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ABSTRACT

Over the past two decades, means allowing to probe experimentally the mechanical behavior of materials
specimens only a few micrometers or less in diameter have multiplied, largely owing to the widespread adoption
and versatility of focused ion beam (FIB) milling for the preparation of small-scale test specimens. Despite its
remarkable capabilities, the ion bombardment that is employed during FIB milling operations does not leave
machined surfaces unscathed: it may induce a series of alterations in the near-surface microstructure of mate-
rials, which vary in severity depending on the material being milled, or milling parameters, or the type of ion
used. These alterations in turn can strongly influence the local behavior, and as a result measured mechanical
properties, of the milled material. In the first part of this manuscript, we review the different forms that FIB-
induced microstructural alterations can take and their influence on small-scale mechanical test results. In the
second part, we present alternative strategies that have been used to circumvent the issue. These include the use
of entirely different small-scale sample fabrication processes, as well as approaches that do use FIB-milling but
put effort in the test design to minimize or avoid the formation of FIB-induced defects in regions where
micromechanical test data are collected. The advent of such methods can enhance our understanding of FIB-
induced defects on the mechanical behavior of microsamples by comparing the results with those from ion-
milled samples. This, in turn, should improve our ability to interpret test data when FIB-milling is the only

method available for microsample production.

1. Introduction

Twenty years have passed since Uchic, Dimiduk, Florando and Nix
disclosed to the scientific community an ingenious method for the
preparation of small, micron-scale, compression test samples, often
called “nanopillars”, by means of which one can measure the plastic
deformation law of samples so small that their size affects their response
[1,2]. The method is so rich and comparatively easy to implement that it
has generated a wave of follow-on studies that have used it, nearly un-
changed, to measure the plastic deformation law of small-scale samples
cut into a wide range of materials. This test is still extensively used and
has now been extended to probe the influence of high strain rates, strain
rate variations, cyclic loading or elevated temperature. It has also been
extended to produce a wide range of other sample geometries, including
tensile or notched bend bars, enabling for example the measurement of
fracture toughness. Several reviews describe this extensive body of
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work, exposing and discussing the many questions that micro-
mechanical test data have raised, such as the raised flow stress and the
jagged shape of resulting stress-strain curves, or challenges that appear
in measuring an unambiguous fracture toughness when sample sizes fall
below a few micrometers [3-22]. Focused ion beam (FIB) milling is most
often used to prepare micromechanical test samples owing to its ability
to accurately carve variously shaped micro- to nanoscale specimens into
polished metallographic surfaces of the material to be characterized
(Fig. 1). Widespread adoption of the method has further gained mo-
mentum with the pursuit of scientific questions raised by the data it
produces, such as the plasticity size-effect, measured in samples
deformed essentially in the absence of strain gradients [2,23].

Despite its remarkable capabilities, the ion bombardment that is used
in FIB milling to remove material does not leave the microstructure of
machined surfaces unscathed: vacancies and interstitials, implanted
beam atoms and punched dislocations are typical artifacts that line the
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surface of ion-milled samples, to a depth that depends strongly on the
ionic species making the beam together with the beam energy. This issue
has long been identified; however, we find that it has received insuffi-
cient attention, as the impact of these defects on small-scale test me-
chanical property data has on several occasions been found to be
significant. While qualitative analysis and relative comparisons of
properties across samples that were prepared identically of course retain
their validity, awareness of the unique microstructural signatures
imparted on the material by the processing method that was used to
prepare samples is a strong imperative in reporting and interpreting the
mechanical behavior of materials at the microscale.

We examine, in this review of the literature, the influence of FIB-
induced defects on small-scale mechanical testing outcomes, to stress
the need for attention to the matter and to also show that there are
strategies that enable micromechanical testing of materials free of the
surface microstructure alterations that often come with FIB-milling. We
first summarize, based on literature data, the nature (Section 2), and the
potential consequences of FIB-induced surface damage on micro-
mechanical test data (Section 3). Given that these experiments pre-
dominantly use in-situ SEM/TEM techniques, Section 3 also discusses
the effect of electron bombardment on test outcomes for certain mate-
rials. In the second half of this review, we present alternative strategies
that have been used to circumvent the issue (Section 4). This includes an
overview of available techniques that altogether exclude FIB-milling in
the production and/or characterization of small-scale structures, fol-
lowed by coverage of strategies that use FIB-milling but design the test to
minimize or avoid entirely the presence of FIB-induced defects in re-
gions where micromechanical test data are collected. We then conclude
with a motion for greater openness and rigor in reporting micro-
mechanical test data.

2. Nature of focused ion beam milled material modification

Milling operations using a FIB are possible because accelerated ions
cause, upon hitting the surface of a sample of solid material, its forced
removal. This, coupled with the focused nature of the ion beam, enables
localized milling and the fabrication of shaped components with sub-
micron resolution that have a geometry only restricted by the accessi-
bility of the beam to the material through its initial surface [27-31].
Typically used ions are of gallium, although nowadays other options
such as xenon, neon [32], and helium are available [33].

The primary limitation of FIB milling is intricately linked to the fact
that, in addition to the sputtering of material, other modes of interaction
come into play during ion bombardment of material surfaces; Ref. [34]
provides a comprehensive review of the interaction between ions and
solid surfaces. Ion-milling can induce chemical and physical damage in
regions in close proximity to the milled surface, leading to drawbacks in
the technique that can be minimized, but not eliminated, by performing
the last steps of the milling process at low energy (see following
sections).
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Another issue with the technique is that top-down milling, when
used to carve nanopillars, generally leads to pillar tapering, which in
turn induces a non-uniform stress state along the pillar during testing.
Friction against the punch at the top surface coupled with the sample
being attached at its base to the material into which it was carved, also
create complex triaxial stress states within the nominally uniaxial
compression sample, either at sample ends, or along its length if it
barrels [35-37]. These deviations in stress state away from the uniaxial
stress that is generally assumed to be obtained along the pillar can cause,
in turn, significant discrepancies between the true response of the ma-
terial and what is found in load-displacement data. To prevent tapering,
supplementary lateral milling operations are often conducted as a fin-
ishing milling step, a fabrication process frequently termed lathe milling
[23]. Complex shapes, namely dog-bone specimens, or the machining of
larger (10 pm or more) diameter pillars, also require longer milling
times, resulting in high sample production costs. These issues are to
some extent being alleviated now that Xe plasma FIB systems outpace
the conventional Ga FIB in terms of milling speed by a significant margin
[38]. Also, the recent emergence of laser-focused ion beam (LaserFIB),
and femtosecond laser-assisted FIB-milling represents a significant
advancement in this regard [39-41], as milling rates achievable with
femtosecond laser technology far surpass those of conventional FIB
sources currently employed, demonstrating orders of magnitude
improvement. The use of these technologies, however, remains to date
quite limited.

Time limitations and limits associated with the range of geometries
that can be achieved by ion beam milling are, however, secondary in
comparison with the principal drawback associated with FIB-milled
micromechanical test samples, namely that milled surfaces are lined
with a layer of material that differs from that which is nominally to be
tested. Furthermore, on occasions, material removed during FIB milling
can recombine and lead to the formation of redeposited layers that land
upon sections of the sample that intervene in the micromechanical test,
thus again affecting the data produced.

2.1. Chemical artifacts

Chemical artifacts can be expected if the ion species used for milling
presents affinity for elements in the material being milled. While inert
gas ions - specifically He, Ne, Ar and Xe — are typically not expected to
chemically interact with the material of interest (although the formation
of a helide compound after He irradiation has been recently reported
[42]), all other ion species, including Ga, might do so and therefore can
produce a substantial modification of the material and its properties.
Examples of this are the formation of CuzGa when milling copper with a
focused Ga ion beam, Fig. 2A [43,44], hydride formation in Zr alloys
(where, even when residual hydrogen in the initial chemical composi-
tion is negligible, specific conditions reached during FIB milling are
believed to trigger dissociation of hydrogen-containing impurities in the
vacuum chamber, enabling hydrogen to diffuse into the specimen) [45,

Fig. 1. Various FIB-milled structures that have been produced for micromechanical testing. (A) Micropillar machined into a Ni3(Al, Hf) single-crystal. Reprinted from
[23] with permission from Elsevier. (B) Microcantilever beam machined into monocrystalline silicon [24]. (C) Dog-bone tensile specimen machined into the surface
of a high entropy alloy [25]. (D) A copper micropillar containing an incoherent boundary (red arrow) [26].
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200 nm

Fig. 2. Defects produced by the FIB. (A) A copper FIB-milled lamella, protected by sputtered gold and FIB-deposited W, showing a CusGa phase formed during
milling operations. Reprinted with permission from [43] Copyright 2002, American Vacuum Society. (B-C) Bright field (BF) TEM images displaying amorphization in
aluminum caused by xenon and gallium FIB-milling, respectively [54]. (D-E) BF TEM images showing FIB-induced dislocation loops in aluminum using Ga and Xe
ions, respectively [54]. (F) SEM and (G-H) TEM images exhibiting the presence of dislocation loops on FIB-milled sub-micron aluminum pillars. (F-G-H) Reprinted

from [66] with permission from Elsevier.

46] or the well-known [47-49] observation that gallium segregates to,
and embrittles, aluminum grain boundaries [50-52].

The severity of resulting material alterations varies with both the
milled material and type of ion used [53]. Significant chemical in-
teractions between the material and the incoming, highly energetic,
ionized species pose a fundamental challenge, potentially rendering
characterization techniques using FIB-milled samples impractical if the
composition of the material to be tested deviates significantly from its
original state or intended composition.

2.2. Physical artifacts

Besides chemical artifacts caused by chemical affinity between the
material and the ion species, interaction of the focused ion beam with
the material surface induces several possible substructural alterations
that are physical in character and linked to the high impact energy of the
incoming ions [55].

The energetic ion interactions in the near surface region do not only
sputter near-surface atoms and result in the wanted material removal,
but also cause displacements of atoms that are not sputtered away, a
phenomenon that arises in a sub-surface volume where the energy
delivered by the incoming ions is sufficient to break atomic bonds in the
material. In the worst case, the displacement results in an amorphization
of the material [56-60]. Several transmission electron microscopy
(TEM) analyses have evidenced the presence of such an amorphous layer
(Fig. 2B-C) in diverse materials [54,57,58,601, while in some systems a
modified layer of material was found to be produced by an ion-induced
phase transformation [60-62]. Moreover, ion and even electron beam
irradiation have been reported to induce various degradation mecha-
nisms such as cross-linking or chain scission in polymers [63-65].

Even in the absence of amorphization, the displacement of lattice

atoms is not fully reversible, and a high density of point defects can be
expected in the FIB-milled area. The formation of vacancies and in-
terstitials is referred to as “knock-on damage”. To the best of the authors’
knowledge, there are no systematic experimental studies of vacancy
densities in FIB-milled samples; however, ample evidence of micro-
structural modifications caused by the high energy ion impact can be
found when these point defects coalesce to form dislocation loops
[66-68] (Fig. 2D-H) or in some cases even nano-pores [69,70].
FIB-milled micropillars of Si, Al and Au were shown as far back as 2006
to contain altered dislocation structures and elastic strain gradients
[71-73]. The effect of knock-on damage is furthermore not restricted to
gallium ion beams; for instance, helium irradiation has been reported to
cause the formation of sub-micron bubbles [42,74-76]. Monte Carlo
simulations integrated into the Stopping and Range of Ions in Matter
(SRIM) package can be employed to compute the atomic displacements
per atom (dpa); Ref. [77] provides a comprehensive overview on the use
of SRIM, while Refs. [42,53,60,78] present good examples of the po-
tential of SRIM to predict damage for different materials and milling
conditions.

The high beam energy can cause implantation of the ionic species
within the material. Ion implantation, even in the absence of chemical
segregation and in the most basic scenario, leads to the formation of a
substitutional solid solution between the ion species and the material.
This process occurs across the spectrum of incoming ion energies, with
higher energies resulting in deeper implantations. This modification of
the material along the specimen surface is likely to impact properties
such as the yield strength, stacking fault energy, or fracture toughness.
Another consequence of ion implantation are residual stresses coupled
with changes in the lattice parameter, which can strongly influence the
local mechanical behavior of milled material (see e.g., data for alumina
[79] and the discussion in Section 3). Unfortunately, SRIM calculations
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have been shown to significantly underestimate the depth to which ions
penetrate in crystalline materials, a limitation ascribed to the fact that
SRIM neglects the crystalline structure of the material and the chan-
neling of ions along crystallographic planes or directions, which can lead
to deeper implantation [53].

Similar to chemical interactions, the extent and nature of the FIB-
induced physical artifacts strongly depends on the material of interest.
In addition, milling conditions such as the incident angle [23,80,81] and
ion energy [57,82] are known to exert an important influence on the
final shape and artifacts generated. For example, Ref. [81] reports that,
in silicon, normal milling resulted in both a higher gallium concentra-
tion and a wider spreading distance compared to milling under glancing
incidence. Moreover, when subjected to a 30 kV Ga beam, silicon
exhibited an amorphous layer of thickness ranging from 20 to 30 nm
[57,83] while a 4 nm thick layer was observed in a 7075 aluminum alloy
[82] and copper specimens showed no evidence of an amorphous layer
under conditions that readily amorphized silicon [84]. Auger electron
spectroscopy (AES) has unveiled surface-rich gallium concentration
profiles that vary as a function of the milling current (and ion dose) [67].
Fig. 3a illustrates an increase in the maximum Ga concentration as the
ion dose is varied by changing the ion current for a fixed exposure time
of 30 s on the sample surface, reaching values as high as 12 at% at a
depth of 10 nm. Additionally, Fig. 3b shows the effect of microstructure
on the concentration versus penetration depth of gallium by comparing
an ultra-fine grained (UFG) copper produced by severe plastic defor-
mation with monocrystalline copper. The UFG copper exhibited a
smaller penetration depth but a higher peak Ga concentration. The
reduced penetration depth was ascribed to the diverse crystal orienta-
tions within UFG copper, which inhibit channeling. The higher density
of structural defects in the UFG copper was reported to be the reason
underlying the higher maximum Ga concentration in the near surface
compared to the single-crystal. Similar analyses of the implantation of
Xe, Ar, N and O in tungsten atom probe specimens were investigated as a
function of the acceleration voltage in [53], with Xe exhibiting the
lowest implantation depth.

2.3. The role of redeposited material

During FIB milling, removed material can recombine, forming
redeposited layers. This redeposited material has a different structure,
and often also another chemical composition, than the material to be
tested. It can be expected that redeposited material predominantly
consists of the material of interest and Ga, but traces of residual gas
present in the FIB chamber also contribute to the overall composition.
An example of the distribution of Ga in the redeposition layer (in this
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case far from the region of interest) is shown in Fig. 4. Redeposition
typically shows island growth first. In the case of pronounced island
growth, redeposited material can be made visible in most dual beam FIB
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Fig. 4. Scan of five copper micropillars located along an electrolytically pol-
ished edge of a copper bi-crystal containing a grain boundary (black vertical
line). The redeposition layer consists of Cu and Ga. (a) SEM micrograph of the
sample, (b) Cu-K,;, (¢) Ga-K,;, and (d) an overlay of Cu-K,; and Ga-K,;.
Reproduced from [85] with permission from its author.
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Fig. 3. Auger electron spectroscopy (AES) depth profiles of gallium in monocrystalline copper and in a 300 nm grain size polycrystalline and plastically deformed
copper specimen. The impact of the milling current is also displayed. Reprinted from [67] with permission from Elsevier (redrawn for image quality purposes only).
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systems by low voltage electron imaging during FIB milling. Examples
are shown in Fig. 5A over a limited region (marked with an arrow) and
in Fig. 6A. As soon as continuous film growth dominates, however,
redeposition layers become less visible, and their identification becomes
difficult, if not impossible. Fig. 5 illustrates a particle exposed through
preferential chemical etching of the base material (steps 1 and 2 in the
inset of Fig. 5A). Subsequently, a notch was created in this particle using
FIB milling, resulting in a redeposition layer (step 3 in the inset of
Fig. 5A). Although this redeposition layer is barely discernible in the
SEM analysis (indicated by the arrow in Fig. 5A), it becomes evident
after further chemical etching of the base material, which leaves behind
the non-etched redeposited layer (Fig. 5B). Smooth redeposition layers
can only be made visible by preparing a cross-section, e.g. when milling
a rectangular micro pillar and tuning imaging parameters so as to
maximize the contrast between the material and the redeposition layer
(see Fig. 6B-C), as otherwise this layer will generally not be visible in
SEM, as can be seen in Fig. 5A in regions other than that indicated with
an arrow. In circular micropillars, where the entire sample surface can
be homogeneously covered with redeposition, to the best knowledge of
the authors, there is no established way to detect this layer before
sample testing, as it does not exhibit pronounced contrast during SEM
imaging or alterations in surface topography.

Due to these alterations in chemical composition and microstructure,
entirely different elastic, plastic, and fracture properties compared to the
material can be expected for redeposition layers, and therefore for data
collected over a sample that comprises stressed redeposited material.
Until today there are — to the best of the authors’ knowledge — no sys-
tematic studies on the effect of redeposition layers on the mechanical
response of small-scale specimens; however, already some consequences
are qualitatively known and include the following.

A continuous redeposition layer blocks — similar to a native oxide
layer — the escape of dislocations through the sample surface [86]. This
may cause the formation of dislocation pile-ups and therefore might
hamper or skew the analysis of post mortem dislocation structures. Slip
steps otherwise found along surfaces of crystalline micro pillars are then
not formed and therefore active slip systems cannot be identified by
post-test micro pillar topographies [80]. While the impact of this effect
on mechanical properties — see next section — also strongly depends on
the sample size, the absence of clear slip steps and the pile-up of dislo-
cations can result in misinterpretations of micro pillar compression ex-
periments [87].

A further known consequence of redeposition layers is their grown-in
residual stress. Due to the comparable dimensions of redeposition layers
on one hand, and remaining materials in micron and submicron sized
specimen on the other hand, stress levels of similar magnitude as in the
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redeposition layer are imposed on the nearby material. Since the rede-
position layer is furthermore typically not homogenous - i.e., its thick-
ness varies — residual bending moments can also be transmitted to the
material, resulting in deviatoric strain gradients, i.e., lattice curvature.
This, in turn, can lead to possible misinterpretations of diffraction data,
as concerns for example the estimation of GND densities [88] (or could
also perhaps explain unexpected peak streaking features that were
observed in Laue experiment data collected on nanopillars in Ref. [71]).

In contrast to the chemically and physically induced damage of FIB-
milled surfaces (Sections 2.1 & 2.2), the effect of redeposition layers can
mostly or even entirely be avoided by good scientific practice. Besides
the milling rate (ideally low to keep the local partial pressure of ions
small, enabling them to be removed into the pumping system and
minimize additional collisions) and the geometry (ideally freestanding),
also the use of cold fingers for intentional condensation of milled ma-
terial far from the region of interest, as well as shadowing masks [89],
can be used to help prevent the presence of FIB redeposition layers. To
this end, it is important to note that, in order to optimize milling pa-
rameters and geometries, optimized SEM imaging conditions while
milling are an undeniable prerequisite.

Redeposition is, thus, an issue that must be addressed when pro-
ducing samples using a focused ion beam. Figs. 4-6 illustrate that the
presence and location of the redeposition layer are difficult to predict,
while its identification after FIB-milling may also be very challenging.
We note, however, that such redeposition layers are not unique to Ga-
FIBs and will also occur in all sputtering and ablation-based microtest
sample processing techniques, particularly if high milling rates are used.

2.4. Mitigation measures

To mitigate physical artifacts from FIB milling, one already
mentioned approach is to decrease in final milling stages the ion beam
voltage [54,90,91]; for example, going from 30 keV to 2 keV was shown
to drastically reduce the damage layer in silicon [57,90]. This is illus-
trated in Fig. 7A-C and is why in the course of FIB milling operations, it is
common practice to perform final polishing steps using low milling
voltage and current, in particular for TEM specimen preparation. Simi-
larly, lowering the Ga-milling voltage from 30 to 5 kV changed some-
what the character of dislocations formed by the milling process in
aluminum nanopillars; yet, this did not change significantly their me-
chanical response - which in turn leaves open the question of whether
ion-milling did, or did not, influence their mechanical behavior [92].

Besides changing the ion energy, a substitution of the ion species also
influences the knock-on damage behavior of materials. For instance, Ga
ions have been substituted by inert gas ions, such as Xe [32,54,93]. This

Fig. 5. (A) C-shaped bend specimen of eutectic silicon embedded in aluminum produced in Steps 1 to 3 in the inset figure. The Si particle was exposed by chemically
etching the metal along a polished surface before using FIB-milling to carve a notch; (B) same region after a second etching step, revealing the thick layer of
redeposited silicon that surrounds the silicon bend specimen, the presence of which is not apparent after milling in (A). Arrows highlight the same redeposited
material before and after the second etching step. Micrographs by Dr. Martin Mueller, taken over the course of his thesis work at EPFL (unpublished, reproduced with

permission from Dr. Mueller).
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Fig. 6. Different images and stages of FIB redeposition. (a) Island growth of redeposition on a copper micro tensile specimen. (b and c¢) Redeposition on a steel micro
fracture cantilever. The crack runs along the base-material / redeposition interface with the redeposition layer being invisible in (b) due to unfavorable imaging
conditions. With optimized SEM imaging conditions, the redeposition layer can clearly be seen in (c). (d-g) A redeposition layer imaged with different (indicated)
imaging conditions (Acceleration voltage (EHT) in kV, Detectors: SE=Secondary Electrons; EsB=Energy selective Backscatter @ Grid voltage of EsB). (a, d, e, f, g)
Reproduced from [85] with permission from its author. (b, ¢) From A.K. Saxena and C. Kirchlechner, Max-Planck-Institute fiir Eisenforschung GmbH.

Fig. 7. Silicon lamellas FIB-milled with an incident angle of 88° and varying ion energies: 30 keV (A), 5 keV (B) and 2 keV (C). These lamellas exhibit amorphous
layers of 22 nm, 2.5 nm and 0.5-1.5 nm thickness, respectively [57]. Reproduced with permission from Springer Nature.

generally shows a reduced extent of surface modification; yet material
damage resulting from ion bombardment tends to persist regardless of
the ion nature [34,54,94,95] (see Fig. 2). While differences in chemical
interactions are indisputable for this example, also the change in atomic
radius and therefore the stopping range of the high energy ions as well as
the energy transfer as a function of depth are altered substantially; these
effects might also make a difference in the level of artifact creation on
going from one ion species to another [53,78].

Shadow milling, a method that involves the temporary masking of
the region of interest, was proposed as a means to mitigate FIB damage;
however, this approach has not gained widespread adoption [89,96].
Alternatively, annealing FIB-milled components has been shown to
reduce the local concentration of implanted Ga ions [66,88,97] together
with the level of compressive stress induced in alumina by Ga implan-
tation [79]. Post-FIB-milling annealing is however also likely to alter the

material microstructure, for example by also changing the distribution
and density of dislocations or phases unrelated to FIB milling. In an
extreme case, post-FIB-milling annealing was thus found to lead to the
gallium-accelerated sublimation of FIB-milled magnesium micropillars
[98].

Consequently, in contrast to chemically induced artifacts, which can
simply not be avoided if beam ion and material atoms have a chemical
affinity for one another, there are a few strategies to mitigate the impact
of physically induced artifacts generated by FIB milling. It must be
noted, however, that determining their relevance to the material system
of interest necessitates thorough post-milling investigations, as artifact
mitigation does not imply artifact elimination.
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3. Influence of focused ion beam milling on microsample
mechanical behavior

The aforementioned defects can significantly alter material proper-
ties. The simple fact that the thickness of the damaged layer, which can
range from a few nanometers to several tens of nanometers depending
on milling conditions (see Section 2.2), remains constant under specific
milling conditions leads to a plasticity size effect that is entirely a result
of sample preparation, given that the damaged material layer constitutes
an increasing portion of the tested volume as sample dimensions
decrease. More quantitatively, in uniaxial test data, the equistrain
(Voigt) rule of mixtures might estimate the sample flow stress of
dislocation-containing materials knowing that of the damaged surface
layer and that of its undamaged core. This will introduce a near-linear
dependence of the measured flow stress on the inverse of the sample
diameter when the latter significantly exceeds the thickness of the
altered surface layer. It should be noted, however, that Voigts rule of
mixture likely describes accurately the effect of FIB damage only on
amorphous and nanocrystalline materials that have a grain size similar
to, or smaller than, the thickness of the damage layer. By contrast, in
single crystals, particularly in whiskers, the quantitative impact of FIB
milling on the flow stress is further influenced by the introduction of
dislocation sources that can bow out and operate also in the undamaged
sample core, far from FIB affected surfaces, thus altering the flow stress
everywhere across the sample. The more new dislocations are intro-
duced and the more varied they are in their lengths compared to the
pristine material, the greater this effect is. Consequently, in some cases,
Voigts rule might serve as an estimate for the flow stress of FIB milled
structures, but a quantitative prediction of the flow stress of FIB milled
structures comprised of a damage layer and an undamaged core remains
challenging. This induced dependence of mechanical response on sam-
ple size superimposes on any size effect that might be inherent to the
microscale and observed irrespective of the sample fabrication method
employed [99-105].

Kiener et al. [67] have estimated the contribution of FIB-induced
defects to the flow stress () in copper micro- to nanoscale specimens.
They contemplated a size-dependent back-stress on operating disloca-
tion sources caused by the presence of a harder superficial layer that, in
the case of copper, has been documented to exist by means of local
hardness measurements along FIB-milled copper surfaces [106]. This
layer was estimated to result in stress increments ranging from
approximately 35 MPa for a 10 um diameter specimen to around 110
MPa for a 1 um diameter specimen, corresponding to ~10-20 % of the
flow stresses measured experimentally [107].

The damage arising from ion-implanted dislocation loops and point
defects can be considered as contributing to the flow stress through
additional Taylor hardening (At = aGb,/p, [108], with G the shear
modulus, p, the dislocation density, a a constant and b the Burgers
vector). If one ignores initially present dislocations, this results in an
increase by ~70 MPa of the flow stress if a dislocation density (p,) of 2
10 cm =2 is implanted. Likewise, Kiener et al. [67] interpreted chem-
ical artifacts caused by accelerated ions as an additional source of solid
solution [109-112] and/or precipitation hardening [113,114]. In
Ref. [80] similarly sized magnesium micropillars were shown to exhibit
strong differences in behavior depending on the milling sequence used,
indicating a clear effect of the gallium beam on the micromechanical
behavior of this metal. With a PtCuNiP bulk metallic glass, Ga ion-beam
irradiation was shown to cause a brittle-to-ductile transition in the
mechanical behavior of the material [115,116].

E. George, G. Pharr and coworkers conducted in 2007 investigations
on the effect of FIB milling on the mechanical properties of the surface of
a Mo-3at. % Nb single crystal [117]. It was found that FIB-milling
hardens the metal surface and suppresses pop-in behavior during
nanoindentation, leading to the conclusion that these ion-milling sur-
face alterations could be at the origin of the observed plasticity size
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effect [117]. Ref. [118] stated in response that this work did not provide
an adequate foundation for raising the question of FIB-induced hard-
ening in nanopillars. Investigations were then conducted employing
single-crystalline Mo rods extracted by leaching a finite length of the
matrix of a directionally solidified NiAl-Mo eutectic alloy to create
straight Mo single-crystalline columns that could be tested to evaluate
the effect of FIB milling on the mechanical response through micro-
compression [101] or tensile [119] testing. Regardless of their size,
leached Mo microcrystals displayed a strength of about ~9 GPa in their
as-grown condition [120]. When FIB-milling was employed to thin down
the outer surface of the same Mo microsamples, their mechanical
behavior experienced significant alterations (Fig. 8A): after FIB-milling,
tested pillars exhibited significantly lower yield strengths (~0.85 GPa)
and evidenced stable plastic deformation, transitioning from a mecha-
nism driven by dislocation nucleation to plasticity resembling that found
in bulk dislocation-containing materials. On tensile testing of leached
Mo fibers, Ga ion doses above 10-100 ions/nm? were found to reduce
the strength of the fiber [119]. The deformation of these FIB-milled
molybdenum pillars paralleled results of directionally solidified and
prestrained pillars previously reported in [121]; yet with more scatter
and variability in the flow curves than was observed in the latter after
prestraining up to 11 % [101]. Similarly, clear reductions in strength
coupled with alterations in the deformation mechanism after FIB-milling
operations were subsequently also shown in other initially
dislocation-free materials such as NizAl nanocubes [122], gold micron-
and sub-micron particles [123] (Fig. 8B), and more recently in square
and circular pillars carved into precipitated silver cubes [103]
(Fig. 8C-G). These findings highlight that microstructural signatures
from fabrication techniques may significantly alter the mechanical
behavior of small-scale samples and therefore must be carefully
considered for reliable small-scale mechanical characterization.

The effect of FIB-milling on the mechanical behavior of 1-2 pym
diameter nanocrystalline nickel pillars first produced by electroplating
was investigated in Ref [124]. Lower flow stresses were measured in
FIB-milled pillars compared to their electroplated counterparts; addi-
tionally, the significant tapering present in FIB-milled specimens resul-
ted in deformation gradually progressing from top to bottom during
loading. Thermal annealing of samples after FIB-milling was shown to
decrease both their yield stress and the level of scatter in this quantity.
Similar investigations were previously reported using sub-micron gold
pillars produced by nanoimprinting and FIB-milling in Ref. [102]. Some
of these pillars were monocrystalline while others displayed a few
randomly oriented grains, with nanoimprinted pillars exhibiting aspect
ratios in the range of 0.7-1.2. In this case, there was no discernible
distinction in the flow stress characteristics observed between pillars of
comparable dimensions, regardless of the production method. This
observation held true for both single-crystalline and polycrystalline
pillars. The scaling of flow stress relative to pillar size was reported to be
similar for both methods, while nanoimprinted pillars showed evidence
of twinning when their FIB-milled counterparts did not.

To address potential concerns that one might raise regarding
micromechanical data from FIB-milled micropillars as a result of Ga
implantation, Greer and Nix [99] reduced by half the initial concen-
tration of Ga implanted into single-crystalline gold micropillars through
argon plasma etching and, in an additional series of experiments, tested
similar FIB-milled pillars that were annealed at 300 °C after ion-milling.
These single-crystalline micropillars underwent compression testing,
and their flow strength was compared with that of polycrystalline
micropillars that were produced through templated electroplating fol-
lowed by annealing, again at 300 °C, to reduce the number of grains to
2-3 grains across the pillar width. The various FIB-milled samples dis-
played similar size-dependent flow stresses, while electroplated samples
were roughly 150 MPa stronger with a roughly similar rise in flow stress
as the sample diameter decreases. These results led the authors to
conclude that the plasticity size effect is not linked to the specific sample
fabrication technique employed, a conclusion that was supported by 3D
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dislocation dynamics (DD) simulations in Ref. [113].

Xiao et al. [125,126] conducted an investigation into the impact of
utilizing either xenon, xenon-gallium or gallium ions in FIB milling
operations that were used in fabricating 7 um pillars of both ultrafine
grain polycrystalline (UFG) and <100>-oriented monocrystalline
aluminum. With UFG aluminum, regardless of the grain size, pillars
fabricated with Xe ions displayed elevated flow stress levels and a
somewhat more pronounced strain hardening response than did pillars
prepared using Ga ions, which showed the expected weakening from
grain boundary penetration by gallium (Fig. 9A-B). The higher strain
hardening observed in Xe FIB pillars was linked to the larger taper angle,
a consequence of the larger spot size of the Xe FIB. The in-situ defor-
mation process also varied with the sample preparation method. Pillars
generated using Ga primarily underwent globally homogeneous defor-
mation featuring, however, individual grains popping out from the pil-
lar’s surface. Conversely, Xe-produced pillars exhibited a more localized
deformation (Fig. 9C). With monocrystalline aluminum, the influence of
ion species was less pronounced [125] (Fig. 9A-B): the Ga FIB pillars
demonstrated higher levels of strength compared to their Xe FIB coun-
terparts, a difference attributed to the greater generation of points de-
fects and dislocation loops by Ga during the milling process. One could
infer that this study shows that exposing aluminum to the gallium ion
mill has the same well-known effects as exposing macroscopic samples

of aluminum to liquid gallium (e.g., [47-49]).

Similar investigations designed to explore the influence of ion spe-
cies on the mechanical behavior of FIB-milled microsamples were con-
ducted in Ref. [127] through the use of FIB-milling in the fabrication of
TEM dog-bone specimens from a CrMnFeCoNi high-entropy alloy
(HEA). As in Refs. [125,126], xenon and gallium ions were employed
and compared. Both ion types produced a comparable amorphous layer;
however, significant differences, in inverse order to what was found
with Ga in Al, in mechanical behavior were observed (Fig. 9D). The TEM
dog-bone specimens generated using gallium FIB-milling exhibited
notably higher flow stress values, reaching ~2.4 GPa, and limited
deformation (~3 %), compared to their xenon FIB-milled counterparts,
which had flow stresses of ~1.9 GPa and deformed up to ~20 % in
tension. This difference was attributed to a propensity of gallium ions to
exert a locking effect that reduces the mobility of dislocations within
specimens of this nature.

Kiener et al. [128] conducted tensile tests in FIB-milled pure copper
specimens oriented for single slip with side lengths ranging from 0.5 ym
to 8 um. In another study, microcast copper specimens (see below) of
similar dimensions were tested in tension in Ref. [129]. While
stress-strain curves in both cases displayed pronounced stress drops and
the appearance of distinct glide steps on the surface, some differences in
response can be noted (Fig. 10). To account for the influence of
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crystallographic anisotropy in the response of single crystals, it is
necessary to calculate the resolved shear stress (1) by using the stress (c)
and the Schmid factor (S) with respect to the sample’s orientation,
expressed as 7 = ¢ S. This calculation assumes that samples deform
along the slip system subjected to the highest resolved stress, i.e., with
the highest Schmid factor. It then becomes evident that the critical
resolved shear stress (CRSS) for 3 x 3 um? (equivalent diameter ~ 3.4
um) FIB-milled tensile specimens falls near 33 MPa, whereas the CRSS
for microcast copper D ~ 2.5 um is higher (~48 MPa). Scanning electron
microscopy (SEM) images of deformed specimens further reveal dis-
crepancies between the deformation of these monocrystalline copper
specimens, both of which are oriented for single slip (Fig. 10). The un-
derlying cause of this disparity, whether it is to be attributed to differ-
ences in the dislocation network of the material or to the influence of
surface damage associated with FIB machining, such as a hard amor-
phous layer, remains however to be determined.

More evidence of an influence of FIB-milling on mechanical behavior
at the microscale can be found in the measurement of fracture toughness
using small-scale fracture specimens. Recent reviews of microfracture
testing and state-of-the art techniques can be found in [130,16,17]. Main
concerns in relation with FIB-milling are related to the notch and include
(i) the fact that notches, even though small, cannot always be assimi-
lated to cracks [79,131] (though FIB-milled notches yielded reasonable
Kjc values for Si in [132]), (ii) the development of residual stresses
around a milled-notch [79], and (iii) possible (chemical and/or phys-
ical) modifications of the material around the root of FIB-machined
notches.

Best et al. [133] measured the micro-sample fracture toughness of a
chromium nitride (CrN) thin film produced by physical vapor deposition
(PVD) and showed that the computed fracture toughness obtained from
single cantilever notched beam testing varies somewhat depending on
the ion species (gallium, xenon or helium were used). They also
observed that pillar-splitting tests, in which cracks are initiated free of
FIB-milling, yield lower toughness values than those measured in gal-
lium FIB-milled single or double cantilever beams, and that the higher
the gallium ion beam current is, the higher becomes the measured
fracture toughness of the CrN thin films [133]. This influence of
ion-milling on the measured toughess values was attributed to the high
residual stresses that ion-milling introduces in strongly bonded solids
such as this ceramic.

A similar, strong, influence of ion-milling was also documented
slightly before the CrN study in another ceramic, namely single and
polycrystalline alumina, which was characterized for its microtoughness
using Ga ion-milled notched cantilever beams [79]. The authors docu-
mented the presence of very high residual compressive stress along the
milled notch surface, of intensity 12 to 15 GPa, raising the apparent
measured value of fracture toughness of alumina by 2 MPa ' m'/2.

In Ref. [134], both He- and Ga- beam milling were employed to trim
excess polymer after film deposition and shape tensile specimens on
push-to-pull devices. The mechanical response of the polymer films was
primarily governed by the ion-irradiated edges. Both He- and Ga-
FIB-milled films showed a significant stiffening compared to their bulk
counterparts, with the elastic modulus increasing by up to three times.
This stiffening effect was ascribed to FIB-induced crosslinking at the
edges. To address this issue, researchers developed a customized
push-to-pull device that allowed for precise deposition of the film on the
tensile gap, thereby avoiding further FIB operations. Nevertheless, they
observed that the mechanical response was also affected by the electron
beam during in-situ TEM experiments and, consequently, they decided to
conduct experiments using an optical microscope and to perform post-
mortem TEM analysis. Similar to the effects of ion beam irradiation,
dynamic electron irradiation present during the test can indeed have a
significant impact on the materials properties. For instance, in amor-
phous silica, electron beam exposure has been shown to significantly
reduce yield strength and induce superplasticity [135,136]. For a
comprehensive understanding of electron irradiation damage,
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Ref. [137] offers a general overview of the topic.

In summary, there has been extensive research leading to clear evi-
dence that the use of FIB-milling can significantly affect the surface of
microsamples and the microstructure in its vicinity, and through this,
influence the mechanical behavior of micromechanical structures. We
next turn to alternative strategies designed to either exclude FIB milling
entirely, or use it while nonetheless testing regions of material unaf-
fected by its use.

4. Alternative strategies

FIB-milling is not a necessary step in the production of shaped
microsamples for mechanical testing: there are now many other
microfabrication techniques that produce small-scale structures suitable
for mechanical testing of material that has not been irradiated by a
focused ion beam.

One approach that has already been mentioned is to extract, by
leaching, a conveniently shaped phase from a two-phase material. For
uniaxial testing, the minor phase of a rod eutectic is ideal in this regard.
This approach was used by Bei et al. who solidified a eutectic alloy
directionally in a Bridgman furnace, varying the microstructural scale
by varying the cooling rate during solidification [120,121,138]. After
directional solidification, a polished surface normal to fibers in the
eutectic alloy was immersed in an etchant that selectively dissolves the
matrix, leaving behind individual fibers as freestanding rod-shaped
microsamples of controlled diameter and suitable for mechanical
testing. Monocrystalline molybdenum pillars ranging in diameter from
360 to 1400 nm extracted from a NiAl-Mo alloy were produced by this
method and tested in compression [120,121,139] or in tension [119]
(Fig. 11). Pristine Mo fibers exhibited mechanical properties similar to
defect-free whiskers, which were strongly altered if the density of dis-
locations within these pillars was raised by subjecting the long com-
posite to deformation before the etching process. Similarly,
monocrystalline aluminum and beryllium fibers were produced in Refs.
[140,141] through selective etching of an Al/Al,Cu or an Al-2.4 at.% Be
eutectic alloy, respectively (Fig. 11). The yield strength of these fibers in
tension evidenced an influence of both the cross-sectional area and the
density of dislocations in the fiber. While this elegant approach has
produced valuable studies on microplasticity, it does have limitations in
terms of both shape and composition, given that it is restricted to the rod
or plate phase of eutectic or near-eutectic alloys.

Sample production for the mechanical characterization of small-
scale structures has also benefited from manufacturing techniques
commonly available in cleanrooms, particularly those derived from the
semiconductor industry. These include lithography, deep reactive ion
etching (DRIE), and thin film deposition. Lithographic cleanroom pro-
cesses generally begin by the application of a photoresist layer onto
silicon (i.e., through spin coating) and continue by selectively etching
the desired shape from the resist by means of exposure (i.e., photoli-
thography, X-rays, electron beam) and development steps. Once the
photoresist has been developed, the pattern is transferred onto the hard
mask and silicon wafer, the latter typically using the DRIE process to
etch deep features; this process involves periodically switching between
gases to alternately etch and protect the surface, commonly utilizing SFg
and C4F¢ plasmas (Fig. 12A). This approach enables the direct produc-
tion of silicon pillars for compression testing, as demonstrated in Refs.
[142-144] or of GaAs npillars [145]. These pillars demonstrated
remarkable strengths compared to their FIB-milled counterparts,
attaining values that closely approach the theoretical limit. Moreover,
they display increasing levels of plasticity as the pillar diameter de-
creases [142]. One should note, however, that etching under a mask may
damage the sides of the specimen to some extent and the nature of the
damage will depend on both the gases employed and etching conditions.

By combining lithography and subsequent deposition of material
onto the etched substrate, it is furthermore possible to create intricate
two-dimensional patterns and structures on a substrate and thus to test
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properties of thin films. Testing thin films deposited on substrates using
microfabrication processes dates back to the early 1960s [146], where
polymers or halite substrates were employed. The semiconductor in-
dustry later triggered the incorporation of silicon substrates and
silicon-based micro-electro-mechanical systems (MEMS). For instance,
gold and silica (SiO2) cantilever beams 1 pm thick have been produced
and tested using a nanoindenter [147] (Fig. 12C), while tensile tests of
freestanding copper, nickel, silver as well as titanium and aluminum
thin films on silicon are reported in Refs. [148-151]. The literature on
thin films in now extensive and includes the use of other substrates [152,
153].

MEMS technology has also found direct application in the uniaxial
testing of thin film materials [154,155]. For instance, Sharpe et al. [156]
measured the Young’s modulus of polysilicon films 1.5 to 3.5 um thick
by means of tensile testing. Haque et al. [157] measured the properties
of ultra fine grained (UFG) aluminum thin films deposited on silicon
substrates through tensile testing, employing silicon beams on the side
to measure displacements (Fig. 12D). Additionally, by combining
interferometry and compression, the tensile behavior of gold, copper,
and aluminum films of varying thicknesses was characterized in Refs.
[158,159], to produce data that exhibit clear signs of a plasticity
size-effect.

In addition to evaporation and deposition techniques, electroplating
can also be used to fill patterns etched by lithography into photoresist
layers (a process often called LIGA) [160-165,100,166], or into cylin-
drical cavities produced by anodic aluminum oxidation [167]. Here,
etched patterns are submerged in an electrolyte, metal ions are elec-
trochemically deposited onto the exposed areas of the conductive sub-
strate and, finally, the resist is removed, leaving behind fully 2D shaped
dense metallic microstructures (Fig. 13). This process typically yields
nano-twinned or nanocrystalline structures, which can be subsequently
annealed to produce monocrystalline samples [100,168,164,169,165].
Gold and copper specimens containing dislocations, of diameter down to
25 nm, have been tested both in tension and compression, exhibiting
localized deformation and strong size-effects [164,165,168]. As
mentioned above, the effect of FIB-milling on nanocrystalline nickel
produced by electroplating was explored in [124]. Patterned electro-
plating also enables the fabrication of more complex architectures such
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as three dimensional copper lattices, gold helices and nickel micro-
springs [170-172] (Fig. 13D-F). Copper lattices thus produced to have a
relative density of 0.8 have demonstrated strength levels significantly
outperforming those of monolithic bulk copper.

Hot embossing, also called nanomolding or nanoimprinting, is the
process of reproducing a design shaped as a hollow within a die made of
a material sufficiently hard to deform the (generally solid) material that
is to be shaped by driving it under applied stress to fill the hollow, much
as in the traditional processes of closed-die forging or coining; recent
reviews of this class of processes are in Refs. [173,174]. For metals, this
fabrication technique relies on the plastic deformation of soft and ductile
metals or alloys into a structured rigid die or, at smaller size scales and
higher temperature, on diffusion, while for amorphous materials this is
made possible above the glass transition temperature by viscous flow
[173]. Micropatterned silicon, produced via lithographic processes as
previously described, has been employed as a hot-embossing die to
create sub-micron structures using silver, gold, and a gold-tin alloy [102,
175-177]; however, other materials such as anodized aluminum oxide
or silicon carbide have also been found to be suitable [173]. In an
elegant method, an anodized aluminum oxide template was filled with a
bulk metallic glass, the other side of which was infiltrated into a steel
wire mesh that enabled tensile removal of the molded nanowire arrays
from the alumina die [178]. Essential forming parameters to achieve
complete cavity filling are vacuum conditions, applied forces, temper-
ature, and surface conditions. For instance, a gold interlayer was
deposited to improve wettability before embossing a molten gold-tin
alloy at 320 °C [177]. Similarly, when imprinting pure silver or gold
into silicon, the process was carried out under high vacuum conditions
and at 400 °C, with mechanical pressures reaching up to 300 MPa. As the
metal embossing process typically takes place at temperatures exceeding
the recrystallization temperature of the embossed metal and involves
substantial deformation, it facilitates the fabrication of monocrystalline
metallic microstructures. Once filled, silicon dies can be selectively
etched in a potassium hydroxide (KOH) water-based solution, leaving
metallic pillars attached to bulk metal (Fig. 14). Microcompression tests
conducted on silver pillars that were produced in this manner, with
diameters ranging from 130 to 3000 nm, reveal a transition from bulk to
dislocation-nucleation governed plasticity [179]. The mechanical
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Fig. 12. Microstructures obtained by silicon microfabrication techniques. (A)
Schematic illustration of the deep reactive ion etching steps (DRIE). (B) Lith-
ographically obtained silicon pillars [142]. (C) Thermally grown silica (SiO5)
cantilever beams produced by etching both the silica and the silicon substrate.
Reproduced from [147] with permission from Springer Nature. (D) Micro-
fabricated tensile test chip showing a free standing aluminum film specimen;
the difference between Markers B and A gives the elongation of the specimen.
Reprinted from [157] with permission from Elsevier.

behavior of nanoimprinted gold pillars was compared with their
FIB-milled counterpart in Ref. [102] (see Section 3).

The use of silicon microfabrication for the production of embossing
dies enables rapid and scalable prototyping while allowing for
straightforward customization of dimensions and aspect ratios. Capa-
bilities of nanoimprinting are, however, somewhat constrained when it
comes to complex geometries, particularly those with intricate, expan-
sive designs, because achieving complete filling can be quite chal-
lenging. Additionally, nanoimprinting requires materials that exhibit
low-pressure, low-temperature flow characteristics coupled with
chemical compatibility with the die material, which restricts the mate-
rial selection.

Microcasting is a downscaled version of another old metallurgical
process, namely casting, adapted to fabricate dense metallic micro-
structures in various complex shapes. Microcasting is, like casting,
generally composed of three stages, namely (i) mold manufacturing, (ii)
casting of the molten metal, and (iii) demolding. A schematic illustration
of the process is shown in Fig. 15A. Metal casting at the microscale is
most often conducted through pressure infiltration, meaning by forcing
mechanically the melt into the mold, because one must generally
overcome capillary forces, which play a strong role at this scale and
generally oppose ingress of the melt into the mold. After solidification
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and to avoid deforming the micrometric structures thus produced,
demolding is generally accomplished through selective etching, wherein
both the mold and the cast metallic component are immersed in an
etchant that selectively dissolves the mold.

There are several available microcasting mold manufacturing pro-
cesses. In Refs. [180-184], a miniaturized version of lost-pattern in-
vestment casting was demonstrated. Polymeric patterns of the part to be
cast are immersed in a ceramic slurry (also known as investment) to
replicate its external form in the surrounding shell. Following a drying
process, the investment undergoes sintering, while the pattern is
removed by oxidative pyrolysis. The properties of the investment com-
pound significantly affect the resulting casting surface roughness; in
particular, any polycrystalline mold will, after heating (e.g., to sinter the
investment compound, or to prevent metal solidification during infil-
tration of the mold) feature along its surface a groove wherever the
surface intersects a grain boundary. This causes depressions on the mold
surface that are later replicated along the surface of the (generally
pressurized) cast metal. This leads to the formation of surface defects
that go unnoticed on macroscopic castings but are, at the scale of a
microcasting, unacceptable. Because of that, monocrystalline or amor-
phous molds are best used.

Precise molding for the production of long cylindrical samples has
been achieved using microstructured silica capillaries [186], or by
growing monocrystalline NaCl crystals around organic patterns while
slowly evaporating a slightly undersaturated water solution and then
removing the organic pattern by pyrolysis [104]. More specifically,
monocrystalline NaCl molds have been produced to contain long and
smooth hollow cavities formed from pyrolizable (polymeric) fibers.
These enabled the casting of aluminum or magnesium wires of diameter
down to 7 pm, with a surface roughness of around 50 nm [104,187-190]
(Fig. 15B). More recently, a method was introduced in Ref. [191]
employing resins loaded with salt particles to fabricate easily leachable
structures by 3D printing, in turn enabling the production of molds for
castings having geometrical features defined down to 100 pm. This
technique has been used to produce aluminum and magnesium lattices.

It is also possible to achieve micron-scale molding through femto-
second laser machining followed by selective etching of fused silica
substrates, as demonstrated in Ref. [185,192] (Fig. 15C). This method
offers the major advantage of enabling the production of essentially any
fully 3D freeform shape provided it is continuous, with features defined
down to roughly 1 pym precision. Another advantage of the method is
that the mold is carved into an amorphous, i.e., grain-boundary-free,
material. It has been implemented with silver, copper, gold and their
alloys, to fabricate structures ranging in size from a few millimeters
down to the micrometer scale. Alternatively, lithographically patterned
silicon substrates, coated with an outer layer of oxide, have been pro-
duced to cast copper and silver mushroom-like structures amenable to
tensile testing [105,129,193,194] (see Fig. 1 of Ref. [129]). The use of
silicon microfabrication techniques for precise molding offers
outstanding dimensional control while enabling the parallel fabrication
of many components; however, being based on silicon lithography, this
molding method is more limited than femtosecond laser glass mold
micromachining in terms of the geometries that it can produce.

Typically, microcast metals have a grain size that largely exceeds
that of features of the microcasting, such that individual castings are
monocrystalline or contain only a few grains. Common features of the
plasticity of microcast metal tensile bars are therefore a combination of
single-crystal deformation with phenomena characteristic of small-scale
plasticity; these include large shear deformation along glide planes of
highest resolved shear stress, an orientation-dependent work hardening
rate, a distinctive jagged stress-strain response with frequently visible
slip steps, and a raised flow stress that increases with decreasing sample
diameter [104,195].

Micromolding techniques, whether they use solid or liquid metal,
offer the potential for achieving micro- or nanometric resolution. Both
can, however, face issues related to the metal’s chemical reactivity,
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Electrodeposition of nickel
microsprings

Fig. 13. Template-assisted electroplating techniques. (A) Schematic illustration of e-beam lithography in combination with electroplating. Reprinted with permission
from [164]. Copyright 2010 American Chemical Society (B) Mono- and nanocrystalline copper pillars produced as illustrated in (A). Adapted with permission from
[164]. Copyright 2010 American Chemical Society. (C) Electroplated nanotwinned Cu wire for tensile testing. Reproduced from [169] with permission from Springer
Nature. (D) SEM image of a copper microlattice with octet geometry. Reprinted from [170] with permission from Elsevier. (E) Schematic illustration of the process
and a lateral image of gold helix structures. From [171]. Reprinted with permission from AAAS. (F) Electrodeposition of nickel microsprings. Reprinted from [172]

with permission from Elsevier.
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Fig. 14. Hot embossing: (A) Microfabricated silicon mold and (B) silver pillars after hot-temperature embossing and mold dissolution Reprinted from [175] with
permission from Elsevier. (C-D) SEM images and EBSD analysis of a (C) hot-embossed and (D) FIB-milled gold pillar [102]. (E) Microcompression response of a

hot-embossed polycrystalline gold nanopillar [102]. (C-D-E) Reprinted from [102] with permission from Elsevier.

which can appear during either the mold infiltration or mold dissolution
phases. When utilizing silica or silica-coated molds, the metal must only
contain elements that have an oxide less stable than that of silicon;
otherwise, unwanted reactions are likely to occur along the mold/metal
interface. Moreover, demolding at this scale presents its own set of

13

challenges since mechanical methods are likely to damage the produced
small-scale, and hence delicate, microcastings. Chemical approaches,
such as the use of hydrofluoric acid to dissolve silica or KOH for silicon,
work with some metals, but also narrow down the available options, as
the metals intended for casting must remain inert during this stage.
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Selective etching Metal microstructures

Fig. 15. Microcasting: process and resulting as-cast structures. (A) Schematic illustration of the microcasting stages. (B) Aluminum wire with a diameter of
approximately 15 um and a length of 1 mm produced using single-crystalline NaCl molds grown around nylon fibers. Reproduced from [104] with permission from
Springer Nature. (C) Gold beams produced using a femtosecond laser micromachined silica mold. These structures have an H-shape configuration, each segment has a
cross section of 50x50 um? and the middle segment has 1 mm in length. SEM images (inset) reveal the surface roughness associated with laser micromachining and
the fully-dense cross section of the metal within the casting [185]. (D) An array of microcast silver tensile test specimens, each with a diameter of approximately 13

um, produced using a microfabricated silicon mold [105].

While salt molds exhibit relative stability against metals and readily
dissolve in water at room temperature, their drawback lies in the rela-
tively low melting point of NaCl (801 °C), which falls below the melting
temperature of many engineering metals; also, its comparatively high
vapor pressure at elevated temperature can cause problems in
processing.

Common to processes of nanoimprinting and microcasting is the
influence of thermal mismatch stresses, which arise from differences in
the thermal expansion coefficient between the mold or die on one hand,
and the metal on the other, coupled with the significant temperature
excursion experienced by the mold/casting assembly during cooldown
from (elevated) processing temperatures. Resulting thermal stresses are
typically relieved through the emission of dislocations, and thus lead to
the incorporation of geometrically necessary dislocations into the sam-
ples. This thermal dislocation density is scale-dependent [105], and thus
creates another source for plasticity size effects in the form of an
increased yield stress with decreasing sample size.

Yet another approach for the production of micro- or nano-scale test
samples is to test directly synthetized samples, often grown from the
vapor or precipitated from a solution, and taking the shape of particles
[103,122,123,196-204], or whiskers (at times also called nanowires).
Elongated whiskers produce a sample geometry amenable to testing that
has probably been the first successful microsample fabrication technique

14

[205-209]. Ref. [210] provides a review on the synthesis of silver
nanoparticles. To name a few examples, Wheeler et al. [201] studied the
deformation at room and elevated temperature (up to ~500 °C) of gal-
lium nitride (GaN) prisms grown by metalorganic vapor phase epitaxy.
References [198-200] employed synthetized silver nanocubes to study
the dynamic response when those, propelled by laser-induced projectile
impact testing (LIPIT), hit a material at very high velocities, while
Ref. [103] focuses on the quasi-static micro-compression behavior of
these silver nanocubes.

In recent years, there has been a remarkable surge in the advance-
ment of freeform additive manufacturing techniques. This has opened
up the possibility of 3D printing a wide range of materials, including
polymers using two-photon polymerization [211-216], composites
[217-219], pure silica [220,221] or other oxides [222-225]. Metals too
can be 3D printed. Most emerging processes that directly write metal to
produce structures at the micro and/or nanoscale operate either by
depositing nanoparticles embedded within a matrix or by reducing
metal ions within a solution [226-239]; an in-depth review can be found
in Refs. [240,241]. One significant advantage of these techniques is that
they are mostly one-step fabrication processes, often coupled to a mul-
tiscale capability. A notable general challenge in metal 3D printing is the
wide variation in surface roughness and often also the microstructure
obtained, due to the progressive point-by-point and/or layer-by-layer
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assembly of components, with each resulting microstructure potentially
featuring a unique distribution of defects (Fig. 16). While the list of
available techniques continues to grow, we highlight approaches based
on electrodeposition for mechanical characterization due to their ability
to yield smooth and dense structures. Refs. [242] stands as a noteworthy
illustration of this, wherein copper micropillars were fabricated using a
localized electroplating technique introduced in Ref. [226]
(Fig. 16C&F-G) to investigate the effect of strain rate and grain size on
the compressive behavior at the microscale.

Acta Materialia xxx (xxxx) XXX

Another approach for the micromechanical characterization of ma-
terials free of material modifications induced by ion beams is to use FIB-
milling to produce and test samples having a geometry such that the
most highly stressed regions fall outside those where milling was used.
In Refs. [243-247] a combination of chemical etching and FIB-milling
was used to test the local, microscale strength of brittle materials,
namely alumina, silicon and silica. In Refs. [243-246], micrometer-sized
particles or fibers embedded in a metallic or polymeric matrix were first
exposed by preferential chemical etching and were subsequently
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Fig. 16. Metal 3D-printed structures: (A) Copper pillars printed by an approach based on electrochemical synthesis and the corresponding cross section. Copyright
2020 Wiley. with permission from [241]. (B) Silver pillars printed by direct ink writing and the corresponding cross section, before and after annealing. Copyright
2020 Wiley. Used with permission from [241]. (C) Smooth pyramids with different tip apertures produced by electroplating of locally dispensed ions in liquid
through a hollow atomic force microscope cantilever (FluidFM in (A)). Copyright 2020 Wiley. Used with permission from [226] (D) Square micropillars printed by
laser direct-write of silver nanopastes. Copyright 2010 Wiley. Used with permission from [239]. (E) Concentric waves printed by electrohydrodynamic redox 3D
printing (EHD-RP in (A)) [236]. (F) Microcrystalline (MC) and ultrafine grain size (UFG) copper pillars, produced by electroplating of locally dispensed ions in liquid,
before and after quasi-static and high strain rate compression with the corresponding EBSD maps [242]. (G) Stress-strain response of MC copper pillars shown in (F)

at various strain rate values [242].
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notched using FIB-milling to create micromechanical test samples hav-
ing the shape of a “C”, Fig. 17. These were then tested by applying a
compressive force that closes the “C”, this in turn leading to the build-up
of high tensile stresses in the region along the external surface of the
C-shaped sample, which was exposed by etching but did not experience
ion-milling.

Alternative strategies in this vein include bend-testing, over a FIB-
milled cavity in the metallic matrix, of silicon particles solidified
within an Al casting alloy [247]. These were also exposed by leaching
the Al matrix and were then milled along their sides leaving the flat,
initially facetted, tensile face unaffected by FIB-milling. To minimize the
influence of FIB damage on the measurements, the samples were shaped
with a trapezoidal cross-section in such a way that tensile stresses in the
lower face of the sample are developed away from the milled edges.
Similarly, the test specimen geometry was adapted in the testing of
cantilever beams designed to measure the interfacial strength between
silica and iron, in a way that ensures that peak interfacial stresses along
the interface do not fall within the FIB-milled region; this was achieved
by means of small notches placed at the sides of the cantilever beams
[248].

A limitation of this class of micromechanical tests is that they are
often less rich in the data they provide, given that they so far only
measure the local strain (and if the deformation law is known the stress)
at rupture of the material — this is unlike tests conducted using uniaxial
tension or compression samples, which give the entire deformation law
prior to failure. To produce measurements of the small-scale local
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deformation law, one would have to devise methods for the simulta-
neous measurement of stress and strain within, and only within, the
highly stressed tensile region in a sample that features strain gradients—
this, although now doable in principle (e.g., by a combination of image
analysis and diffraction), has to our knowledge so far not been reported.

FIB-milling to produce samples that are tested outside of FIB-affected
regions can also be used to produce microscale fracture toughness
measurement samples containing sharp cracks that are free of FIB-
damage. Proposed strategies include taking advantage of pre-existing
cracks or defects by milling micron-sized samples around those [249]
or the introduction of cracks before or at intermediate steps during the
micro-sample preparation process, e.g., by nearby indentation at high
loads [250]. Pillar-splitting has been proposed to measure the resistance
to crack propagation in microscale samples without the need to precrack
the specimens [251]; however, results may still be affected by FIB
milling if the pillars are produced with this technique and their diameter
is not sufficiently large [252]. Alternatively, a number of sample ge-
ometries have been proposed that do use FIB-milling but carve speci-
mens designed to produce stable propagation of a (sharp) crack,
allowing the determination of material properties away from the
FIB-affected regions. These include double cantilever beams [132,
253-255], clamped beams [132,256-259], chevron-notched single
cantilever beams [260,261], and a single cantilever delamination ge-
ometry recently proposed to measure the fracture toughness of in-
terfaces [262] (Fig. 18). On occasions, pre-fatiguing the notch has also
been used to initiate stable crack propagation in fracture toughness
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Fig. 17. (A) In-situ micromechanical testing of C-shaped silicon oxide particles, the notch of which is FIB-milled, and (B) finite element model of the test showing
that maximum principal stresses are located in the external surface of the particle, away from FIB-milled regions [246]; (C-F) show a notched specimen prepared in
an alumina fiber, in (C) a composite wire containing the alumina fibers is observed with low magnification while in (D) the fibers, after chemical etching of the
aluminum matrix, are observed at higher magnification. (E) shows a notched fiber prepared by FIB-milling. (F) shows a sketch of one-half of the notched specimen

and its dimensions [243].
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Fig. 18. Cantilever delamination geometry and stable crack growth propagation during in-situ SEM testing [262].

microspecimens [24].

Finally, in the context of small-scale characterization techniques that
exclude FIB-milling artifacts, it is pertinent to mention nanoindentation
as an alternative, even though it is not the intention of this review to
cover the method. Readers are referred to the extensive body of litera-
ture on this topic [263-268] or to a few extensions of the method to high
strain rates [269,270], high temperature [271,272], embedded particles
[273] or the production of nanoindentation maps [274].

In summary, it is evident that, unlike the near-universal FIB
approach, the various alternative microfabrication strategies discussed
in this section are highly material-specific. Each technique, in addition,
potentially imparts a unique microstructural signature reflective of the
fabrication process, which may also govern the size-dependent me-
chanical behavior of the microspecimen. This diverse array of micro-
manufacturing techniques is likely to keep expanding as novel methods
continue to emerge from ongoing research and development efforts in
this rapidly evolving field.

5. Conclusion

Focused ion beam milling, with its unique ability to carve test
specimens specifically suited for the measurement of basic mechanical
properties in essentially any material, has been one of the main driving
forces, over the past two decades, behind advancements in the me-
chanical testing of small-scale material specimens. The method comes,
as seen in the first part of this review, with a price, namely the fact that
the microstructure of FIB-milled surfaces is often altered by ion and
crystalline defect implantation. Progress has been achieved in recent
years to reduce this effect, notably with the advent of inert-gas ion
beams, yet the fact remains that ion-milled surfaces have undergone a
high-energy material removal process that alters their microstructure
and, at times, even their composition.

In parallel to the advent of FIB-milling as a means of producing
micromechanical test samples, we have seen in the second part of this
review that the range of available microscale materials processing
methods has also witnessed significant advancements over the past two
decades. This has in turn resulted in the advent of several viable alter-
natives to, or alterations of, traditional FIB-milling approaches for the
production of high-quality, shaped micromechanical test samples, the
surface microstructure of which has not been affected by ion-milling.
Each of these techniques has its own advantages and disadvantages,
and in certain scenarios and applications FIB-milling remains the most
viable option at the moment, for example, when targeting particular
microstructural features such as grain boundaries and complex compo-
sitions, or when dealing with radiation damage or oxide films. Yet, those
alternative techniques are now well established, reproducible, and are
growing in range. Some are even suitable for parallelized part produc-
tion, such that, unlike FIB-milling, which is poorly fit for high-
throughput production, their engineering importance is likely to grow.

The argument is therefore to be made that micromechanical test data
from FIB-milled samples should be declared to be precisely that: data
relevant to material that has been FIB-milled, nothing less - but also
nothing more. Similarly, when samples are produced by nanomolding or
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microcasting, they will likely contain in their microstructure a signature
of the process by which they were produced, namely a size-dependent
density of dislocations that were formed to relieve thermal contraction
mismatch strains; again, this will affect measured mechanical property
data. We have to reckon that the processing method is an integral part of
what defines a material when small-scale mechanical properties are
reported — much as is the case when reporting macroscopic mechanical
test data for brittle materials: reporting macroscopic strength measure-
ments for, say, alumina has little meaning if one does not specify, with
precision, how the test samples were produced. The same holds true for
micro- or nano-mechanical test data. With this fact recognized, we
further propose that it would be a worthwhile line of inquiry to sub-
stantially improve our understanding of what exactly is the influence of
FIB-milling on the mechanical behavior of microscale samples, as a
function of milling conditions and the nature of both the beam and the
material. This is crucial not only because most work to date was pro-
duced using ion-milled microsamples, but also because for specific
questions, such as the behavior of selected regions of a complex
microstructure (say, a grain boundary), or the behavior at the microscale
of materials for which no alternative exists to produce microsamples,
this knowledge is required to separate fact from artifact.

In conclusion therefore, we motion that one must view the unique
microstructural features introduced by different sample production
methods as an integral part of what defines micromechanical material
test data. Ultimately this will enrich our comprehension of materials and
processing-microstructure-property relations in this intricate realm, but
when studying materials at the micro- to nanoscale, will also lead to
significant variation in what we still usually tend to view as a single,
well-defined, “material”.
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