Pathak [47] replaces
this proportionality with a more physical strain definition. They sug-
gested Eq. (2) [47] to represent indentation strain, which relates the
indentation depth h to the contact radius a. This is more similar to a
classical strain definition in the sense that h is a measure of the defor-
mation length, which is then related to a being a measure for the spec-
imen size [47]:

. 4h
" 37a

(2

With this more physical strain definition, a further step towards
measurement of flow curves from spherical indentation tests was made.
However, the question regarding the relation between hardness and
uniaxial stress remained unanswered. Patel & Kalidindi [54] subse-
quently used finite element simulations to relate indentation and uni-
axial stress-strain curves.

A novel strategy toward such relation was put forward by Leitner
et al. [49]. They applied the aforementioned continuous constraint
factor measurement with the strain definition by Kalidindi & Pathak
[47] (Eq. (2)) to accomplish the determination of uniaxial stress—strain
curves from spherical indentation experiments [49]. The applied rela-
tion of the constraint factor to the loading to unloading stiffness ratio
was not linear as suggested by Hay et al. [53]. Instead a more compli-
cated relation, split into four separate regimes, was used [49]. These
were adopted from the simulation work of Park & Pharr [55]. The first
regime represents purely elastic loading, while the second identifies the
situation where plasticity occurs underneath the surface, according to
Hertzian contact theory [56], but is still fully constrained by the sur-
rounding elastic material - thus coined pseudo Hertzian [55]. In the
third regime the plastic zone reaches the sample surface and constraint
is relieved, while the fourth regime represents the fully relieved and
plastified state [55]. The result of such a continuous constraint mea-
surement is depicted in Fig. 2. The onset of plasticity can be clearly seen
from the suddenly rising constraint factor.

Furthermore, to account for the inherently imperfect spherical
indentation tip shape, the determination of the contact radius was not
based on the assumption of a perfect sphere [49]. Rather, an evaluation
using the Oliver-Pharr method [1] and an area function calibrated on
fused quartz were used [49]. This area function (Eq. (3) [49] was
derived from the geometrical relationship for a perfect sphere and
adapted to contain three fitting parameters for calibration:
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Fig. 1. Load-displacement curves and corresponding indentation depth vs. representative strain curves for two different conical indentation tips applied on nc-Ni.
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Fig. 2. Spherical stress—strain measurements for nc-Ni applying a 10 um and a
20 pm conical indentation tip. The inlay shows the depth/strain dependent
constraint factor measured continuously during the experiment.

with A, the contact area, B; the fitting constants and h, the Oliver-Pharr
contact depth. With these refinements Leitner et al. [49] obtained local
stress—strain curves from spherical indentation experiments that
compared favorably to ones obtain from uniaxial pillar compression
experiments. The applicability of this concept has also been demon-
strated for elevated temperature indentation testing of structurally
inhomogeneous materials [57].

Furthermore, it showcased the importance of the strain rate,
respectively proper strain rate control, during these experiments [49].
For spherical indentation no easily applicable load profile to obtain
constant strain rate — such as the P/P concept for self-similar indenters
[58] — exists. This is rooted in the fact that the strain depends on the
indentation depth to contact area ratio and thus on the investigated
materials properties. Leitner et al. [49] addressed this problem by
regulating the loading rate with a fast PID controlled feedback loop to
attain a constant strain rate. An example of constant strain rate flow
curves measured with this method is shown in Fig. 2. While such a
feedback loop has several benefits, such as its independence of an un-
derlying model and its ability to adapt to changes in the material, it also
has some drawbacks. Mainly, these are the fine tuning between a slow-
to-respond and an oscillating controller, which currently still requires a
tedious trial-and-error optimization and experienced operators. This, to
a certain extent, limits the achievable throughput and ease of use of the
technique. Accordingly, it would be desirable to perform such tests with
simpler, more uniform loading conditions. One conceivable way to
move forward would be the application of machine learning to the
existing bulk of data in order to predict optimum settings for new ma-
terials based on some simple input data, such as a conventional inden-
tation experiment.

Furthermore, issues arise at the very initial point of contact. Not only
can the determination of an effective contact point be important [47],
CSM can also deliver erroneous values at very small contact depths
[13,23,59]. These errors typically result in an overestimation of the
contact stiffness. Consequently, the constraint factor is overestimated
for very shallow indentations, which can give rise to an apparent cur-
vature of the elastic regime, rather than a straight line.

In conclusion, recent refinements made to spherical indentation
testing and the data evaluation thereafter [47,49] allow the reliable
measurement of flow curves. Current protocols also ensure the testing at
controlled strain rates, which is essential for investigating any strain rate
sensitive material. However, there are still some shortcomings of this
concept that could benefit from further advancement, such as the rate
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control requiring tinkering of PID parameters, or the reliability of CSM
at very shallow indentation depths.

2.2. CSM unloading for the acquisition of transformation pressures

A comparably recent application is the continuous measurement of
stiffness during unloading of indentations [7,8]. Assuming purely elastic
unloading of indentation experiments, no additional information from
the CSM would be expected, as the slope of the unloading
load-displacement curve corresponds to the elastic contact stiffness.
However, Merle et al. [7] regarded that the unloading segment can be
influenced by non-elastic deformation such as creep. These non-elastic
responses are more likely to influence the overall unloading slope
rather than the CSM signal sampled within a very short time interval [7].
Therefore, the CSM signal delivers a more reliable measurement of the
contact stiffness during unloading [7]. Knowledge of the contact stiff-
ness allows calculation of the contact geometry during unloading,
namely the contact depth and, given knowledge of the reduced modulus
of the system, the contact area.

Employing this technique, Merle et al. [7] were able to measure the
effective indenter shape during unloading introduced by Pharr & Bol-
shakov [60]. Furthermore, the geometry of the residual imprint could be
determined, thereby avoiding the need for subsequent imaging should
the Vickers hardness be calculated [7]. Moreover, the unloading stiff-
ness was used to determine the Oliver-Pharr ¢ factor for the used tip,
which yielded very similar results to the typically applied value of ¢ =
0.75 for Berkovich indenters [7].

Recently, this method was also applied to assess the transformation
pressures in silicon [8]. A vast number of investigations previously dealt
with the pressure-driven phase transformations occurring during
indentation of silicon [61-72]. In addition to instrumented indentation,
they were also characterized utilizing complementary information such
as Raman spectroscopy [65,69], the change in electric contact resistance
acquired in situ during indentations using conductive tips [61,67], by
TEM [64,72], and by X-ray diffraction (XRD) [62]. Conclusively,
distinctive shapes of the unloading branch of the load-displacement
curve could be linked to differences in the phase transformation [65].
The attained hardness is limited by the onset of the phase trans-
formation. Thus the transformation pressure can be estimated during
loading, but the respective transformation pressures during unloading
are not directly accessible via conventional nanoindentation experi-
ments. In the past, contact pressure calculations were based on the
assumption of Novikov et al. [73], which avoids the need for continuous
contact stiffness determination to calculate a contact depth. In that case,
it is assumed that the elastic sink-in is proportional to the square of the
applied load [66,71]. Schaffar et al. [8] recently applied the CSM
unloading technique to acquire the actual unloading transformation
pressures based on continuous stiffness data. There, the known reduced
elastic modulus as acquired dynamically during loading was used jointly
with the measured dynamic unloading stiffness to calculate the contact
area during unloading. A graphical representation and the most
important formulas used for this technique are presented in Fig. 3a.
Subsequently, in analogy to the hardness calculation during loading, a
mean contact pressure is equated from the applied load during
unloading, as depicted in Fig. 3b. Note that the assumption of a constant
reduced modulus during unloading is only satisfied until the onset of the
unloading phase transformation. Therefore, this method is suitable for
measurement of the onset pressures of transformations, while the pres-
sure changes during transformation will be influenced by the rapid
change of the contact situation. The resultant onset pressures of these
transformations as well as their dependence on the unloading rate are
depicted in Fig. 3c.

2.3. Micromechanical spectroscopy

Investigating materials by driven harmonic oscillations dates back as
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far as 1909, where Poynting [74] twisted piano wires manually back and
forth to study quasi-elastic lengthening/shortening as a function of
oscillation count. Since then, technology has made quite a leap, enabling
automated measurements of oscillating displacements and loads with
such a high temporal resolution that even very small phase shifts be-
tween these signals can be resolved. While such measurement tech-
niques were referred to differently over the years, from dynamic
mechanical analysis (DMA) [75] over internal friction [76] or anelastic
relaxation measurements [77] to mechanical spectroscopy [78], the
principles have always been the same, namely measuring the dissipative
portion of the energy during one oscillation. These differences can then
be correlated to various damping processes occurring within the mate-
rial. Similar to the ambiguity in technique names, also the naming
convention for the measured normalized quantity of damping has not
been very uniform, but rather dependent on the measurement technique
and general focus of the field of research. Resonance based techniques
have commonly stuck to the inverse quality factor Q! description of a
single degree of freedom oscillator model, which is the loss in energy
AW per total oscillation energy within on cycle W. This is oftentimes
measured from the resonance peak shape as peak width at half
maximum Aw_3qp (commonly referred to —3dB in signal processing)
over resonance frequency wy. In initial impact measurements, where the
decrease in oscillation amplitude as a function of time is measured, the
prevalent nomenclature has been the logarithmic decrement § as the
natural log of one peak amplitude over the following one. With the rise
of lock-in amplified systems [79], it became much easier to directly
measure the phase shift ¢ between driving signal, e.g. load, and trailing
signal, e.g. displacement. The resulting quantities within mechanical
materials science related topics are oftentimes described as loss modulus
E’ and storing modulus E’, respectively, as shown in equation (4).

(€3]

With the rise of CSM-based nanoindentation techniques, such mea-
surements have also found their way into the small scale testing com-
munity, theoretically enabling measurements on confined volumes such
as thin films, aggregates of few grains, individual boundaries or in-
terfaces. However, the most conveniently obtainable approach in
nanoindentation is based on phase shift measurements, as most dynamic
measurement systems are inherently based on lock-in amplification.

Inherently higher damping materials such as natural wood [80] and
shales [81] have been successfully measured using classical Berkovich
indentation, with Q! values ranging from 0.03 to 0.44, respectively
(Fig. 4a). To improve the accuracy for such measurements it is vital to
remain within the (an)elastic regime of material deformation, as any
form of irreversible deformation, such as plasticity or bond breaking,
would dissipate considerably more energy than reversible elastic pro-
cesses. Therefore, the trend for tan(¢) measurements using nano-
indentation instruments evolved to employing less sharp indentation
tips on rather soft materials. Representative results from spherical tips
(radius = 3.4 um) on synthetic polymers (PMMA, PC) [82] range be-
tween 0.087 and 0.052, respectively (Fig. 4a). The most preferred quasi-
ideal nanoindentation setup for such investigations has been introduced
by Hay & Herbert [83] using a flat punch indenter, thereby creating a
nearly ideally elastic contact. They investigated different common
polyethylene (PE) derivatives: linear low density PE (LLDPE), low den-
sity PE (LDPE), very low density PE (VLDPE) and high density PE
(HDPE) as well as highly plasticized polyvinylchloride (HP-PVC).
Changing damping characteristics with frequency depending on the
material, with decreasing Q™! for all PE derivates was reported on one
hand, while the HP-PVC on the other hand showed increasing Q! with
increasing frequency. Weyand et al. [84] further built on this method-
ology to investigate the changes from energy-elastic to entropy-elastic
behavior with respect to the glass transition temperature of various
trimethylolpropane glycidylether based cyclic carbonates (TMPGC) and
pentaerythritol glycidylether based cyclic carbonates (PGC) with
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different diamines (hexamethylene diamine: HMDA, isophorone
diamine: IPDA, dodecamethylene diamine: DDA). They synthesized
these systems from basic components using classical polymer chemistry
and showed a promising tuneability range of storage modulus from 359
MPa (TMPGC + IPDA) to 4580 MPa (TMPGC + DDA) and damping
capability from Q! = 0.017 + 0.009 (TMPGC + IPDA) to Q! = 0.85 +
0.014 (TMPGC + DDA), as shown in Fig. 4a.

A benefit of these phase shift measurements is their accessibility, as
only a flat surface is required. Consequently, they can also be realized
under certain environmental conditions, and further allow frequency
sensitive measurements. Furthermore, since both E’’ and E’ are depen-
dent on the same area, phase shift measurements are essentially unal-
tered by slight tip or surface imperfections as long the contact between
them is purely elastic. The sensible lower limit for such phase shifts is
limited to roughly Q! = 0.01 (¢ ~ 0.57°), as even very dedicated high
phase resolution systems using specified sub-sampling techniques and
very high signal-to-noise ratio input signals are only able to achieve
phase errors of A¢ = 0.13" [85]. Therefore, the strength of this mea-
surement approach is for higher damping materials, for example poly-
mers or natural materials. Investigating very low attenuation
mechanism of metallic materials or ceramics, e.g. Snoek-Koster relaxa-
tion [86], dislocation kink-pair motions [87] or grain boundary re-
laxations [88], by common single phase shift measurements in this small
scale regime will be very demanding, as these can be as low as Q! ~
107*

To resolve such relaxation phenomena relevant for modern high
performance materials using dynamic measurements requires different
approaches. Recent advances have been made utilizing a resonance
shape change measurement technique using an indentation system in
contact with cantilever shaped specimens inside an SEM, termed
micromechanical spectroscopy (uMS) [89]. The premise is that the
inherent resonance compliance signal of the indentation system is
already large in comparison to the signal-to-noise ratio. Thus the change
of this resonance shape in contact with the cantilever shaped specimen
can be explained using simple physical spring-dashpot models in the

framework of a single degree of freedom oscillator system, as schemat-
ically shown in Fig. 4c. Furthermore, the measurement inside an SEM
enables not only the accurate positioning of the probing system with
respect to the specimen, but the low vacuum is also very beneficial with
respect to reduced environmental damping. Blom [90] conducted
resonance measurements on few micron thick, few mm long cantilevers
as a function of pressure to test for their utilization as vacuum gauges. A
distinct separation into three regimes, with a viscous air damping
regime between 100 Pa to atmospheric pressures, a linear regime be-
tween 1 Pa and 100 Pa, corresponding to individual air molecule impact
damping, and a dedicated purely material inherent damping regime
below pressures of 1 Pa was identified, see Fig. 4b. This implies that in
order to measure any material inherent characteristics, the high vacuum
environment within SEMs (~10~2 Pa) is crucial, as even a pressure of
only a few tens of Pa could potentially conceal such low attenuation
mechanisms of interest.

The pMS technique has originally been presented on high-pressure
torsion deformed high purity Ta specimens [89] with an ultrafine
grain size (ufg) of ~125 nm, revealing a decrease of Q! from 0.0312 +
0.0070 in the as-deformed (ad) state to 0.0157 + 0.0016 after a heat
treatment (ht) of 400 °C for 30 min. Using high resolution TEM
(HRTEM) and analytical arguments, this change in damping capability
was correlated to relaxation phenomena occurring within the highly
deformed non-equilibrium grain boundaries.

Recent experiments on a 6 pm thick nanocrystalline (nc) Alg gCrp oN
film processed by cathodic arc evaporation [91] revealed for the first
time the applicability of this method for very confined volumes, as well
as the possibility to measure Q! as low as 0.0023 + 0.0002 for the
specimens in as-deposited (ad) condition. Furthermore, in this thin film
system an increase in Q! to 0.0038 + 0.0003 after a 5 min annealing
treatment at 1050 °C could be identified. Correlative methods such as
HRTEM and X-ray diffraction in conjunction with analytical models
confirmed the formation of few nm wide cubic CrN precipitates within
the otherwise wurtzite AICIN structure. The measured change in
damping capabilities could be attributed to the formation of new
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incoherent boundaries between precipitates and matrix. Hence, uMS is
capable of resolving very small Q' changes and sensitive to minor
changes within interfacial structures. This distinct combination makes
the approach uniquely suited for measuring previously unobtainable
features, such as changes in the microstates of individual grain bound-
aries [92], using dynamic vibration concepts.

Additionally, the physically sound and established spring-dashpot
model description allows for the determination of an absolute elastic
modulus within the framework of a generalized beam theory, without
the explicit need for the materials Poisson’s ratio. For example, results
on the AICrN system [91] demonstrate a distinct increase in modulus
from 205 + 6 GPa to 280 + 9 GPa upon precipitation formation. This
would be very challenging to resolve using standard nanoindentation
techniques due to common thin film challenges, such as the high surface
roughness and comparatively low film thickness, which challenge
elimination of elastic substrate influences.

Notably, the additional fabrication of cantilever shaped specimens is
more demanding compared to mirror surface polishing as necessary for
nanoindentation experiments. However, the high relative resolution and
local nature of these measurements could be utilized to determine slight
modulus changes in materials exhibiting structural or chemical gradi-
ents, without the influence of the surrounding volume, as only the ma-
terial inside the cantilever specimen is under significant mechanical load
during the experiment.

2.4. Elastic-plastic fracture

With the increasing complexity of micron scaled systems, also
necessary investigations with regards to individual features became
more and more intricate. Nowadays, not only the fracture properties of
complete devices, but rather the individual characteristics of sub-
micrometer multilayer components or individual interfaces are the
focus of intense research. Determining the ‘weakest’ interface in highly
heterogeneous systems, e.g. transistors or thermal barrier coatings, is an
indispensable approach for improving the service lifetime of the whole
device. With these premises the simplified assumptions given by linear
elastic fracture mechanics are oftentimes not sufficient to capture the
governing fracture processes, raising the need for more advanced eval-
uation schemes and incorporation of elastic—plastic fracture mechanics
concepts. The two most widely recognized methods are based on the J-
integral and the crack tip opening displacement (CTOD) measurements
[93-96], respectively. Independent of which method is applied, both
consider the whole fracture process including non-linear deformation
processes, such as plasticity, phase transformations, or crack bridging, to
name a few [97]. Therefore, for any analysis the most important
parameter to determine is the actual crack extension during the fracture
process.

In analogy to macroscopic methodologies, a translation from a
specimens’ stiffness to crack extension is also possible in few micron
sized cantilever specimens. Initial approaches were based on sequential
unloading steps [98], which allowed for only a couple of determined
crack extension values, while CSM based testing is uniquely suitable to
determine the crack extension quasi-continuously during a single
experiment. The first successful experiments on notched 10 x 10 x
40 um® NiAl cantilevers were conducted by Ast et al. [10] using an ex situ
nanoindenter capable of CSM measurements. There the J-integral based
evaluation revealed a distinctly increased fracture toughness by
approximately 50% in comparison to what would result from a purely
linear elastic evaluation.

Recent works focused on implementing this quasi-continuous crack
length measurement with in situ electron microscopy systems to estab-
lish correlation between direct imaging and mechanical data, as well as
to simplify the positioning of the specimen with regards to the indenter
tip [99]. This incorporation has its own challenges, as the application
within a vacuum system significantly reduces the system damping,
which has a strong influence on the stability of the oscillating load
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signal. Especially for an extending crack and the comparatively large
change in stiffness of the measurement chain, the dynamics of the sys-
tem need to be carefully tuned to obtain trustworthy results. In partic-
ular for situations where the current experimental system stiffness
locates in the vicinity of instrument resonance frequencies, slight
changes in crack length can lead to over-proportional decrease in stiff-
ness or signal-to-noise ratio, which is nearly impossible to separate from
the pure geometric shape change. Depending on the eigenfrequency of
the used loading device, working well below that characteristic can
impose strings on the attainable data fidelity.

Furthermore, as such micron scaled specimens are fabricated out of a
host material they are still connected to, they lack the nearly ideal rigid
clamping that is necessary to separate the stiffness of the whole load
train from that of the specimen. Therefore, it is crucial to determine the
individual stiffness contributions, such as that of the contact between
wedge tip and specimen, e.g. by additional H-bar experiments [10,100],
or the machine (stiff load train) compliance, e.g. by cantilever base
measurements [99].

After careful calibration of the system it is necessary to translate the
determined change in stiffness to actual crack extension. Initial argu-
ments based on a simplified ‘reduction of cantilever height’ analogy
deviated significantly from experimental as well as computational data
[98]. Therefore, researchers opted to conduct finite element simulations
for each experimental setup to obtain ‘stiffness-to-crack length’ cali-
bration curves. Such simulations provide the most accurate results for
individual cantilever geometries and materials. However, the time
consuming nature of 3-dimensional FEM simulations, and the oftentimes
unknown homogeneous or undefined heterogeneous elastic properties
remain a significant obstacle for generalization of this method. To
counteract the necessity for conducting FEM simulations, a simplified
two-dimensional Euler-Bernoulli cantilever model has been developed
and validated by excessive FEM simulations, which describes the rela-
tion between normalized crack length and normalized stiffness as shown
in equation (5) [101]:

/0« ” %W%ﬁ“ (&) )

1871 — 1)L
whereby aj, is the crack length, corresponding to a stiffness kj, at point n,
ko is the virtual unnotched cantilevers’ stiffness, W is the cantilevers’
thickness, L and L. are the lengths from the tip to the cantilever base and
the notch position, respectively, and Y(a/W) is the stress intensity ge-
ometry function for cantilever shaped specimens, as given in Eq. (6)
[102]:
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While the initial integral term in above equation cannot be solved
analytically, it is straightforward to compute it numerically and tabu-
late/interpolate it with respect to crack length at arbitrary resolution in
a look-up table.

As mentioned, this analytical model was validated by a multitude of
two-dimensional FEM simulations for varying crack lengths, notch po-
sitions and relative cantilever lengths proving overall good agreement,
with a maximum root mean square deviation of 1.6% for very unlikely
geometries. The only potentially unknown material parameter within
this equation is Poisson’s ratio v, which ranges from 0.2 to 0.35 for
common engineering materials. Hence, the 1-42 term enumerates in a
range from 0.96 to 0.88, so a deviation by maximum 9%. This leads us to
conclude that this solution exhibits only minor local material depen-
dence and can therefore also be safely used for the assessment of het-
erogeneous systems if such precision is sufficient for the question at
hand.

Note that the unnotched cantilever stiffness ko in Eq. (5) can be ob-
tained by analytical assumptions (Euler-Bernoulli) or by reverse
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calculation based on experimentally measurements of the initial crack
length and notched cantilever stiffness, whereby the latter leads to
better results and is independent of any further assumptions.

In general, the methodology of quasi-continuous J-integral mea-
surements has been validated with respect to macroscopic data of semi-
brittle W and NiAl [94] single crystals and shows overall agreement for
crack growth initiation, ie. fracture toughness. Furthermore, it has
successfully been used, for example, to determine fracture toughness
differences with respect to deformation in nanocrystalline W-Cu [103]
thin film systems, or for white etching layers [104] commonly
encountered in railway systems.

The strongest case for such quasi-continuous measurements, how-
ever, is the possibility to quantitatively evaluate the whole fracture
process, and not only a single event. Especially in conjunction with in
situ capabilities, e.g. SEM or TEM imaging, the crack initiation as well as
propagation within previously inaccessible features such as individual
grain boundaries or multilayer interfaces becomes feasible. For example,
in commercially processed TiAl alloys this technique has been used to
determine the interface fracture toughness between individual lamellae
within the eutectic microstructure [105]. These investigations revealed
strong stochasticity with respect to the local microstructure, but also a
trend for the y/ay interface as being the weakest interface (~6.5 MPam'/
2), while y/y interfaces exhibited dedicated crack path multiplicity.

Furthermore, specifically positioning the initial notch using FIB en-
ables to determine crack growth behavior very locally, as demonstrated
for a Cu-WTi-SiOx-Si system commonly found in the microelectronics
industry [106]. There the notches were positioned on both sides as well
as within the interior of the only ~300 nm thick WTi diffusion barrier
layer to investigate the change from nearly ideal brittle (WTi/SiOx) to
pure blunting (WTi/Cu) crack extension behavior.

This example was chosen to provide some details as to the amounts of
local fracture information that can be extracted from such highly
localized in situ fracture experiments. Fig. 5 showcases two continuous J-
integral experiments on the mentioned SiOx/WTi/Cu multilayer system,
where (a) and (b) depict before and after secondary electron images of a
deliberately weakened WTi/Cu interface, as achieved by O-enrichment
[107]. (c) and (d) depict the alike information for a SiOx/WTi interface
[106], while (e) summarizes the J-integral over crack extension data.
The red circles in (a) to (d) correspond to the respective initial notch tip
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positions. Focusing on these, it is evident that the WTi/Cu interface
(Fig. 5a to b) incorporated considerably more plastic deformation in
terms of crack tip blunting before crack propagation occurred. In con-
trary, the SiOx/WTi (Fig. 5c to d) does not reveal any major deformation
in the vicinity of the crack tip. This is also represented in the data, where
the WTi/Cu interface (red curve) depicts a continuous concave-up shape
in the beginning, before at a rather distinct transition point (74 J/m?) a
linear crack extension regime starts. This initial concave-up shape is
unphysical and corresponds to dislocation plasticity within the Cu
phase. Therefore, the crack growth initiation toughness can be consid-
ered as the point at the transition knee to the linear regime. For the
SiOx/WTi interface no plastic deformation is evident, and consequently
the initial J-integral versus crack extension regime depicts rather
sequential rapid crack extension events, which relates to the propaga-
tion of the crack tip from the initial FIB notch to the interface. Therefore,
the crack growth initiation toughness corresponds to the difference be-
tween the last crack extension plateau and the onset of stable crack
growth (14 J/mz).

Furthermore, the continuous nature of the J-integral versus crack
extension data allows to determine not only the initiation toughness, but
also the resistance upon crack growth. Commonly, this R-curve behavior
is described with a normalized tearing modulus, requiring knowledge of
the local Young’s modulus and yield strength, respectively. While this is
not rigorously defined for heterogeneous systems on any length scale,
one can still compare the slopes in the crack growth regime to estimate
the quantitative difference in crack growth resistance. The present data
suggests that it is roughly five times harder for a crack to grow within the
WTi/Cu than in the SiOx/WTi interface, which is presumably due to
noticeable energy dissipation by plasticity within the former.

3. Additional insights from in situ experiments

Nanoindentation can provide statistically significant data of very
high precision. Nonetheless, in particular if the result is different to or
against expectations, direct observation of the ongoing deformation
processes is invaluable [108], and electron microscopes are ideally
suited to provide this visual information [109]. As such, it was only
natural to design systems that allow for in situ nanoindentation experi-
ments to be conducted inside scanning [15] or transmission [17]
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Fig. 5. Interface fracture on a local scale studied by continuous in situ fracture experiments. (a, b) WTi/Cu interface before and after fracture. (c, d) SiOx/WTi
interface before and after fracture. Red circles and dashed lines indicate initial crack tip and interface position, respectively. (¢) Comparison of initiation toughness

and crack growth resistance between the two interfaces shown.
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electron microscopes. While quasi-in situ stepwise static deformation
experiments date back quite a while and have been covered by excellent
review articles [110], the field of quantitative miniaturized dynamic
experiments is rather young. Thus, we will mostly focus on these kinds of
experiments.

3.1. Direct crack shape characteristics

While quantitative mechanical data is essential for comparable
fracture investigations, the confidence of any measured parameter is
based on whether the underlying initial model assumptions, such as a
continuously straight crack front or a stable single crack tip, are trust-
worthy. An example that this is not always a given is depicted in Fig. 6a,
where an in situ observation of a fracture experiment on isotropic IP-DIP
resin processed by two-photon lithography [111,112] with a deliberate
‘crack stopping hole’, as common in macroscopic engineering approaches,
is depicted. The specimen showed a complex behavior involving crack
path deflection towards a free surface, re-nucleation of a crack at the
bottom of the respective hole, to final crack tip branching. While all
these effects are beneficial in dissipating energy and thereby contribute
to toughening the material [97], none of these rather complex crack
path features could have been resolved without imaging capabilities.
This common example is intended to showcase that high fidelity
experimental approaches conducted in situ are more desirable, since
they enable a direct correlation of mechanical crack driving force and
microstructural crack path information, especially when the material
response is unknown or unpredictable due to local variations in micro-
structure or inhomogeneities [113-115]. Furthermore, in addition to the
direct observation of crack tip deviations as a sanity check for the
measurement of crack extension, this data can also be used as input for
quantitative fracture mechanical analysis. Schmuck et al. [116] devel-
oped a semi-automatic algorithm based on image filtering and contour
tracking to measure the instantaneous crack tip length of miniaturized
cantilever shaped specimens. Notably, this was realized directly from
the challenging contrast features of common in situ SEM or TEM images
absent of any dedicated speckle pattern or markers. It was shown that
good overall agreement with stiffness based methods is achieved, given
the crack front grows stable and quasi homogeneous over the specimen
width. This is expected, for example, for quasi-isotropic materials of
nanocrystalline or ultra-fine grained nature, as the average crack front is
expected to be straight [117] or only undulating on the order of the
microstructural feature dimension. While strongly inhomogeneous
crack extension due to varying plane-strain/plane-stress states or
microstructural heterogeneities can be challenging and might not al-
ways be fully captured on the surface of the specimen, this methodology
is still very useful for research groups that do not have access to CSM

crack tip k
deflection
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based experimental setups. Furthermore, in situ crack tip tracking en-
ables to collect a much higher density of crack length values in com-
parison to the often applied sequential unloading method [98], which is
beneficial for detailed determination of ‘R-curve’ behavior or stable to
unstable crack propagation transitions. In general, the correlative in situ
crack tip tracking from image data can serve as an additional informa-
tion channel in parallel to CSM based evaluation for validation of the
general crack length or current crack tip position in any small scale
experiment [105].

Furthermore, in analogy to macroscopic evaluation schemes, the
automated measurements of geometric parameters such as crack mouth
opening displacement (CMOD), crack tip opening angle (CTOA) and
crack tip opening displacement (CTOD), as depicted in Fig. 6b, have a
direct correlation to energetic fracture parameters, such as the J-integral
[98]. Just as the crack length, once the crack shape is tracked from the
collected image data, these parameters can also be assessed. Therefore,
future experiments using in situ CSM based techniques to resolve the
quasi-continuous crack extension process could be utilized to obtain a
more complete description of the fracture characteristics by concur-
rently employing these two fundamentally different concepts in the
same experiment.

3.2. Local deformation fields through computer aided processing

A logical extension of in situ imaging is the use of computer aided
image processing to obtain detailed information on local surface
displacement fields and the subsequently derived strain fields. Such
methodologies are commonly referred to as digital image correlation
(DIC) and are based on matching of subset windows. Most often, this is
realized by normalized cross-correlation of the gray-scale histogram
within the subset window from one reference frame to the image of
interest. To obtain the highest possible resolution, it is important to
utilize as much of the gray-scale range as possible within a small subset
window of only a few pixel squared. Thus, it is imperative that the im-
ages have possibly high contrast and a stochastic pattern which avoids
ambiguity amongst correlation spots. For SEM imaging this is synony-
mous with a high dwell time per pixel and therefore a long image
acquisition duration, up to minutes per image [118], which necessitates
a stable mechanical setup, i.e. no thermal drift but also no continuous
deformation.

Furthermore, for the use of such matching algorithms it is essential
that the illumination at a certain position on the specimen remains in-
dependent of the relative position within the field of view. This is not
always the case, as electron optical aberrations can alter the incoming
beam based on the current scan position. While slight overall constant
electrostatic/electromagnetic imperfections in the lenses lead to

Fig. 6. (a) Crack tip morphology of an IP-DIP cantilever shaped fracture specimen, depicting the change in crack propagation direction due to a deliberate crack
stopping hole, followed by nucleation of a new crack tip and subsequent crack tip branching. (b) In situ micrograph of a nanocrystalline W specimen showcasing the

geometric measurements of crack length, CMOD, CTOA and CTOD, respectively.
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stigmatic errors, deviations with respect to the beam path within such
lenses (angle, position) cause spherical aberrations. The former can be
easily counteracted by the operator, adjusting the respective settings for
astigmatism. But the latter is inherently given by the electron lens setup
and requires correction within the column using octo-/quadropoles
within double/multi lens configurations [119]. The same is true for
chromatic aberrations, where deviations of the generated kinematic
electron energy (e.g. from an unstable power source or imperfection of
the cathode) lead to different beam deflections within the column and
therefore an additional dependence on the scan position (beam path)
[120]. While the hardware correction of these aberrations is utilized to
significantly improve overall resolution, the resulting illumination er-
rors can be also counterbalanced using data processing routines [121].
As the electron column inherent aberrations are time-independent, one
can map the spatial illumination deviations for a given experimental
setup to compensate subsequent DIC measurements and obtain
displacement data without additional errors through image formation
[121].

Lenthe et al. [122] studied the imaging parameters of their SEM setup
in detail by implementing an external scan controller unit. They found a
strong influence of the scan geometry, where a snake-type scan lead to
shifting of every other pixel line due to the ‘left-to-right’ /‘right-to-left’
scanning alternation, while shifts in a raster-type scan are continuously
and therefore do not add to the overall stochasticity of the image.
Furthermore, their results suggested that unwanted pixel shifts are
reduced by using lower acceleration voltages, lower magnifications and
secondary electron instead of backscatter electron detection. However,
the by far most pronounced impact is given by the fact that the electron
beam requires time to settle on each pixel individually. So even if the
electron output is high enough for detection of high contrast features, if
the dwell time of the electron beam is lower than the settling time of the
beam scan generation unit, the image will remain with a low signal-to-
noise ratio due to undetermined individual pixel shifts. Lenthe et al
[122] reported that these pixel shifts follow a sigmoidal curve shape and
used their obtained data to fit a correction function for lower dwell times
as depicted in Fig. 7a, where the same subset window of an etched Ti-
6Al-4V sample is shown with pixel dwell times of 1 ps and 10 ps as
raw and corrected images, respectively.

The DIC methodology can be utilized by both, large-scale macro-
scopic in situ investigations where only a portion of the sample is of
interest, or micron-scale specimens where the whole specimen defor-
mation is captured in one image, as depicted in Fig. 7b and c¢. Micron-
scale experiments are commonly processed via FIB milling and have a
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rather smooth surface finish, which necessitates the application of
additional high contrast surface feature, such as dedicated Pt speckle
patterns [123,124] for any type of image correlation. Using high reso-
lution post-deformation images (HR-DIC) this technique can be applied
to study very erratic deformation characteristics such as twinning [125]
and single slip [126], or even the complex strain field in front of crack
tips [127]. However, the necessity of slow scan speeds for such high
resolution image acquisitions remains and is still challenging for
obtaining such strain field during a quasi-continuous deformation
experiment. To counteract this, one must work with noisier lower res-
olution images, dropping the premise for highly accurate gray-scale
subset window matching algorithms and change to a more robust
feature tracking algorithm. This has been addressed by Alfreider et al
[128], where periodic single spot FIB features are used as bases for a
plane quadrilateral mesh strain field description (Fig. 7b). While this
methodology lacks the high-resolution of classical DIC, which is essen-
tial for resolving small elastic strains, it is considerably more robust
against image noise and distortions introduced through large plastic
deformations. Therefore, such a feature tracking type approach can be
beneficially employed in conjunction with in situ continuous deforma-
tion experiments and enables quantifiable strain data over the whole
process rather than only at predetermined dedicated stopping times,
which is beneficial for unknown or unpredictable deformation
characteristics.

Opposite to the strive towards ever smaller volumes to be investi-
gated, another research strategy with DIC is the trend towards larger
fields and statistically significant data. Specifically with current hard-
ware developments aiming towards multi-beam SEM configurations, the
possibility for acquiring square mm large images while still maintaining
nm resolution in reasonable time frames enables to obtain information
on multiple hundred thousand individual slip events within one exper-
iment [129]. Additional information can also be gathered using clever
mathematical concepts, such as enriching classical shape functions by
Heaviside-functions, termed Heaviside DIC (H-DIC) [130]. This meth-
odology in conjunction with electron backscatter diffraction (EBSD)
allows to quantify in-plane and out-of-plane shear displacements of in-
dividual slip steps, which is oftentimes challenging or even impossible
for classical DIC techniques and gives additional insight into local
deformation characteristics (see Fig. 7d).

All in all, the applied methodology of choice depends on the
boundary conditions, such as a precisely determined local loading state
(compression, tension, bending) versus a global far field loading, uni-
directional continuous deformation versus fatigue investigations, or the
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Fig. 7. (a) Detailed image correlation feature depicting the influence of SEM micrograph acquisition time and beam drift correction [122]. (b, ¢) In situ micro-
mechanical experiments using classical grayscale matching [126] (b) and point feature tracking algorithms [128] (c) for digital image correlation. (d) High resolution
DIC (HR-DIC) and heaviside DIC (H-DIC) images of a fatigued Ni-based superalloy specimen depicting the quantification of in-plane slip traces [131]. Reproduced

with permission.
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necessity of applying certain environmental testing conditions, all of
which will determine the best suitable technique for a given research
question.

3.3. Bridging from scanning to transmission electron microscopy

Investigations on detailed mechanical processes are oftentimes
conducted within a dedicated TEM [109], with the common setup of
conventional instruments allowing only for very small specimen and
holder volumes. Resultant, any scientific equipment for variable in situ
conditions, such as mechanical loading transducers, thermal heating/
cooling devices [132], electrical measuring/charging probes [133] or
alternative liquid/gaseous environments [134] necessitate very specific
and dedicated, oftentimes one-of-a-kind, solutions. In conventional SEM
instruments the comparatively spacious specimen chamber, in
conjunction with larger stage movement and easier access to the inside
of the device via commercially obtainable feedthroughs is a non-
negligible argument for easier correlative in situ experiments in such
microscopes. It would be much more convenient and easier accessible to
a broader community to realize such operando testing configurations
within the environment of an SEM. Nevertheless, the lack of detailed
defect imaging conditions, which are frequently the fundamental objects
of interest governing the underlying material behavior, is the oftentimes
mentioned drawback for such SEM investigations. However, while it is
indeed very convenient to view crystal defects down to atomic details by
TEM, they can to an appreciable extent also be imaged using an SEM
based on recent technical and methodological advancements.

One way to obtain defect information would be electron channel
contrast imaging (ECCI) [135,136], where the backscattered primary
electrons channel easier close to surface defects such as dislocations and
stacking faults, resulting in a locally higher signal. While this method-
ology is able to probe bulk-sized specimens at their near surface region,
the background noise through scattering and diffraction phenomena in
the bulk reduces the contrast quite significantly [137]. This again ne-
cessitates long beam dwell times and is therefore not an optimal tech-
nique for in situ investigations of continuously deforming specimens.

Another approach is following the well-known and studied thin foil
processing route for standard TEM specimen preparation to obtain
electron transparent foils, but place them in an SEM with a detector
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mounted beneath the specimen in a transmission configuration. Inde-
pendent on whether the literature name is ‘STEM-in-SEM’ [138,139] or
‘TSEM’ (transmission SEM) [140-142], this technique is essentially
equal to the well-known scanning TEM (STEM), where a convergent
electron beam focused on the specimen plane is scanned pixel-by-pixel
over the region of interest to obtain an image. The main difference is
therefore the acceleration voltage, which in most common SEM in-
struments is only up to 30 kV, while common dedicated TEM machines
offer a primary beam with energies up to 300 keV.

Such reduced acceleration voltages do have drawbacks in terms of
specimen preparation, as the foil thickness needs to be noticeably
smaller than for a 200 kV TEM to obtain the same illumination intensity.
Using inelastic mean free paths [143] for single phase Mg and W as low
and high scattering examples, one can estimate the maximum foil
thickness for at least 5% transmitted intensity as a common rule of
thumb [144] to be 129 nm and 61 nm for a 30 kV beam, while a 200 kV
beam would allow thicknesses of 493 nm and 228 nm, respectively.
While this factor of roughly 3.7 would on one hand allow for thicker
specimens to be investigated, it essentially means on the other hand that
already thin specimens allow for a noticeably better signal-to-noise ratio
in high kV systems. However, low acceleration voltages imply shorter
extinction distances and therefore more detail when observing defects
such as stacking faults or dislocations. This was detailed by Callahan
etal. [140], who investigated the same region of interest in a cobalt-base
superalloy using various image formation modes (e.g. bright field BF,
dark field DF, high-angle annular dark field HAADF) on a conventional
200 kV TEM in comparison with a 30 kV TSEM, as depicted in Fig. 8a
and b. They reported that the effective extinction distance in TSEM
images is roughly equal to weak beam dark field imaging in TEM
(g—3g), which is commonly used for very sharp contrast changes at
defect features. However, while g—3g imaging utilizes large excitation
errors, i.e. weak beams with low intensity to obtain such small extinction
distance, TSEM imaging allows for the same with strong beams, which
enables shorter beam dwell times and thereby faster image acquisition.

Therefore, TSEM imaging is uniquely suited for quasi-continuous in
situ experimentation, not only from the perspective of extended equip-
ment space available in an SEM, but also from an image formation point
of view. For example, Stinville et al. [141] utilized this technique on
twinned René 88DT Ni-based superalloy specimens to obtain

(e] final load-BF

Fig. 8. Comparison of the same field of view in a cobalt based superalloy using (a) 200 kV conventional TEM and (b) 30 kV transmission SEM bright-field imaging
[140] (Reproduced with permission). (c—e) Showcase of an in situ shear fracture experiment on a Cu-WTi-Si multilayer system (after [142]), where the crack path
(A-C) is evidently deviating from the WTi-Cu interface to the Si-WTi interface, as depicted by the annular dark-field micrograph in (c). The local dislocation activity
within the Cu phase can be observed best as comparative bright-field insets of the specimen (d) before loading and (e) at the final load.
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quantitative load-displacement data in correlation with in situ obser-
vations of slip band formation, as well as dislocation decorelation/
recorelation around y’ precipitates and formation of anti-phase bound-
aries. Such correlative detailed information would be demanding to
acquire from either bulk deformation or in situ TEM experiments,
respectively.

In another example, Alfreider et al. [142] used in situ TSEM imaging
to investigate interface fracture characteristics of an elastic-plastically
deforming Cu-WTi bi-material interface. There, specimens were fabri-
cated on push-to-pull devices with tensile (mode I) and shear loading
geometries (mode II), revealing purely ductile crack growth within the
Cu phase for mode I loading, while interface crack nucleation and
growth was evident for mode II loading. Fig. 8c depicts an annular dark
field (ADF) micrograph of one such experiment at maximum load to
showcase the utility of this experimental setup. The ADF images allow
for a detailed investigation of the crack path, since edge effects are
considerably reduced in comparison to BF imaging. In Fig. 8c it is
evident that the crack grew from the initial notch along the WTi-Cu
interface (point A) until it deflected straight through the WTi layer,
presumably along columnar grain boundaries (point B). From there, the
crack continued to grow along the WTi-Si interface until at a certain
point the local loading configuration lead to deflection of the crack into
the interior of the Si (point C). While the ADF images are beneficial for
crack path features, simultaneous BF images enable easier observation
of defect features, as depicted in Fig. 8d and e, where both correspond to
the same region of interest before (d) and after (e) loading. The for-
mation and movement of dislocations within individual Cu grains re-
veals the high amount of plasticity that is present concomitantly with
the crack propagation process.

Taken together, TSEM offers quite promising characteristics for
future experimental investigations, with oftentimes easier access for
researchers compared to dedicated TEM instruments, more space for in
situ equipment, e.g. mechanical transducers, thermal heaters/coolers or
electrical probes, while still allowing for comparatively fast image
acquisition. Especially with recent development of new monolithic de-
tectors available for SEMs [145], image acquisition times could be
lowered even further. Moreover, these fast observations during testing
can be complemented with additional information acquired through
previous or post-mortem conventional image formation modes, such as
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transmission Kikuchi diffraction mapping.

4. Towards extreme environments
4.1. Temperature control: From cryo to melting

To perform application relevant operando experiments, oftentimes
testing under non-ambient temperatures is required. Especially many
production processes and applications of advanced materials take place
at high temperatures (HT). Accordingly, small-scale mechanical testing
devices are equipped with heating systems to perform experiments
under such HT conditions. However, not only the gathering of me-
chanical data at application temperatures was targeted in recent years. A
lot of effort focused on multi-temperature testing approaches to acquire
the activation parameters of the plastic deformation mechanism for the
investigated material. As shown in Fig. 9, the highest achievable testing
temperatures have been continually pushed upwards in recent years
[146,147], with the highest reported temperatures now reaching
1100 °C [148]. As an outlier from the general trend, Grosso et al. [149]
have shown that miniaturized testing can be performed even at tem-
peratures beyond 2000 °C. However, at these extreme temperatures,
shape changes of the test specimens due to surface diffusion and plas-
ticity of the punch were reported as problematic [149]. Notably, these
experiments were not performed in a conventional nanoindentation
setting, but rather in situ in the extremely versatile TEM of Sandia Lab-
oratory utilizing local infrared laser heating [149,150].

It must be noted that small scale mechanical testing at exceptionally
high temperatures is not a straight forward task, and just because such
experiments are possible does not mean they can be regularly performed
with the same ease as a conventional nanoindent. On the contrary, a lot
of time and effort needs to be spent in ensuring a well-controlled stable
experimental setup. However, if certain limitations and pitfalls are
carefully considered, such miniaturized local mechanical probing is an
extremely powerful technique for mechanical characterization. The
2015 review by Wheeler et al. [146] already dealt exhaustively with
most of these considerations, thus in the following only a brief résumé is
given.

All micromechanical and nanoindentation devices rely on some kind
of manipulator or tip to apply forces or displacements to the sample. As
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Fig. 9. Evolution of published maximum and minimum indentation temperatures over the last 28 years. Data in part taken from [146,147].
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prominently discussed by Wheeler et al. [146], it is paramount that this
probe and the sample are kept at the same temperature prior to and
during contact. This “thermal match” is important, as any heat flux, and
therefore a change of local contact temperature, will cause “contact
drift” due to thermal expansion [146]. Another form of drift caused by
the heating of the device is “frame drift” due to a contact independent
heating of the machine components supporting the tip and sample
[146]. This form of drift is less actively controllable. Typically, holding
times of the machine at the desired measurement temperature are used
to allow thermal gradients to settle. Also, additionally to keeping parts at
safe operating temperatures, active cooling of indenter components can
be used to retain the frame at a more stable temperature and thus reduce
this drift component. As drift is a time-related phenomenon, another
way to avoid or minimize its influence is to perform the test possibly fast
to reduce the contact time. Such a fast HT indentation technique has
recently been presented by Tiphene et al. [151]. In that “high-temper-
ature scanning indentation” method the fast indentation even allows
measurement while changing the experiment temperature [151].

A further important consideration when performing HT tests is the
choice of an adequate tip material for the manipulator. Again, an
overview of mechanically and chemically suitable combinations of
manipulator and sample materials was presented by Wheeler & Michler
[152]. However, another topic that has by comparison only been dis-
cussed scarcely by the community is the adhesion of the sample material
to the manipulator. For example, Barnoush et al. [147] pointed toward
cheap and quick-to-replace manipulators. This, however, jeopardizes
the tip calibration, as in an extreme scenario a single experiment would
require a tip that needs to be calibrated before. Such strategy seems not
desirable for a high-throughput or high resolution investigation.
Another path worth exploring is the application of friction and adhesion-
reducing agents to the manipulator. However, such particles need to be
applied in a way that does not adversely affect the contact. Preliminary
data of the authors suggests that the application of finely dispersed MoS,
particles can help to avoid the attachment of micropillars, which fail in a
brittle manner at HT, to the flat punch manipulator. Therefore, the
punch was immersed in isopropanol containing sub-micrometer-sized
MoS; particles dispersed in it. After drying the particles remained on
the tip. The MoS; was then evenly distributed on the punch by pushing it
against the substrate prior to conducting the first experiments. However,
it must be noted that this coating gets consumed during testing and loses
its function eventually, thereby again placing limits on the attainable
throughput. Also, it should be noted that high contact pressures and long
contact times appear to promote the adhesion of sample material [153].
Accordingly, this is typically more problematic during indentation or
creep testing compared to other forms of miniaturized mechanical
experiments.

As established in the beginning of this chapter, small scale me-
chanical testing has been extensively applied to the characterization of
various stress-, rate-, temperature, crystallography, structure and
chemistry dependent deformation mechanisms. For example, testing at
varying temperatures in combination with advanced protocols such as
strain-rate jump tests enables the quantification of activation energies
and activation volumes of the rate-controlling mechanisms of plasticity.
The following segment is dedicated to highlighting some examples
where such methods were successfully used.

Korte & Clegg [154] applied HT micropillar compression already in
2009 on spinel, where they performed compression experiments at
different strain rates to obtain insights into the rate sensitivity and
activation volume of dislocation plasticity. Furthermore, they reported a
strong shift of the brittle to ductile transition temperature due to the
small sample size.

Subsequently, these strain rate variation approaches were further
developed through the introduction of strain-rate jump tests to the
nanoindentation community by Alkorta et al. [155] and Maier et al.
[156]. Numerous investigations using this technique have subsequently
been performed on various materials. A prominent combination of
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methods was conducted by Wheeler et al. [157], where the activation
parameters of ultra-fine-grained aluminum were assessed and compar-
ison to bulk compression tests confirmed the applicability of the local
strain-rate jump technique to HT nanoindentation [157]. For evaluation
of the apparent activation energy, Wheeler et al. [157] used the method
by Sherby & Armstrong [158]. This requires the input of a creep stress
exponent [158], for which Wheeler et al. [157] assumed a value of 5
typical for dislocation creep. Contrarily, in a more recent study on
tungsten, Kappacher et al. [159] took advantage of the fact that the creep
stress exponent is the inverse of the strain rate sensitivity, and therefore
directly accessible by strain-rate jump tests. The evaluation of the
apparent activation energy can thus be based solely on measurement
results, avoiding the need of assumptions regarding the material
behavior. With that approach, Kappacher et al. [159] showed a reduc-
tion in the Peierls potential of tungsten through alloying with rhenium.
Recently, Schaffar et al. [160] further adapted this approach by
considering the change of constraint factor with temperature. Basing the
activation energy analysis on an equivalent flow stress, rather than on
hardness values, allows to account for the indentation response
becoming more plastic with increasing temperature [160]. With this
approach changes in the rate controlling dislocation mechanisms in
silicon, previously reported for other semiconductors [161-163], were
identified [160]. Alternatively, Choi et al. [164] and Lee et al. [165]
avoided the use of the creep stress exponent entirely by adapting the
activation energy evaluation of Shoeck [166] to indentation data. Uti-
lizing this approach Choi et al. [164] investigated changes in deforma-
tion mechanisms in chromium, while Lee et al. [165] measured an
increase in thermally activated plasticity above 200 °C in CoCrFeMnNi
high-entropy alloys and suggested grain boundary diffusion as the un-
derlying mechanism. In another study on cobalt, Kappacher et al. [36]
also demonstrated the applicability of these strain rate jump techniques
to the mechanical description of phase transformations.

These techniques for the evaluation of activation parameters are not
exclusively used in indentation testing. Examples of their application to
other nanomechanical techniques are the pillar experiments on semi-
conductors by Chen et al. [163,167], where experiments gathered a data
set for the plasticity of silicon in small volumes from room temperature
to 500 °C [167]. From this data, they addressed the frequently debated
transition of perfect “shuffle” to dissociated “glide” dislocations at ca.
300 °C. For a short overview of dislocations on “shuffle” and “glide”
planes in silicon, readers may refer to Duesbery & Joos [168]. Recent
compression experiments on germanium pillars by the same group of
authors [163] suggest a further change of dissociated back to perfect
dislocations at even higher homologous temperatures.

To summarize, high temperature small scale mechanical testing is
nowadays an established technique. These experiments can gather
application-relevant data under operando conditions. Furthermore,
variable temperature micromechanical experiments are a powerful tool
to assess the thermal activation parameters of plasticity, and therefore
typical characteristics for the identification of rate-controlling defor-
mation mechanisms.

While impressive results regarding the measurement of activation
parameters of plasticity have been achieved, the methods currently
applied are frequently time consuming and prone to errors due to drift,
tip degradation and adhesion of sample material to the tip. Fast testing
approaches, such as the high-temperature scanning indentation tech-
nique [151] show a lot of promise, as they allow to avoid time related
influences. However, while Tiphene et al. [151] demonstrate that their
protocol can also be used to acquire thermal activation parameters, fast
testing is obviously limited to higher strain rates than usually applied.
Furthermore, the chosen load profile induces different strain rates,
which depend on the hardness and therefore temperature [151]. Lastly,
evaluating strain rate sensitivities from non-constant strain rate seg-
ments introduces the necessity to deconvolute strain rate and indenta-
tion size effects [169]. Accordingly, still a tradeoff remains regarding the
choice of technique, and the related potential sources of error that are
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more acceptable for the planned investigation.

In addition to these advancements in nanoindentation at elevated
temperatures, in situ nanomechanical testing at sub-ambient tempera-
tures is gaining increasing attention, as seen in Fig. 9. Vickers hardness
testing at cryogenic temperatures has already been realized in the 1960s
[170] by placing the whole testing setup in a bath of liquid nitrogen.
Since modern nanoindentation devices are equipped with highly sensi-
tive force and displacement sensors as well as actuators, such a rather
crude approach cannot be taken without severe risk of damaging the
system. The first account of depth-sensing indentation at sub-ambient
temperatures has been published by Syed Asif & Pethica [171] in
1998. They used an indentation setup including Peltier elements and
heat sinks on both the indenter and sample side to regulate temperature
and protect the sensitive indentation electronics. As mentioned above,
temperature matching between sample and indenter tip is crucial for the
accurate assessment of properties during indentation at non-ambient
temperatures. In theory, the Peltier elements could cool the sample
and indenter tip down to about -40 °C. However, the formation of ice
from air humidity limited the testing temperatures in their work to
above the freezing point. A similar setup was utilized by Chen et al. in
2010 [172] to study the mechanical properties of polypropylen below its
glass transition temperature, and in 2011 to explore the wear resistance
of diamond-like carbon at low temperatures [173]. They adapted the
Peltier setup by flooding the test chamber with argon, which prevents
the formation of ice and allows for the first published instance of below
freezing nanoindentation at minimum temperatures of —30 °C.

It was at this point in time that the limits of Peltier cooling were
reached and there was no more circumventing “classical” cooling con-
cepts involving direct cooling via mediums such as liquid nitrogen.
Moreover, previously only conventional ex situ nanoindentation hard-
ness testing has been performed at low temperatures. Lee et al.
[174,175] and Lupinacci et al. [176] were the first to utilize custom-built
cold finger setups in conjunction with liquid nitrogen inside an SEM to
perform in situ micropillar compression at temperatures down to 160 K
and 130 K, respectively. In both setups the evaporated nitrogen flows
through the cold finger to cool down a Cu block inside the SEM, from
which Cu wires connect to both, the specimen holder and indenter tip
holder, respectively. The temperature can be regulated either by con-
trolling the flow of nitrogen gas, or by employing additional heating
elements. Aside from the possibility to perform in situ experiments, an
additional advantage of the SEM chamber is that the vacuum environ-
ment prevents the formation of ice as long as it remains closed, and
unwanted heating of the system through convection. This kind of low
temperature indentation setup has since then seen many applications in
metal, ceramic and polymer research [163,177-184] and is considered
the state-of-the-art when it comes to sub-ambient nanomechanical
testing. So much so, that there are now even commercially available
indentation modules utilizing a cold-finger setup, such as the Alemnis
LTM-CRYO module. By replacing liquid nitrogen with liquid helium,
even lower temperatures can be reached [185-188], with the current
world record being held by the lab of Seok-Woo Lee with a minimum
temperature of 40 K [185].

Progressing low temperature nanoindentation from ex situ to in situ
allowed for detailed investigation of failure mechanisms, crack propa-
gation and deformation characteristics. Taking a step further, combining
such systems with EBSD analysis can be beneficially applied to detect
and observe stress-driven grain growth [189], deformation twinning
[190] or phase transformations in great detail during mechanical
loading at cryogenic temperatures.

The applications of nanomechanical testing at sub-ambient temper-
atures have been widespread, yet can mostly be associated with studying
plasticity and deformation mechanisms at low temperatures
[171,174,175,177-181,183,190], investigating phase transformations
and glass transitions [163,172,191,192], testing mechanical properties
of materials used in space flight or other cryogenic applications
[176,182,189], or combinations of these. As such, low temperature
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nanoindentation provides a valuable means to further enhance our un-
derstanding of material plasticity and to mechanically test high-
performance cryo-materials in their operating environment. However,
it is also worth mentioning that such low temperature experiments open
up possibilities for a more direct comparison to ab-initio calculations
such as density functional theory, since these are commonly performed
at or close to 0 K, thereby facilitating the in concerto operation of
experiment and modeling.

Given the recent progress in high and low temperature nano-
indentation and related small scale testing techniques, the scientific
community has now access to an impressive range of temperatures for
mechanical testing at the micro- and nanoscale (see Fig. 9), paving the
way for further investigation of mechanical behavior in dependence of
temperature, as well as for the more accurate assessment of properties of
high-performance materials under operating conditions in extreme
environments.

4.2. Irradiation effects

Micro- and nanomechanical testing has become an integral part of
nuclear materials engineering in recent years. This is reasoned in part by
the drastically reduced necessary sample size, making the handling of
radioactive specimen much more straight forward since hot cells are
typically not required [147,193]. Needless to say that in times of life
time extension and limited surveillance specimens, miniaturized mate-
rial volumes are great news for nuclear engineers. Another, even more
prevalent reason, is the uprising of ion beam irradiation as a surrogate to
neutron irradiation in the study of materials responses to (high dose)
irradiation damage and resulting radiation effects [194]. Although
neutrons are the main source of radiation damage for materials in nu-
clear environments, their practicality for materials irradiation studies is
poor. Irradiated samples get easily activated, the access to neutron
irradiation sources (typically reactors) for research is limited and the
dose rate is extremely low, resulting in irradiation times from days up to
several years for reasonable dose levels [195]. In contrast, ion beam
irradiation offers a non-activating, more easily accessible and higher
dose rate alternative, taking mere hours to achieve exceedingly high
radiation doses that simulate damage from neutron irradiation almost
perfectly [194,196]. The most significant drawback of ion irradiation is
the charged nature of the radiation particles, leading to rapid energy loss
due to interactions with electrons in the target material, and conse-
quently a very shallow penetration depth and a related irradiated zone
of several 100 nm up to 100 ym for high-energy ion beam sources
[193,195]. Also, one should note that transmutation effects are typically
absent in ion irradiation.

It is this rather limited volume of irradiation-affected material that
calls for small-scale mechanical testing methods to assess radiation ef-
fects on mechanical properties, as an impressive amount of recent
research works attest [193,195,197-199]. Conventional nano-
indentation hardness testing [200-202], micropillar compression
[203,204], microtensile testing [205,206] and microcantilever bending
and fracture experiments [207,208] have been utilized to great success
ex situ and in situ to study radiation hardening, irradiation-induced
creep, radiation embrittlement or irradiation-induced segregation in a
wide host of nuclear-relevant materials, often also at elevated
temperatures.

However, the microstructural evolution and defect formation during
irradiation can paint a rather complex picture that one cannot hope to
capture completely only via mechanical testing. Complementary char-
acterization methods coupled with nanomechanical testing have gained
recent attention in the community, allowing for a more profound un-
derstanding of radiation-induced defects and their consequences for
microstructure evolution and related changes in mechanical properties.
Conventional XRD [209] and synchrotron pXRD [210] have been
commonly utilized to study defect densities of irradiated materials and
complement nanoindentation studies. However, there exist now higher
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resolution methods to investigate defect densities and distributions.
Positron annihilation spectroscopy (PAS) offers the depth resolution to
quantify the defect density distribution in implantation direction, and
also allows in some cases for the differentiation between vacancy- and
interstitial-type defects [211-213]. Naturally, this spectroscopy tech-
nique has seen application in nuclear materials research for character-
ization of the distribution and amount of radiation-induced defects
[212,213], yet studies utilizing PAS in combination with nano-
indentation and nanomechanical testing are scarce [214]. Given
exceptional improvements in detector and computing technology, 4-
dimensional scanning TEM (4D-STEM) is now also a viable tool to
study defect evolution in irradiated materials. Using nanobeam electron
diffraction, 2D diffraction patterns can be recorded for each pixel of a 2D
TEM image, hence the name “4D” STEM [215]. This technique allows for
nanometer to atomic spacing in spatial resolution and has already been
utilized to investigate vacancy concentration and distribution in ion-
beam irradiated materials [216]. Combining these high-resolution
defect characterization methods with small-scale mechanical testing in
the future has great potential for detailed exploration of the interplay of
irradiation induced defects with plasticity, fracture and time-dependent
mechanical properties (see Fig. 10a).

The methods and works mentioned so far all investigated materials
before and after irradiation. However, we can obtain even more infor-
mation from observing and testing materials during irradiation. After
all, the microstructure and introduced defects could cluster, annihilate
or relax between irradiation treatment and mechanical testing. Mate-
rials exposed to radiation environments, e.g. reactor materials, are
however exposed to mechanical and thermal loads while being irradi-
ated, which can have important implications on dynamic defect for-
mation, evolution and clustering and, hence, on mechanical property
degradation. In situ TEM irradiation facilities, such as I"TEM (In situ Ion
Irradiation TEM) at Sandia National Laboratory [150,217] and MIAMI
(Microscope and Ion Accelerators for Materials Investigations) at the
University of Huddersfield [218], attempt to unravel these influences.
By combining ion irradiation beamlines with sample heating options
and nanomechanical testing devices within a TEM, microstructure,
mechanical properties and defect behavior can be investigated during
irradiation at relevant temperatures and mechanical loads (Fig. 10a).
Research on these devices have focused on microstructural evolution
and defect formation so far [150,217,219-224], yet some works have
already utilized nanomechanical testing options. For example, it was
shown that mechanical loading immediately after irradiation of ufg Au
can lead to stress-driven GB migration, which in turn results in healing
of radiation-induced defects and an overall radiation tolerant behavior
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[225]. There have also been some works studying irradiation-induced
creep of different materials at ambient and elevated temperatures in-
side such an in situ irradiation TEM facility [150,226,227]. These ex-
amples highlight the hidden or at least not fully tapped potential of in
situ nanomechanical testing under realistic reactor conditions, which
will certainly play a significant role in the development of future nuclear
fission and fusion reactors as well as the structural materials deployed
therein [228].

Apart from these multi-characterization testing techniques, another
topic that has gained traction over recent years is the influence of helium
on microstructure and properties of nuclear materials. Helium as a noble
gas is insoluble in metals and readily forms gas bubbles within them,
leading to structural disintegrity and tremendous swelling. Helium has
always posed a minor problem for nuclear materials as a transmutation
product of alloying elements or in specific reactor models, such as the
CANDU reactor [229,230]. However, with the increased interest in
nuclear fusion and helium being a product of the most commonly used
deuterium-tritium fusion reaction, new enthusiasm has been sparked to
investigate the influence of helium on structural candidate materials for
fusion reactors. Aside from conventional ion accelerators and beamlines,
another option has provided even easier access to helium implantation
of materials: the helium ion microscope (HIM) [231,232]. Using such a
HIM, helium ions with energies up to 25 keV can be implanted to fusion
relevant fluences within minutes to hours in typical areas of 10x10 ym?.
As such, a specimen to study He dose effects can be realized within a day
requiring only a mm sized polished sample.

Helium-induced swelling can be measured easily using atomic force
microscopy (AFM) [233-238]. Given the rather small ion energies,
typical penetration depths of the helium ions are only between 100 and
300 nm, making it challenging even for nanoindentation to probe
radiation-induced property changes, as it becomes difficult to avoid
substrate effects arising from the unimplanted material. In a sense, the
community came back to one of the initial motivations to build a
nanoindentation device: probing irradiated surfaces [239,240]. How-
ever, modern CSM indentation allows for more informative hardness
and modulus data with indentation depth and should be considered in
favor of single data points from conventional nanoindentation testing
(see Fig. 10b) [233,235-238]. To extract only the hardness of the irra-
diated layer, certain plastic zone size models can be applied
[198,235,241], allowing for the approximation of radiation-induced
property changes even for irradiation layers of below 500 nm depth
(see Fig. 10c). Using such combined HIM, AFM and indentation ap-
proaches, several works reported that helium implantation leads to
competing radiation hardening, predominant at lower helium fluences,
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and gas bubble softening, predominant at higher helium fluences, effects
in ufg and coarse grained materials [233,235,236,238,242,243]
(Fig. 10d). For nanocrystalline metals, the softening mechanism is more
pronounced [235,236], while in all cases elastic modulus decreases and
swelling increases continuously with increasing helium fluence.

The investigation of radiation-induced mechanical property changes
using nanomechanical testing techniques continues to receive a lot of
attention. The focus shifts from lone post-irradiation mechanical testing
to coupling indentation-based methods with high resolution character-
ization tools. This serves to study microstructure and defect evolution
under mechanical loads, not only after but also during irradiation and
exposure to reactor-like environments. Moreover, the influence of heli-
um implantation on swelling and mechanical properties has emerged as
exciting research topic, given the concrete application case in nuclear
fusion. In the future, combining these capabilities with TEM analytics,
we might be able to establish links between interface microstates and
irradiation defect sink efficiency, opening completely new avenues for
interface design of low alloyed materials deployed in radiative envi-
ronments, be it a reactor or a deep space probe.

4.3. Electro-chemical nanoindentation

In the previous chapters, the experimental possibilities and chal-
lenges for in situ and operando conditions with respect to application
temperatures or irradiation were regarded. Another important area of
operando investigations concerns the area of electro-chemical nano-
indenation, vital for example to test biological structures in their native
environment or to further deepen our understanding of hydrogen-
material interactions [244,245]. Firstly applied operando by Barnoush
& Vehoff [246] in 2006 and subsequently, this experimental approach
recently gained increasing attention due to the global energy challenges.
The basic idea arose from liquid cell nanoindentation, were the inden-
tation experiments are performed within a liquid medium. However, in
this case also a more or less controlled electrochemical potential is
applied. With this “front-side” charging approach, where the electrolyte
is in direct contact with the investigated material, several aspects for
battery [247] and hydrogen-material interaction were successfully
investigated. Besides basic nanoindentation testing for hardness and
modulus measurements [248], also further pop-in load analyses [249]
were conducted to shed more light onto hydrogen-caused changes in the
local deformation behavior. Nanoindentation probes the plastic
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deformation in a multiaxial compression mode and is therefore limited
in assessing damage or failure. Thus, further micromechanical testing
techniques such as pillar compression [250] or micro bending experi-
ments [251,252] were applied to directly examine hydrogen embrit-
tlement during electro-chemical charging in small volumes.

Notably, these electro-chemical charging setups installed within
nanoindentation systems sometimes suffer from machine stiffness issues
due to the necessity for long tip shafts, lifting tables, etc. To address
these challenges, Ebner et al. [253] introduced a modified stiffened
sandwich-like setup, which allows reliable and reproducible experi-
ments to higher loads, and correspondingly higher displacements. This is
essential in order to probe larger microstructurally representative plas-
tically deformed volumes and avoid unintended indentation size effects
due to shallow imprints. Combining this stiffer setup with the imple-
mentation of nanoindentation strain-rate jump tests, it was possible to
directly measure changes in strain-rate sensitivity, and thus activation
volume, during hydrogen charging. An example is shown in Fig. 11 for a
Ni based alloy by a rigorous comparison of elastic and plastic parameters
in air, under electrolyte, in hydrogen charged condition, and after out-
gassing of H. Such a controlled strategy is essential to eliminate potential
unwanted influences, for example due to chemical attack of the surface
by the electrolyte. This verified quantitative information was enhanced
by correlative microscopy approaches using confocal laser scanning
microscopy (Fig. 11). A detailed analysis of the pile-up formation and
plastically deformed zone provided first hints that under the influence of
hydrogen the deformation occurs more localized, leading to smaller
plastically deformed zones and higher pile up formations.

Notably, during front side charging some materials suffer corrosion
influences from the electrolyte, which impedes surface sensitive exper-
iments or the reliable analysis thereof. Consider, for example, a pop-in
analysis, whereby the surface is potentially roughened or deformed
due to chemical attack or stress built up during the electro-chemical
charging. Clearly, an unbiased analysis can become a challenging
endeavor. In recent years, this stimulated further discussions on alter-
native charging procedures in literature. While for mesoscale tensile
testing different contamination free approaches are described in litera-
ture [134,255,256], Duarte et al. [257] recently conducted a comparison
between the conventional front side charging approach and a newly
developed backside charging cell. There the electrolyte is stored un-
derneath the surface, while the micromechanical experiments are per-
formed on the surface without electrolyte influence. This approach is
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beneficial in avoiding the corrosion issues. However, longer diffusion
times and related concentration gradients depending of the diffusion
characteristics of the examined material [255], as well as possible setup
stiffness issues due to employing a rather thin material membrane to
reduce charging times in low diffusivity materials, must be taken into
account when applying this backside charging method.

4.4. Biological materials

Given the hierarchical nature of many biological materials, me-
chanical testing spanning multiple length scales is key to understanding
the mechanical property amplification arising from the hierarchical
arrangement of typically rather brittle material constituents, such as
organic polymers and ceramics [97,258-262]. This is reflected in many
research works ranging from the tensile testing of individual collagen
fibrils [263], to fracture testing of whole human femurs [264-266] and
even whale baleen [267]. In a multi-scale consideration, micro- and
nanomechanical testing techniques hereby provide the possibility to
probe a length scale that is considered quite important in the ultra-
structure of biomaterials. Crack deflection, crack arrest and crack
bifurcation at compliant layers [258,264,268,269], pullout of collagen,
cellulose or keratine fiber [258,265,266] or cross-linking of proteins and
other organic polymers [258,270-272] are just a few examples for
mechanisms at the micro- to nanoscale that give rise to the attractive
combinations of strength, stiffness and fracture toughness of materials
such as bone [97,264-266], teeth [273-276], antler [258], sea shells
[97,258,277], and others. Mechanical testing at such length scales is not
only crucial for the understanding of property amplification concepts
and the possible adaption of said concepts to synthetic biomimetic
materials [260,261,278], but can also have a large impact on biomedical
research, as e.g. the influence of certain diseases on mechanical behavior
of bone or teeth can be revealed [279-281].

While nanoindentation is increasing in usage for mechanical
assessment of biological materials [282-288], nanomechanical testing
of more complex geometries has not attained a lot of attention yet, be it
ex situ or in situ. This is a consequence of a multitude of challenges that
arise with mechanical testing of organics-containing materials. Aside
from dynamic issues regarding the viscoelastic nature of such materials
and tissues [289,290], as well as typically poor statistics given the time
consuming sample preparation and influence of age and disease on
mechanical properties, by far the most challenging problem is that the
majority of biological materials behave mechanically very differently in
hydrated and dehydrated state [258,289,291]. As the hydrated state of
course resembles the conditions found within living organisms, testing
of biomaterials in dry conditions can be seen as rather pointless, yet is
still a fairly common practice as a large body of research works
[292-295] shows. Naturally, the prerequisite of testing biological ma-
terials in a hydrated state poses a major challenge for nanomechanical
testing devices. A quick but unsound workaround would be to immerse
the specimen in a salt based solution with physological pH for multiple
hours and then examine the mechanical properties quickly and with
frequent rehydration in between dry indentation cycles. However, one

controlling humidity
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can only be certain of measuring correct results by either performing the
testing with the sample immersed in liquid throughout the whole
experiment, or by continuously hydrating the samples. This is realized,
for example, by performing small-scale mechanical testing in liquid cell
AFM- or nanoindentation devices [282,289,291], or by meticulously
controlling the humidity inside an indentation chamber [296-298].
However, the lack of in situ capabilities with these instruments leads to
the necessity of realizing nanomechanical testing of biological materials
within environmental SEMs (ESEMs), where humidity can be regulated
in low vacuum modes [299] and specimen can be observed during
testing (see Fig. 12a).

The micromachining of miniaturized specimen geometries using a
FIB inside a combined FIB/SEM workstation is also challenging.
Although Jimenez-Palomar et al. [300] reported no change in (micro)
mechanical properties of bone samples after exposure to an SEM vacuum
for two hours, one should take care that biological specimen do not
dehydrate too much during FIB processing and perform regular rehy-
dration steps. However, one cannot be certain if irreversible damage
occurs to biological tissue during dehydration in an SEM vacuum [301].
Here, mesoscale machining tools that do not need an electron micro-
scope vacuum to operate, such as femtosecond laser workstations
[302,303], provide a helpful workaround, albeit only for coarse and
larger structures on the mesoscale (>20 um).

As mentioned above, an exciting application of small-scale testing is
unraveling the secrets of the hierarchical structure and ensuing me-
chanical property amplification of biomaterials. It has therefore found
plenty of use in research regarding bone mechanics. Besides a plethora
of nanoindentation studies [282,292,293,304], also other nano-
mechanical test geometries have recently been utilized to great effect.
Micropillar compression [291,294,305,306], microbeam bending
[289,307] and microtensile testing [308] have been performed on single
bone lamellae to study the effect of collagen orientation and hydration
on mechanical properties and deformation characteristics. These studies
revealed that on the lamellar level bone exhibits a much higher strength
and better ductility than on the macroscale, and it is theorized that the
quasi-brittle nature of bone stems from cracks running in between
lamellae [294,306]. Moreover, a huge effect of mineralized collagen
fibril orientation on strength has been observed, with the strength of
pillars containing fibrils with parallel orientation being almost three
times higher than those with perpendicular arrangement [305]. The
effect of hydration was also studied with hydrated bone specimens,
showing a strength of only 60% compared to dehydrated samples [291 ]
and modulus values of up to five times smaller [289]. These exemplary
studies highlight the potential that micro- and nanomechanical testing
techniques have for the exploration of highly hierarchical structural
composite biomaterials, such as bone. In future, fracture and fatigue
testing at these length scales should provide valuable information, but
also come with a plethora of experimental challenges.

Sometimes the application of micro- and nanomechanical testing on
biological materials is inevitable, given their small physical size. This is
for example the case for many gastropod teeth. These teeth are usually
ceramic composites and tend to be almost completely free of organics,

b)

Fig. 12. (a) Different experimental setups for nanomechanical testing of biological materials in hydrated condition. (b) In situ wear testing of sea urchin teeth with

the tooth mounted as indenter tip.
(Reproduced with permission from [313]).
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making dry testing feasible. It is interesting to note that some of these
teeth, such as limpet (Patella vulgata) and chiton (Cryptochiton stelleri)
teeth exhibit extraordinary high strength and hardness, respectively
[274-276]. These findings could only be achieved via small-scale testing
methods, given that these teeth have a typical length of around or below
500 um. Barber et al. [274] utilized in situ nanomechanical tensile tests
within an AFM to unveil a strength between 4 and 7 GPa and an elastic
modulus of 120 GPa of the limpet tooth, making it the strongest material
in nature. Recently, a rotational response of ceramic nanorod bundles
during in situ TEM tensile loading and, as a consequence, nanoscale
localized auxeticity has been documented in the leading part of these
teeth [275]. This auxeticity is believed to be the main reason for their
extreme strength and expected to also increase wear resistance. The
same work reports slightly lower strength values of 3 to 4 GPa and more
reasonable modulus values of about 38 GPa utilizing in situ micropillar
compression tests. Interesting enough, the auxetic response of the limpet
tooth microstructure seems to cause microdamage formation within the
material when indented with a sharp tip (i.e. high indentation strain), as
revealed by Berkovich nanoindentation and micromechanical FEM
studies [309]. This leads to the rather peculiar phenomenon of
measuring lower hardness values in nanoindentation than strength
values in pillar compression in the leading part of limpet tooth, and
highlights once more the importance of performing complementary
testing techniques when aiming to fully characterize such complex
materials.

Micro- and nanomechanical testing, especially nanoindentation, has
become a popular tool for the mechanical characterization of gastropod
and other miniaturized teeth [276,295,310-312]. However, one work
that utilizes different nanomechanical testing and deserves highlighting
is by Espinosa et al. [313,314]. Apart from nanoindentation and
micropillar compression testing, they identified that the most important
mechanical property of sea urchin and chiton teeth is wear resistance, as
they feed from rocky substrates and sometimes even bore holes into
rocks to hide from predators. Rather than performing conventional
nanoindentation wear studies, they mounted individual teeth in place of
the indenter tip and performed tribological wear testing on an extremely
hard ultra-nanocrystalline diamond substrate (Fig. 12b). Using this
creative approach, they could unravel the micromechanics behind the
self-sharpening nature of sea urchin and chiton teeth.

Taken together, the application of small-scale mechanical testing to
biological material has huge potential given the hierarchical structure
and small physical size of important mechanical features. However,
established testing routines still need to be developed, especially to deal
with issues arising from having to test specimen in hydrated condition.
In particular, the local fracture and fatigue testing of bone and other
biomaterials would be very interesting, not only for the materials sci-
ence, but also the biomechanics and medical research communities.
Here reliable in situ crack tracking methods have to be applied, as the
observation within the vacuum environment of conventional SEMs leads
to dehydration of the specimen, and unloading stiffness approaches have
been proven to not be reliable for biomaterials such as bone [290]. In situ
nanomechanical testing in an ESEM seems to be a promising option to
provide a path towards ensuring this goal and should be pursued more in
the future.

Aside from testing of biological tissue, it should be noted that
nanomechanical testing has also found its way into pharmaceutical
applications, such as drug delivery, in recent years. Strength, ductility,
hardness, fracture toughness, and adhesion properties of drugs, such as
pharmaceutical single crystals and molecular crystals, play an especially
important role in their manufacturing processes. These can include
mechanically challenging procedures, such as milling, mixing, granu-
lation, and compression, but also processes in non-standard environ-
ments, such as crystallization and storage or the application in a
physiological environment inside the human body. Given the rather
small size and difficult environmental conditions, nanomechanical
testing in humidity-controlled conditions and at elevated and low
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temperatures, as described in this review, has gained traction in the past
few years. Majumder et al. [315] summarized the advancements in this
field in a recent review, to which the interested reader is referred.

5. Conclusion

Recent developments and achievements in nanoindentation instru-
mentation as well as micro- and nanomechanical tests building on these
tools now enable valuable novel avenues of research. However, there is
still plenty of room at the bottom [316], and below we attempt to
highlight our personal opinion on significant possibilities as well as
potentially missing features:

e Realistic testing conditions from room temperature to extreme
environments

Predicting the mechanical performance of a material employed
under extreme conditions from limited data at ambient conditions
can be done. However, recent developments allow to conduct the
characterization at well-controlled conditions close to the in use
scenario, for example in terms of temperature, strain rate, and
environment, to name a few. This certainly provides on the one hand
an opportunity for studying more extreme material conditions, but
on the other hand also the possibility to broaden the field of appli-
cations, since based on successful developments within the small
scale community, these capabilities are now commercially available
for a more general use.

Heterogenous materials - Bridging length scales from macro to nano

Not only can experiments be conducted at increasingly extreme
conditions, the concurrent development efforts also allow to conduct
them in a scale-bridging manner from nano to micro. What remains
an unavoidable persistent question is the link from local microscopic
scales probed in nanoindentation or miniaturized testing to bulk
behavior. Obviously, these techniques can conveniently examine
individual mechanisms, such as a specific grain boundary, or probe
bulk properties of nanostructured materials. However, linking to
macroscopic properties in strongly heterogeneous materials, as
resultant e.g. from additive manufacturing, remains challenging and
would benefit from stronger links to three-dimensional material
modeling, meso-scale material testing, or intensified local flow curve
mapping of such materials.

High quality miniaturization of demanding non-static material
testing approaches

While some time ago nanoindentation was regarded as an excep-
tional technique, as it can locally measure hardness and modulus,
nowadays much more demanding properties such as strain rate
sensitivity or local flow curves can be mapped over representative
material volumes. At the same time, miniaturized mechanical ex-
periments provide access to dynamic material properties spanning
from creep to fracture. While the techniques are available, the
experimental protocols and analysis routines are not as well estab-
lished as for classical nanoindentation results, which could present a
barrier or potential pitfalls to the interested non-experts. Open data
sharing of testing and analysis protocols by the community could be
a valuable source to spread knowledge and avoid misinterpretation.

Detailed complementary mechanistic observations during operando
experiments
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While mechanically probing individual grains or interfaces can be
accomplished today, even under rather harsh environments, estab-
lishing the link to atomistic details or individual dislocation pro-
cesses remains a challenge. This is rooted in the much more
demanding and space limited environment of the TEM compared to
an SEM or platform nanoindenter. Further pushing TSEM ap-
proaches, potentially even merging them with environmental mi-
croscopy, might be an auspicious path to close this knowledge gap on
defect dynamics under extreme environments.

Great opportunities for data driven materials design approaches

It is imperative to realize that modern instrumentation and related
experiments not only deliver a few data points on material hardness
and modulus, they rather provide complete mappings of elastic,
plastic and transient material properties with a resolution chal-
lenging optical microscopy. Adding in situ experimentation to this,
the data pool changes from a two dimensional mapping of property
versus time information to sparser experiments, but these now also
include two dimensional time resolved image data on top of the
mechanical characteristics. While there is currently not too much use
of this kind of information for data driven materials exploration, it
could be a rewarding effort to combine such different data streams,
one of high-throughput, the other of high fidelity, both probably
produced in different labs using various instruments, into a multi-
fidelity machine learning model to support more resource efficient
and sustainable materials design.

High potential for inter- and transdisciplinary research

With the rising availability of such CSM capable instruments and the
advances in testing methodology, there is a growing field of potential
applications not accessible previously. This ranges from deep space
exploration to fusion-based energy, from corrosive attack to
hydrogen storage and conversion, from precious heritage objects via
natural materials to biological structures and medical challenges, to
name just a few. Materials science as a community certainly possess
the capabilities to examine the mechanical properties of such un-
conventional or extraordinary materials or objects. The non-
materials science expert studying the respective problem might,
however, be challenged by the required instrumentation or not even
aware of the possibilities existing. In that aspect, some network ac-
tivities such as the ongoing MecaNano COST action (CA 21121)
could be valuable platforms to spread micro- and nanomechanics to a
wider community.

In conclusion, despite all the significant advances achieved in recent

years, there still seems to be a vibrant future ahead. Realizing that it took
a time span of about twenty years from when the first nanoindentation
results were conducted until CSM techniques became broadly available
to the scientific community, also serving as the enabling feature for the
content of this work, one might curiously wonder how much longer it
takes for the next evolutionary leap in nanomechanics to occur, and
what currently unheard possibilities it will enable.
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