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Abstract. Nanoscale amorphous olivine (a-olivine) intracrystalline layers, which can form in olivine polycrys-
tals under high stress, has the potential to influence the mechanical properties of the rock in the vicinity of
the brittle–ductile transition. It is therefore essential to determine the mechanical properties, in particular the
strength, of these a-olivine films. To this end, we investigate the tensile deformation and fracture of a-olivine
thin films deposited on a polymer substrate. Typical brittle fracture in the form of numerous long, straight cracks
that are parallel to each other is observed during a tensile test. Using in situ measurements of electrical resistance,
the critical strain required for the generation of the first cracks was measured at 0.8 %. A combination of in situ
straining with optical microscopy and subsequent digital image correlation enables direct measurements of local
strains within the unfractured film regions. It is demonstrated that a-olivine can withstand tensile strains of at
least 2 %, which leads to an estimated intrinsic strength of 1.8 GPa. The results presented should contribute to a
more comprehensive understanding of the mechanical behavior of olivine-rich rocks affected by grain boundary
amorphization.

1 Introduction

The presence of amorphous material, such as silicate melt,
in seismically and aseismically sheared rocks has been well
documented and is observed in deformation experiments
(Andrault et al., 1995; Goldsby and Tullis, 2002; Hayward
et al., 2016; Niemeijer et al., 2011; Pec et al., 2012; Yund
et al., 1990). Natural formation of the amorphous phase can
also be explained by frictional melting (Austrheim and An-
dersen, 2004; Obata and Karato, 1995; Scambelluri et al.,
2017) or by severe mechanical deformation without signifi-
cant heating (Janssen et al., 2010; Kaneki et al., 2020; Pec
et al., 2012; Wenk, 1978). The present study is inspired

by a recent experimental investigation into the deformation
of olivine aggregates at relatively low temperatures (around
1000 °C, i.e., ca. 0.6 T /Tm) and high stress, which revealed
a remarkably early stage of solid-state amorphization (with-
out melting) confined to the grain boundaries (Gasc et al.,
2019; Samae et al., 2021). Such a microstructure can have
important consequences for the mechanical properties since
the presence of an intergranular glassy phase can be the cause
of localized brittle behavior at grain boundaries (Gasc et al.,
2019) when the temperature is lower than the glass transition
temperature (1263± 10 °C for amorphous olivine; Richet et
al., 1993). On the other hand, it has been shown for metallic
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alloys that amorphous layers at the grain boundaries can lead
to better ductility and toughness (Pan and Rupert, 2015). In
order to understand and predict the behavior of bulk poly-
crystalline olivine containing amorphous phase, the mechan-
ical properties of amorphous olivine (a-olivine) must be as-
sessed.

Little is known about the mechanical properties of a-
olivine since it has never been observed in bulk form. Amor-
phous olivine at grain boundaries has the thickness of only
a few nanometers (Samae et al., 2021), which makes reli-
able measurements of its mechanical properties problematic.
However, a-olivine can be obtained in a thin-film form by
means of pulsed laser deposition (PLD) technique employ-
ing crystalline olivine as a target. A nanoindentation study
of a-olivine thin film (Baral et al., 2021) allowed us to mea-
sure Young’s modulus and the strain rate sensitivity exponent
of a-olivine using indentation relaxation reaching strain rates
below 10−6 s−1. This field has recently been extended by
on-chip tensile experiments (Coulombier et al., 2024), which
have shown that the same deformation mechanism operates
during the viscoelastic relaxation of a-olivine under strain
rates as low as 10−12 s−1.

Since natural a-olivine is strongly confined between the
crystalline olivine grains (Samae et al., 2021), characteriza-
tion of its intrinsic strength is of particular interest; however,
this is a challenging task from an experimental point of view.
In the case of crystalline films, tensile testing with in situ syn-
chrotron X-ray diffraction characterization could be a very
effective method to capture the evolution of lattice strains and
deduce the intrinsic strength of thin films (Jörg et al., 2017).
However, amorphous materials do not exhibit narrow and
clearly defined diffraction peaks, which makes the usage of
diffraction-based methods less effective. A nanomechanical
testing approach (Coulombier et al., 2024; Kiener and Misra,
2023), which can be applied to a-olivine films, requires fabri-
cation of freestanding nanoscale specimens whose mechan-
ical behavior is influenced by the sample preparation pro-
cedure, geometry, and testing setup. Additionally, bulk and
surface defects, which can act as stress concentrators, will
inevitably influence the measured strength and observed frac-
ture behavior, particularly since glassy olivine at room tem-
perature is expected to show intrinsically brittle behavior
(Coulombier et al., 2024; Darot et al., 1985; Druiventak et
al., 2011; Kranjc et al., 2020). It is therefore imperative to ex-
ercise caution when considering the applicability of any test
results to the actual mechanical behavior of strongly confined
a-olivine layers in an olivine aggregate. In other words, ex-
perimental designs enabling the measurement of the intrinsic
mechanical properties of a-olivine, which are not influenced
by the sample geometry, properties of testing setup, defect
type, concentration and distribution, etc., are required.

In this study, we adopt an alternative approach to char-
acterizing the intrinsic strength of a-olivine by investigating
the behavior of a-olivine thin films deposited by PLD on
a polymer substrate. By conducting tensile tests in situ un-

Figure 1. Photograph of the arrangement for the tensile straining
experiment under the CLSM.

der an optical microscope in conjunction with digital image
correlation, we determine the maximum strain a-olivine can
withstand without fracturing and thereby estimate the lower
bound of its intrinsic strength value.

2 Materials and methods

In order to deposit a-olivine thin films by PLD, polycrys-
talline pellets of synthetic olivine with a nominal compo-
sition of Mg1.8Fe0.2SiO4 were ablated using a pulsed laser
beam with a frequency of 10 Hz, a wavelength of 193 nm,
a target-to-substrate distance of 50 mm, and a laser fluence
of 1–2 J cm−2. The main principle of PLD and various ex-
amples of thin-film depositions were provided by Dohmen
et al. (2002) for a former PLD system in Bochum. The new
depositions were performed using a PLD system designed
and fabricated by SURFACE systems+ technology GmbH &
Co. KG, Hückelhoven, Germany. The deposition rates were
in the range of 3–4 nm min−1. The depositions were per-
formed at a background vacuum pressure of approximately
1×10−4 Pa at room temperature. Under these conditions, the
silicate film of an olivine-like composition is amorphous and
chemically homogeneous (Baral et al., 2021; Dohmen et al.,
2002). The depositions were performed on 50 µm thick poly-
imide Upilex 50S substrates with dimensions of 5× 5 cm2.
The PLD setup does not allow the rotation of the substrate
during deposition, and the plasma jet coming out of the tar-
get is relatively small compared to the substrate. Therefore,
each substrate comprises a circular area of approximately
20 mm in diameter and 100 nm in thickness, wherein deposi-
tion is most concentrated. In the surrounding area, the thick-
ness gradually decreases until it reaches zero within a range
of 10–20 mm from the edges of the central circular area.
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For tensile experiments, single stripes with dimensions of
4 mm× 40 mm were cut out from the coated substrates us-
ing a knife, with the central circular area positioned in the
center of the stripe. In this way, it was ensured that subse-
quent characterization is applied to film portions with the
same thickness. Tensile tests were performed under a con-
focal laser scanning microscope (CLSM) on as-deposited
a-olivine films using a custom-made, manual, screw-driven
straining setup, depicted in Fig. 1, and described in more de-
tails in the Supplement. The thin-film sample is fixed be-
tween a rigid and a movable arm of the device. Strain is
applied in discrete steps by manual movement of the mov-
able arm, as shown schematically in Fig. 1. The surface im-
ages were recorded using a KEYENCE VK-X1100 CLSM at
zero strain and after each applied straining step. The applied
global strain was measured directly on the sample surface by
recording the change in distance between two characteristic
points visible at low magnification at each straining step. The
applied strain rate is estimated to be on the order of 10−2–
10−3 s−1. A total of six specimens were tested in situ under
CLSM, and they demonstrated similar deformation and frac-
ture behavior. An overview of the tested samples and applied
straining steps is provided in the Supplement.

The crack density was calculated as the number of cracks
per unit length crossing a straight line parallel to the loading
direction on the basis of CLSM images.

To enable the characterization of film fracture through
in situ resistance measurements, a thin gold coating with
an estimated thickness of approximately 10 nm was sputter-
deposited on the surface of the a-olivine. Subsequently, ten-
sile tests with in situ resistance measurements in four-point
probe geometry were conducted on these specimens using an
MTS Tytron 250 tensile testing device which was equipped
with probes incorporated in the grips. The principles of ten-
sile testing of polymer-supported specimens with in situ
resistance measurements are described in greater detail in
Glushko and Cordill (2016). The dimensions of the tensile
specimens were 4× 40 mm2 with a gauge length of 10 mm.
Three samples were tested, demonstrating excellent repro-
ducibility of the resistance behavior.

Digital image correlation (DIC) was conducted with the
free version of GOM Correlate 2016 software relying on the
natural speckle pattern of the sample surface. To calculate the
local surface strain using DIC, the images with the resolution
of 1024× 768 pixels were utilized, corresponding to a pixel
size of approximately 90 nm. The subset size and step size of
the DIC analysis were 15 and 7 pixels, respectively.

Scanning electron microscopy (SEM) was performed on
an FEI Versa 3D focused iron beam (FIB)–SEM worksta-
tion using specimens coated with gold. The thickness of the
a-olivine film was measured to be approximately 105 nm
through the analysis of an SEM image of a film cross-section
prepared by FIB.

3 Results and discussion

Figure 2 depicts CLSM optical images of the surface
of polymer-supported a-olivine films. The corresponding
movie, which includes each loading and unloading step, is
provided in the supplementary video available online (see
“Video supplement”). No cracks were observed up to the
applied strain of 0.8 % (Fig. 2a, d). At the strain of 1.3 %
(Fig. 2b, e), multiple straight and parallel cracks appear, and
the crack density increases with increasing applied strain
(Fig. 2c, f). This behavior is typical of intrinsically brittle
materials (Jörg et al., 2017; Latella et al., 2007; Park et al.,
2010; Peng et al., 2011).

At higher strains (> 10 %), local delaminations, also re-
ferred to as buckles, begin to emerge due to the compres-
sive stresses induced by Poisson contraction. A post-mortem
SEM image illustrating the presence of cracks and a buckle
in the specimen, which was strained to 11.7 %, is presented
in Fig. 3. The SEM analysis does not provide any evidence
of plastic deformation, such as shear bands or necking, which
suggests that the fracture was brittle. As can be seen in the
magnified image of the buckle (Fig. 3b), cracks are present
within the curved surface of the buckle, confirming that a-
olivine is unable to accommodate bending strains without
fracture at room temperature and pressure. On the opposite
side of the same strip, a flake is observed that is attributed
to a fractured and popped-out buckle due to its characteris-
tic triangular shape (Fig. 3a). All other buckles observed in
SEM were either cracked, partially fractured, or completely
fractured. It can, therefore, be concluded that at room tem-
perature and an applied straining rate in the range of 10−2–
10−3 s−1, a-olivine behaves as a brittle material, exhibit-
ing fracture immediately following the elastic deformation
regime.

To ascertain the critical strain at which the film begins to
crack – the crack onset strain (COS) – a series of tensile
tests with in situ resistance measurements were conducted.
As a-olivine is not electrically conductive, a gold layer with
a thickness of approximately 10 nm was deposited by sput-
ter coating on the a-olivine film prior to testing. The crack-
ing of the olivine film immediately induces rapid growth of
the electrical resistance measured in situ, as demonstrated in
Fig. 4 (blue curve). A COS value of approximately 0.8 %
was determined from the in situ resistance curve. The evo-
lution of linear crack density with increasing strain, as de-
termined from the CLSM images, is also illustrated in Fig. 4
(black symbols and curve). As can be observed, following the
attainment of the critical strain, the crack density increases
with increasing strain, reaching a plateau at approximately
8 % strain. The saturation of the crack density in polymer-
supported films with increasing strain is a well-documented
phenomenon that can be explained by the shear lag model
(Ahmed et al., 2011; Hsueh and Yanaka, 2003). Formation of
a crack results in stress relaxation in the region immediately
adjacent to its edges. Therefore, the subsequent crack may
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Figure 2. CLSM images of the surface of the polymer-supported a-olivine film with a thickness of about 100 nm during in situ straining for
the applied strains of 0.8 % (a), 1.3 % (b), and 8.0 % (c). The enlarged images from the dashed rectangles in (a)–(c) are depicted in (d)–(f),
respectively. The first initiated crack and examples of film defects are depicted in (a).

Figure 3. Post-mortem SEM image of a polymer-supported a-olivine film after straining to 11.6 % (a) and the corresponding enlarged image
of a buckle (b).

first form at some distance from the preceding one. Once
a critical crack density is reached (which is dependent on
the film material, substrate, and film thickness), the stress re-
laxation zones of neighboring cracks overlap, preventing the
stress within the film fragment between them from reaching
the critical value required to form a new crack.

Our analysis indicates that the maximum critical strain that
an a-olivine thin film can withstand is approximately 0.8 %.
Using a Young’s modulus of 90 GPa (Baral et al., 2021) and
assuming linear elastic behavior prior to fracture, one can

estimate the strength of 720 MPa for a-olivine films. How-
ever, the macroscopic mechanical behavior of the film is
significantly influenced by the presence of defects, some of
which are marked in Fig. 2a. These defects are inherent for
films synthesized by physical vapor deposition and can stem
from different origins, such as surface contamination, sub-
strate imperfections, electric arcs during deposition, or seed
particles (Panjan et al., 2020). Local stress in the vicinity
of the defect can be several times higher than the average
global stress within the film, which results in the initiation
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Figure 4. The evolution of in situ resistance (left y axis, blue
curve) and crack density (right y axis, black curve and symbols)
of gold-covered a-olivine films on a polymer substrate with increas-
ing strain. The measured resistance R is normalized to the initial
resistance at zero strain R0.

of cracks, as illustrated in Fig. 2a. Once initiated, the stress
concentration on the crack tips drives them to propagate over
long distances due to the absence of plasticity mechanisms at
room temperature and the absence of microstructural obsta-
cles (e.g., grain boundaries) in a-olivine. Therefore, the mea-
sured critical strain should be considered an extrinsic prop-
erty that is strongly influenced by the density and size of the
stress-concentrating defects.

In order to estimate the intrinsic strength of a-olivine, we
employed a methodology based on DIC using the images
obtained from in situ CLSM experiments. The analysis was
specifically focused on the local strains within the intact frag-
ments of the film between the cracks. Figure 5a illustrates the
averaged values of the major strain εyy and minor strain εxx

in the central region of nine film fragments from three dif-
ferent samples, plotted as thin grey lines, depending on the
applied global strain. The mean of the nine individual curves
is showed by the red curve for εyy and the blue curve for
εxx . Figure 5b illustrates the distribution of local strains at
varying values of applied global strain for a single film frag-
ment. The color code represents the magnitude of the local
major strain component εyy , as indicated in the accompany-
ing legend. The first strain map marked by a capital “A” was
obtained prior to the formation of cracks within the region
of interest. In the subsequent maps (marked with “B”, “C”,
and “D”), the DIC software was unable to compute the local
strain in the vicinity of the cracks due to their emergence as
new objects that were not present in the original image prior
to straining. In accordance with the shear lag model, the max-
imum strain within a film fragment is anticipated to be in the
middle between two cracks (Ahmed et al., 2011; Hsueh and
Yanaka, 2003). Therefore, the local strain values depicted in
Fig. 5a are calculated by averaging the strain along a line

situated in the center of each fragment between two cracks,
as illustrated in Fig. 5b by dotted lines. It should be noted
that the evolution of local strain in Fig. 5a is captured un-
til the global strain of approximately 6 %. At higher applied
strains, further fracture events make the size of the intact film
fragments comparable to the subset size of the DIC analysis,
and the local strains cannot be measured. Although with ad-
ditional and specifically designed speckle patterns it might be
possible to also resolve local strains within smaller film frag-
ments, the physical limitations of optical microscopy would
not allow for a significant increase in the spatial resolution of
the strain map.

As illustrated in Fig. 5a, the εyy component reaches values
that are markedly higher than the macroscopic COS of 0.8 %,
substantiating the assertion that a-olivine is capable of sus-
taining tensile strains in excess of 2 %. The transverse com-
pressive strain (εxx) also reaches substantial values of above
1 %. The evolution of the tensile strain component εyy of in-
dividual film fragments is characterized by a large spread and
zigzag behavior with increasing applied strain. This can be
explained by the fact that the formation of each crack results
in strain relaxation in the tensile direction. Therefore, each
film fragment has a different history of crack propagation in
its vicinity, resulting in different evolutionary trends of local
tensile strain as well as in heterogeneous crack spacing. In
contrast, the transverse compressive component εxx exhibits
excellent repeatability across different specimens and film
fragments. This is due to the fact that the transverse compres-
sion is controlled by the global strain state resulting from the
discrepancies in Poisson contraction between the film and the
substrate. At the same time, the formation of cracks perpen-
dicularly to the straining direction has a negligible impact on
the local transverse compression state. The Poisson ratio of a-
olivine is 0.37 (Baral et al., 2021), whereas that of polyimide
depends on the applied strain, exhibiting a value of approx-
imately 0.34 below 1 % strain and reaching a value of 0.48
at 3.8 % strain (Bauer and Farris, 1989). This effect of the
strain-dependent Poisson ratio of polyimide can be observed
in the behavior of the εxx component. At low strains, the sub-
strate exhibits a lower Poisson ratio than the film, resulting in
minimal growth of compressive strain within the film. How-
ever, at strains exceeding 1 %, the significantly higher Pois-
son ratio of the substrate leads to a notable increase in com-
pressive strain imposed on the film.

As DIC captures the total surface strains, it is not possible
to differentiate directly between elastic and plastic deforma-
tion. Accordingly, in order to ascertain the material strength
on the basis of the measured surface strains, it is imperative to
demonstrate that no significant local plasticity has occurred
within the fragments, at least in the context of the prevail-
ing testing conditions. In light of the absence of substantial
evidence of plasticity as illustrated in Fig. 3 and the corre-
sponding discussion of it, it appears reasonable to conclude
that the strains measured with DIC are of an elastic nature.
It can thus be stated that the intrinsic tensile strength of a-
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Figure 5. Measurements of local strain in polymer-supported a-olivine film using DIC. (a) Evolution of the major tensile (εyy ) and transverse
compressive (εxx ) strain components in the middle of intact film fragments with increasing global applied strain. The grey lines represent nine
single measurements from three different samples. The thick red and blue lines are averaged evolution for εyy and εxx strain components,
respectively. The vertical arrows with capital letters mark the global strains corresponding to the strain maps shown in (b). (b) Exemplary
distribution of the major strain (εyy ) within a film fragment at different applied strains marked by corresponding capital letters in (a).

olivine is at least 1.8 GPa (based on 2 % local strain and a
modulus of 90 GPa; Baral et al., 2021). Concurrently, the a-
olivine films underwent transverse compressive strain of up
to 1.2 %, thus exhibiting a complex bi-axial strain state.

The methodology proposed here can be considered an un-
controlled microtensile test applied to stochastically formed
film fragments. A significant limitation of this microtensile
test is its inability to control the applied load and to mea-
sure a stress–strain curve. However, the method offers sev-
eral advantages beyond its straightforward and time-effective
preparation and testing procedure. First, the effect of stress-
concentrating defects is mitigated in a natural manner. Sub-
stantial stress-concentrating defects have already initiated a
crack and are thus automatically excluded from the consider-
ation. The principal benefit of utilizing a polymer-supported
film is that substantial statistical data can be rapidly accu-
mulated by considering a multitude of intact film fragments
within a single macroscopic specimen. Ultimately, a full in-
plane strain tensor is measured (i.e., εyy , εxx , and εxy compo-
nents), opening up a possibility of applying material-specific
failure criteria (von Mises, Mohr–Coulomb, etc.) or calculat-
ing locally stored elastic strain energy.

In recent microtensile experiments, the tensile strength of
freestanding a-olivine films was found to be up to 1.5 GPa,
with a directly observed maximal strain without fracture of
1.8 % (Coulombier et al., 2024). It is noteworthy that these
experiments employed extremely low strain rates, reaching
as low as 10−12 s−1, i.e., many orders of magnitude below the
strain rates of the current work. Nevertheless, our estimation
of critical tensile strain of 2 % aligns well with the findings
of micromechanical experiments (Coulombier et al., 2024).

In this study we have characterized the tensile strength of
a-olivine at room temperature. The critical parameter that de-
termines whether an amorphous material behaves brittly and
fractures or behaves like a fluid and flows is the glass transi-
tion temperature, Tg (Angell et al., 2000). The glass transition

temperature of amorphous olivine is 1263± 10 °C (Richet
et al., 1993), and a-olivine is expected to exhibit this brit-
tle behavior in the coldest part of the lithospheric mantle.
In polycrystalline olivine experiencing stress-induced amor-
phization, a-olivine appears in the form of ultrathin intercrys-
talline thin film (Samae et al., 2021). At such a small scale,
even nominally brittle materials can demonstrate significant
plasticity, as has been demonstrated for Al2O3 (Frankberg
et al., 2019), MgO (Issa et al., 2015), or silicon (Issa et al.,
2021) and for a-olivine itself (Orekhov et al., 2024). Given
the strong confinement and absence of a free surface, it is
reasonable to conclude that the propagation of cracks in such
small-scale a-olivine layers is also prohibited. It is there-
fore anticipated that the mechanical behavior of a-olivine in
amorphized grain boundaries will be defined by its intrinsic
strength and its relation to the characteristic properties of sur-
rounding crystalline olivine. Compared to natural conditions,
our measurements are also made at ambient pressure. Pres-
sure has been shown to have a moderate effect on the rhe-
ology of a-olivine (Delbecq et al., 2023), and it is expected
that the intrinsic strength is little or not affected by pressures
in the lithosphere. For brittle solids, the tensile strength is
usually lower than the shear and compressive strengths. The
properties determined in this study can be considered a lower
limit for the behavior of a-olivine. Pressure inhibits brittle-
ness, but at high stress, near the brittle–ductile transition, ten-
sile components can be locally found in polycrystalline ag-
gregates even under confining pressure. This can be the case
not only in the vicinity of pores or heterogeneities (Bernabé
and Peč, 2024), but also in the presence of incompatibili-
ties in the vicinity of triple joints in polycrystals that deform
by grain boundary sliding (Beeré, 1978), a mechanism that
has been shown to operate in olivine, even under pressure
(Bollinger et al., 2019). Since deformation and fracture al-
ways occur along the weakest path following the principle
of energy minimization, the measured intrinsic strength of a-
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olivine should assist in better understanding of whether the
grain boundaries, grain boundaries containing a-olivine, or
grain interior will be the “weak link” initiating or promoting
rock failure.

4 Summary and conclusions

The mechanical behavior of polymer-supported a-olivine
thin films was characterized using a tensile test with in situ
resistance measurements and a tensile test with in situ optical
microscopy combined with DIC analysis. It is demonstrated
that the cracks are initiated at an applied strain of approxi-
mately 0.8 % due to the presence of numerous defects that
act as stress concentration points and sites of crack initiation.
Macroscopically, a-olivine exhibits a typical brittle fracture
morphology manifested by long, straight, and parallel cracks.
A novel methodology for capturing the evolution of maximal
local strains within the intact film fragments as a function of
increasing global strain was introduced, enabling the estima-
tion of the intrinsic strength of a-olivine. It was demonstrated
that a-olivine can withstand tensile strains of up to 2 %, cor-
responding to a strength of approximately 1.8 GPa, assuming
that the measured strains are of elastic nature.

Data availability. The data that support the findings of this study
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