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Recent observations made by the authors revealed the activation of stress induced amorphization and sliding at
grain boundary in olivine [1], a mechanism which is expected to play a pivotal role in the viscosity drop at the
lithosphere-asthenosphere boundary and the brittle-ductile transition in the lithospheric mantle. However, there
is a lack of information in the literature regarding the intrinsic mechanical properties and the elementary
deformation mechanisms of this material, especially at time scales relevant for geodynamics. In the present work,
amorphous olivine films were obtained by pulsed laser deposition (PLD). The mechanical response including the
rate dependent behavior are investigated using a tension-on-chip (TOC) method developed at UCLouvain
allowing to perform creep/relaxation tests on thin films at extremely low strain rates. In the present work, strain
rate down to 107! s7 was reached which is unique. High strain rate sensitivity of 0.054 is observed together
with the activation of relaxation at the very early stage of deformation. Furthermore, digital image correlation
(DIC), used for the first time on films deformed by TOC, reveals local strain heterogeneities. The relationship
between such heterogeneities, the high strain rate sensitivity and the effect of the electron beam in the scanning
electron microscope is discussed and compared to the literature.

1. Introduction the abrupt change of the rheological properties at the

Olivine is a family of minerals with an orthorhombic structure and a
general composition of (Mg, Fe),SiO4. The Mg2SiO4 magnesium-rich
end-member is called forsterite, and the Fe;SiO4 iron-rich end-member
is called fayalite. With an iron composition close to 10 %, olivine is the
main constituent of the Earth’s mantle down to a depth of 410 km. A
deeper appraisal of the mechanical properties of olivine is therefore of
major interest for understanding and modeling mantle dynamics and
plate tectonics. It has recently been shown that olivine grain boundaries
can amorphize and slide under high stress in olivine [1]. Stress-induced
intragranular amorphization has also been reported by [2]. Approaching
the glass transition temperature, the grain boundary amorphization and
sliding mechanism can have a significant impact on the olivine rheology.
Samae et al. 2021 [1] have suggested that it may be a mechanism behind
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lithosphere-asthenosphere boundary. Below this temperature, the
presence of this amorphous intergranular film may impact the
brittle-ductile transition in the lithospheric mantle. Understanding the
mechanical properties of amorphous olivine (a-olivine) has therefore
become a subject of great interest [3]. But this material is not easy to
generate. It has hardly been observed except in shock [4] or diamond
anvil cell experiments [5]. Indeed, olivine glass is extremely difficult to
preserve by quenching from the melt [6]. Pulsed laser ablation is a
technique that enables amorphous films to be deposited at quench rates
high enough to preserve a-olivine [7]. Studying these films, however,
requires the use of appropriate techniques, especially in the context of
exploring mechanical properties. Baral et al. [8] used nanoindentation
to carry out the first mechanical characterization of a-olivine. In
particular, the strain-rate sensitivity of a-olivine was characterized
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down to ca. 10~s ! using relaxation tests. In the field of Earth sciences,
the difference between experimental strain-rates and those operating in
nature is a major difficulty. We show in this work that the TOC tech-
nique, which is well-suited to study thin-film materials, can be used to
push the current limits in this field. The present study is conducted on
the same material as the one used in [8].

2. Material and methods
2.1. Pulsed laser deposited a-olivine

Synthetic, polycrystalline pellets of olivine with a nominal compo-
sition of Fey oMg; gSiO4 were ablated using a pulsed laser beam with a
frequency of 10 Hz, a wavelength of 192 nm, and at a laser fluence of
approximately 5 J/cm?. Details on the setup can be found in [7]. The
pellets were grinded before deposition to minimize grooving during
deposition and to maintain parallelism between pellets and sample. The
deposition rates were in the 10-20 nm/min range and were performed
under background vacuum pressure of 1 x 10~ mbar (1 x10-3 Pa) at
room temperature. These conditions ensure that the silicate film has an
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olivine-like composition and is amorphous and chemically homoge-
neous [7,9].

2.2. TEM characterization

The initial microstructure of PLD a-olivine was investigated on
classical Focused Ion Beam (FIB) cross-sectional a-olivine thin foils lying
on the silicon substrate. In this case, a Pt protection layer was deposited
in two steps — by electron beam, then by ion beam- in order to avoid FIB
damage at the sample surface. The FIB foils were thinned to a thickness
< 50 nm. An ion beam of 2 kV/0.2 nA was employed for final thinning of
the specimen and to minimize irradiation damage generated during
high-voltage FIB thinning. TEM characterizations were conducted in a
FEI Osiris microscope equipped with highly efficient SuperX Energy
Dispersive X-ray (EDX) system operated at 200 kV. Z-contrast images
were recorded in scanning transmission electron microscope (STEM)
mode with convergence angle of 115-157 mrad using HAADF-STEM
detector.

moving cursors

fixed cursors

(@) Equilibrium point of a test structure

Fig. 1. (a) and (b) Release of an elementary tensile test structure of TOC. The resulting displacement u is highlighted in the inset. (c) Force — displacement diagram
for a series of actuators with different lengths pulling on identical specimen beams. The equilibrium point reached after release is highlighted and the corresponding

arrangement of a suite of elementary tensile test structures is shown.
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2.3. Tension-on-chip

Uniaxial tensile tests have been performed using a tension-on-chip
(TOC) technique [10] which relies on residual stresses generated in an
“actuator layer” to pull on a “specimen layer”. Fabrication involves
deposition, etching and lithography to generate the configuration shown
in Fig. 1a and b. The actuation is performed by etching the substrate
located underneath the actuator and specimen beams. This etching is
performed in gas phase using XeF; as in [11] and releases the residual
stresses which lead to uniaxial tension on the freestanding specimen.

An equilibrium position is reached and the generated displacement u
can be measured by scanning electron microscopy (SEM) through cur-
sors (see insert of 3D view in Fig. 1b). The displacement between the
fixed cursor and moving cursor enables the extraction of the engineering
strain in the deformed specimen using

€= — Emis (€H)

where u is the distance between fixed and moving cursors, Lo is the
initial length of the specimen beam and &;;; is the mismatch strain of the
specimen layer.

The actuator has a known behavior and acts as a linear spring. Hence,
it can be used as a force sensor. The equilibrium position reached after
etching the substrate enables to extract the force applied to the specimen
which can be converted into the applied stress by measuring cross sec-
tions of both actuator and specimen beams. The engineering stress in the
deformed specimen is thus given by

?tV
0= E " ( - — Emis ) (3]

a
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A single test structure provides thus a couple displacement — force
(u, F) which can be converted into a couple engineering strain-
engineering stress (¢, 6) by Egs. (1) and (2) provided that the Young’s
modulus (E,), length (Ly,), width (w,), thickness (t,) and mismatch
strain of actuator material (&, o) are known together with length (L),
width (w), thickness (¢) and mismatch strain of specimen material (&;;).

The SEM used for the measurements of the specimen and actuator
beam dimensions is an AURIGA Zeiss. The displacement u is the mean
value of the displacements measured on both sides of the actuator beam
at the highest possible magnification still allowing the two cursors to be
observed in the same image (x10,000). This enables possible misalign-
ment between SEM pictures and tensile axis to be taken into account.

Photolithography allows the design of many test structures at the
same time; the same geometry of specimens is multiplied while actuator
length is varied to access a wide range of strains. This configuration is
illustrated in Fig. 1c. In a force-displacement graph, the varying actuator
length translates into a span of lines with identical origin point but with
different slopes (different spring constants). The equilibrium point of
each test structure is different which gives access to different levels of
displacement-force. In the practice, test structures are grouped in series
of identical specimen geometry. The specimen geometry is varied from
one series to another to extract the entire uniaxial tension mechanical
response of the specimen material. The longer the specimen the smaller
the applied strain and conversely.

2.4. Methodology for the extraction of the strain rate sensitivity

The use of TOC to extract the strain rate sensitivity has been reported
previously for metallic thin films in [12]. It is adapted here to a-olivine
thin films.

A prior condition to study relaxation of the specimen material is that
the actuator material does not show any time dependent response. This
has been validated for the LPCVD SisNy4 used in this study as in [12].

After reaching a stable position at time ty, relaxation can take place in
the deformed specimen. During relaxation, the strain in the specimen
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will increase while the stress will decrease following the linear F- u
relationship imposed by the actuator beam (see Fig. 2a). This situation
corresponds to a relaxation test performed on a specimen attached to a
spring. The displacement is thus measured n times in the SEM (Fig. 2b)
and the sample is stored under N, atmosphere between measurements in
order to avoid any alteration.

The early stages of relaxation (from ¢ to t;) cannot be recorded as the
displacement measurement is not performed in situ while etching the
silicon substrate. The first displacement measurement is thus performed
at time t;, about an hour after actuation. The engineering stress-
engineering strain data are computed from the measurements on all
test structures performed at time t;. For each test structure, the n next
displacement measurements provide a discrete variation of displace-
ment and force with time. It must be noted that the time interval be-
tween measurements is selected so as to ensure a variation of
displacement (u(t,) - u(t,-1)) large enough to be detected.

The rate sensitivity exponent defined as m = dlno/ dlné can be
extracted for each test structure undergoing stress relaxation using the
methodology summarized in Fig. S1. The engineering strain and stress
are computed from the displacement-time data using Eqs. (1) and (2)
respectively. The stress is converted to plastic strain by subtracting the
elastic contribution ¢, = ¢/E, E being the Young’s modulus of the
specimen material extracted from the stress-strain data from all TOC test
structures. The plastic strain rate can also be computed as &, = (g2 —
&1)/(ta — t1). As a result, each time a measurement is performed, the
stress and plastic strain rate are known. Each relaxing test structure thus
provides a series of stress-strain rate couples which are then reported in
a log-log plot, showing a linear trend. By definition, the slope of that line
is the strain rate sensitivity parameter. The method could thus provide
precious information on the rate dependent behavior of thin films.

2.5. Unloading of single tensile test structure

The residual stress driven actuator used in TOC cannot be controlled
such as a piezoelectric actuator or such as the tip of a nanoindentor
which prevents the unloading of deformed specimens.

However, a FIB instrument can be used as a cutting tool to alter the
equilibrium position of the system actuator-specimen. The methodology
is illustrated in Fig. 3. The gallium ion beam is used to cut the actuator
part of a single tensile test structure. The cut is performed a few tenth of
microns from the overlap between the actuator and the specimen with a
low probe current (30 kV, 50 pA) in order to avoid any charging effect
which could alter the planarity of the specimen beam. After cutting, the
force on the specimen is zero and the specimen is shorter by an amount
Uynioad- This new equilibrium position can be measured through the
resulting displacement between movable and fixed cursors (1 — Uypioad)-
This operation can be performed at any time during the relaxation
process of a test structure but it is irreversible.

Just before FIB cutting the strain and stress are respectively &(t,) and
o(t,) (see Fig. 3a). Once unloaded, the force applied to the specimen is

zero and so is the stress. The strain can be determined as ¢ = ”(‘);7:“ -

Emis-

These two points give access to a measurement of the Young’s
modulus of a-olivine. It can also be used to determine the overall
contribution of the elastic strain to the total strain.

2.6. Digital image correlation

In Section 2.3, the extraction of the overall mechanical behavior of
the specimen material (engineering stress-strain curve) relies on the
displacement of cursors as a measurement tool. Digital Image correla-
tion (DIC) takes this a step further by examining the local strain field at
the surface of the deformed specimen. The methodology is similar to the
one recently developed by Klavzer et al. [13] for compression of
fiber-reinforced composites. In this case, an indium physical vapor
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Fig. 2. (a) Force — displacement diagram for the actuator and the specimen
beam of one elementary tensile test structure with equilibrium point attained
during the release (tp) and subsequent relaxation points (t; to t,), (b)
displacement measurement based on cursors for a representative test structure
at time t; = 30 min, t;= 8 days and t;¢ = 2 years.
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Fig. 3. Methodology for unloading of test structures. After a specific relaxation
time, the FIB is used to cut the actuator which releases the residual stresses in
the specimen. The cutting is illustrated in (a) a force-displacement diagram, (b)
schematic side view of the elementary tensile test structure, (c) SEM picture of a

50 pym-long specimen.
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deposition is used to generate a nanometric DIC speckle.

2.6.1. Speckle pattern

The indium electron beam evaporation is performed right after
deposition of a- olivine and before lift-off so that the speckle is deposited
only on the specimen material (Fig. 4). Indium pellets with 99.99 %
purity are used. The deposition rate was kept equal to 1 A.s ~ ! and the
deposition time was set to reach 5 nm thickness. This low thickness leads
to a non-continuous film with heterogeneous particles. The particles
adhere to the material surface and do not affect the mechanical response
nor the deformation behavior since they are not connected to each other.
The particles’ radius follows a normal distribution with 8.1 nm average
value and standard deviation equal to 2.8 nm. This distribution is
identical to the one tested by Klavzer et al. [13] for a 5 nm-thick indium
film. As already discussed by Klavzer et al. [13], this deposition condi-
tion is optimal for the chosen field of view. Indeed, for higher film
thickness, the particles segregate into two distinct populations, which is
not suited for DIC analysis while for lower film thickness, the particles

indium particles

7\

specimen

actuator |

substrate

Pl A
indium particles

Fig. 4. Speckle pattern for DIC measurements 5 nm-thick indium speckles
deposited by e-beam evaporation on an a-olivine specimen prior to release.
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are too small to be observed for the chosen field of view.

2.6.2. SEM observations

The sample used for DIC analysis was similar to the one used for the
extraction of the stress-strain curve but the focus was made on short
specimens (25 pm long) to catch the higher strain regime. The analysis is
different than with standard DIC where the speckle can be followed at
different stages of the deformation process. Here, a scan is performed on
specimens prior to release and another scan is performed after reaching
the equilibrium position. Therefore, it is not an in situ measurement per
se and only the initial and the deformed position can be measured.

The sample was mounted on a stub and maintained with silver paste
to ensure good electrical contact and to limit charging effects during
observation. All observations were performed after a settling time of
minimum 10 min after sample mounting in the SEM chamber so that
mechanical drift stabilizes to low values. Images were taken with a Zeiss
AURIGA SEM equipped with a secondary electron detector. All images
were obtained at a magnification of x30k, electron high voltage of 2 kV
and working distance of 6.8 mm. Five frames scans were averaged with a
relatively high scan speed in order to avoid long duration single frame
where drift may significantly distort the image. In order to perform
image analysis, one image per specimen was taken before the release of
the test structures. After the release, images were taken at the same
locations at different time intervals to observe any evolution in the strain
field under relaxation.

2.6.3. DIC analysis

Strain maps are obtained using the Matlab script Ncorr developped
by Blaber et al. [14]. The subset size is set to 15 pixels radius and the
subset spacing is set to 1 pixel. The subset size refers to a group of pixels
in which strains are assumed to be homogeneous, while the subset
spacing denotes the spatial shift between two adjacent subsets. The later
defines the spatial resolution of the DIC measurements. The three
components of the strain tensor are computed using the Lagrangian
strain theory by fitting the displacement field over 8 x8 pixels square,
which corresponds to a strain radius of 4 pixels. This third fitting
parameter is set to ensure a minimum of 1 pixel displacement gradient
within the subset, which limits the numerical derivative noise.
Increasing the size of the fitted displacement field leads to smoothed
strain field and lower spatial resolution of the strain heterogeneity.
These parameters have been found to be representative of the spatial
heterogeneities without introducing too much numerical noise. In this
study, the chosen parameters lead to a spatial resolution between 50 and
100 nm, which means that smaller spatial heterogeneities cannot be
captured. A parametric study is presented in supplementary (See Fig. S2)
to highlight the evolution of the strain field as a function of subset radius
and strain radius. It is worth noting that for all the sets of parameters, the
strain field exhibits the same heterogeneous character.

3. Results
3.1. PLD amorphous olivine characterization

Fig. 5a shows bright-field (BF-TEM) image obtained on cross-
sectional thin foil prepare by FIB on as-deposited a-olivine film with
thickness of 280 nm while Fig. 5b exhibits high resolution TEM
(HRTEM) image on the same film. In this figure, both the image and the
Fast Fourier Transform (FFT in the top right inset) confirm that the
initial microstructure of the olivine film is fully amorphous. This is in
agreement with the selected area diffraction pattern (SADP) shown in
Fig. 5a which reveals the presence of two diffuse rings. Fig. 5c exhibits
HAADF-STEM image and the corresponding STEM-EDX maps of Si, O,
Mg, Fe and Pt. An intensity line profile of the Ko of the main atomic
constituent of a-olivine is shown in Fig. S4 and shows local variation of
the composition at a scale of about 25 nm. In addition, the HAADF-STEM
image shows the presence of a black line close to the substrate (white
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Fig. 5. (a) Bright-field TEM image of a cross-sectional view of a-olivine film on Si substrate. (b) High resolution TEM with corresponding FFTs from the film and

substrate. (¢) EDX maps show the distribution of elements across the a-olivine film.

arrow in Fig. 5¢). This defect which can also be observed in some EDX
maps is probably due a technical problem that occurred during pulsed
laser deposition.

3.2. Engineering stress-strain data from TOC

All the TOC test structures considered in this paper come from the
same silicon die. Hence, the fabrication steps are the same for all the test
structures while the geometry of specimens is different. Six series of test
structures are considered. The geometry of specimen beams is the same
within the series and is sketched next to the engineering stress strain
data of Fig. 6a,b along with their designed widths and lengths. Most test
structures have a dog-bone shape with the specimen being wider at
extremities (Fig. 6a) while the longest ones, corresponding to small
strain (Fig. 6b), have a perfectly rectangular shape.

While the thickness of SisN4 measured by ellipsometry is identical for
all actuators, the thickness of specimen beams shows a thickness
gradient at the die level which is inherent to the deposition setup [7].
This is taken into account for the stress calculation as the thickness was
measured prior to actuation by profilometry for all specimens with
values lying between 160 nm and 300 nm.

The Young’s modulus of silicon nitride is taken as 250 GPa as
extracted from earlier work on the same LPCVD SisN4 [15]. The
mismatch strain of silicon nitride required to extract the engineering
stress in the specimen is measured on dedicated test structures (free-
standing cantilevers similar to the ones used in [16]. The extracted value
iS €mis act = — 0.0325.

A-olivine shows compressive stresses upon deposition. The corre-
sponding mismatch strain could not be extracted from cantilever beams
due to the presence of a small stress gradient over the thickness that
caused out-of-plane bending of the beams. Instead, the mismatch strain
of a-olivine is determined by assuming that the extrapolation of small
stress-strain data meets the axis at (0,0). The extracted value is equal to
0.00105.

The engineering stress-strain data obtained using Eqs. (1) and (2)
with displacements measured one hour after actuation are shown in
Fig. 6a. The small stress-strain data corresponding to wider and longer
specimens are highlighted in Fig. 7b.

Only the data from test structures where the displacement is signif-
icantly high enough to get trustful stress and strain values are considered
in Fig. 6. The error bars in this figure reflect the uncertainty on the stress
and strain considering an error of 20 nm on the displacement mea-
surement while no error is considered on the other parameters.

In all cases, 800 um and 400 pm long test structures were deformed
without occurrence of fracture. The case of the 100 ym long test struc-
tures is particular as local lithography problems prevented full release of
the actuator beams. As a consequence, only one 100 um-long test
structure is shown if Fig. 6a. The 50 pm-long test structures were all
deformed but the specimen beams experiencing the larger strains were

broken at the overlap between the specimen beams and actuators.
Finally, the 25 pm-long specimens were all deformed without occur-
rence of fracture.

Eq. (1) used to extract the engineering strain in the specimen con-
siders an infinite stiffness for the two wider parts of the dog-bone
specimens. Actually, the wider parts deform elastically and the overall
displacement u is the sum of two contributions uggg and ug, the elon-
gation of the specimen gage length and wider parts, respectively. The
contribution of ug becomes more important as the specimen length
decreases. In order to avoid inaccuracies associated to the deformation
of the wider parts, the Young’s modulus is extracted from a linear fit on
the stress-strain data of the longest specimens (800 um) which have a
perfect rectangular shape. The extracted Young’s modulus is equal to
107 GPa and this value is then used to account for the finite stiffness of
the wider part for specimens with length of 25, 50, 100 and 400 um. The
engineering strains represented in Fig. 6a are the corrected values
considering the elasticity of the wider parts of the specimen.

While the first displacement measurement on each test structure
enables the determination of the stress-strain data of Fig. 6a,b, the
monitoring of the displacement with time delivers the subsequent stress
relaxation. Stress relaxation has been observed on all test structures and
has been measured over a 2 years span time, which is unique. The
amplitude of the stress relaxation after 2 years is shown in Fig. 6a and b
for the most deformed test structure of each series. All in-between
measurements lie in the line connecting first and final measurement
(the dashed arrows of Fig. 6a and b). This linear trend originates from
the spring-like behavior of actuators.

After 5 months of stress relaxation, 4 test structures from 4 different
series have been unloaded using the technique described in Section 2.4.
For these four test structures, the out of plane deflection resulting from
FIB cutting generates an error in the displacement measurement
approximately equal to one pixel and can thus be neglected. The
resulting position in the engineering stress — engineering strain graph is
displayed in Fig 6¢ and d along with the extracted Young’s modulus.

3.3. Extraction of the strain rate sensitivity

All a-olivine specimens shown in Fig 6a and b experience stress
relaxation which can be measured from the monitoring of the
displacement between the fixed cursor and moving cursor. At some
point, the displacement evolution between two measurements becomes
so small that only the most deformed specimens from each series were
followed i.e. the ones with the longest actuators. As a result, the meth-
odology for strain rate sensitivity extraction has been applied to the
relaxation data coming from 13 test structures from 3 different sets of
specimen length (100, 400 and 800 um). The stress — plastic strain rate
data are reported in Fig. 7 and the mean value of the strain rate sensi-
tivity of identical specimen geometry is highlighted (0.033, 0.049 and
0.055 for 100, 400 and 800 um, respectively). The most relevant
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Fig. 6. (a) and (b) Engineering stress strain curve extracted from TOC of an a-olivine thin film. The relaxation after 2 years is shown for the last test structure of each
specimen geometry. (c) and (d) Unloading of relaxed test structures for 4 specimens with corresponding extracted Young’s modulus.

parameters of these 13 test structures are reported in Table 1. It includes
the maximum evolution of elongation between the first measurement (t;
=1 h) and the last measurement (t;6 = 2 years), the initial strain as
measured at time t;, the corresponding initial stress and the strain rate
sensitivity.

Even if the 25-um long specimens were not considered here due to
the difficulty to take the relaxation of the wider parts of the specimens
into account, the case of the most deformed test structure (B11 1.5 25
50) is worth mentioning. Being the most deformed test structure on the
whole silicon die, this specimen was observed in details during the first

SEM session. Relaxation data indicate that the specimen underwent
faster relaxation with respect to specimens with similar geometry and
similar initial strain which is attributed to an electron beam effect. As a
result, special care was taken to not directly irradiate specimens with the
electron beam. All the displacement measurements were performed on
the cursors (see Fig. 2) and not on the specimen layer. Consequently, it
can be stated that all the relaxation data from Table 1 are not affected by
the electron beam.
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structure. The average strain-rate sensitivity or slope of the data in the log-log
graph is displayed for each of group of test structures (undergoing similar range
of initial plastic strain).

Table 1

Mechanical data extracted from the 13 relaxation tests of freestanding a-olivine.
Au max is the change of elongation that occurred in the specimen in the 2 years
relaxation. &,y and o;y,;; are initial engineering strain and stress measured just
after release respectively. m is the strain rate sensitivity parameter extracted
after the 2 years relaxation.

Sample Au max [nm] Einit [ %] Ginit [MPa] m [-]

B11 4 800 16 290 0.19 204 0.0584
B11 4 800 17 325 0.20 213 0.0631
B11 4 800 18 336 0.20 226 0.0565
B11 4 800 19 360 0.21 232 0.0570
B11 4 800 20 400 0.22 242 0.0569
B11 1,5 400 24 215 0.55 583 0.0624
B11 1,5 400 25 244 0.58 633 0.0513
B11 1,5 400 27 319 0.66 705 0.0561
B11 1,5 400 29 389 0.75 779 0.0431
B11 1,5 100 25 535 1.49 1260 0.0331

3.4. Digital image correlation

Five test structures similar to the one shown in Fig. 4 have been
systematically characterized to extract the displacements and corre-
sponding strain maps as a function of relaxation time. The evolution of
the strain distribution is illustrated in Fig. 8 for a test structure having
the following dimensions 1.5 um wide, 25 pym long and 210 nm thick.
SEM images have been acquired in the center of the specimen at 30k
magnification which covering a window of around 3 um x 4 pm.

Fig. 8 shows the Lagrangian strain €,y (x being the horizontal loading
direction) as a function of relaxation time. The local strain varies locally
from 0 to 7 % while the specimen is submitted to an engineering strain
equal to 1.6 %. These local strain values are indicative since the spatial
resolution plays a role in their calculation as shown in the supplemen-
tary (see Fig. S2). The global strain, on the region of interest, calculated
from DIC with the first observation (after 1 h relaxation) is consistent
with the macroscopic strain determined from the cursors displacement.
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Fig. 8. Lagrangian strain &, in the middle of a deformed a-olivine specimen at
3 different relaxation time (x being the horizontal loading direction) as
extracted from DIC. The engineering stress calculated from the displacement
between cursors is respectively 1191 MPa (1 h), 1036 MPa (46 h) and 900 MPa
(1058 h).

For the specimen shown in Fig. 8, the first measured strain from
displacement cursors is equal to 0.0175 with a corresponding stress
equal to 1191 MPa. The averaged longitudinal strain £, on a 3 pm?
surface from DIC is equal to 0.022. For all five test structures considered
in this paper, the global strain extracted from DIC is larger than the one
calculated from displacement measurement. This difference could be
attributed to an accelerated relaxation associated by the beam effect but
the fact that both strain measurements have similar evolution as relax-
ation proceeds proves experimentally that the Ncorr methodology is
robust.

Moreover, Fig. 8 shows that the spatial distribution of highly
deformed regions does not vary during deformation, just increasing in
amplitude. Further deformation proceeds preferentially at already
deformed locations. Plastic deformation spreads from high strain nuclei.
This can be observed in more detail on Fig. 9a where isovalue of strain
are plotted as a function of relaxation time. Deformed regions overlap
and spatially spread, as relaxation increases. The evolution of the strain
field with time is also illustrated in Fig. 9b where strain levels in tensile
axis show a Gaussian distribution where the mean value increases with
relaxation time while the distribution flattens.

In a previous campaign performed to test the DIC methodology,
pictures were acquired several times at different magnifications to
identify the best conditions for further analysis. DIC analysis revealed
the presence of plastic localization at the left of the scanned zone. In
SEM, the left side of the scanned zone undergoes longer beam exposure
as a pause in the beam movement is usually applied before scanning a
new line, a feature known as flyback delay [17]. This was an alert
regarding possible influence of a beam effect. As a result, DIC on the five
specimens was performed on a single scanned region to reduce the beam
time exposure.

DIC giving access to the strain map in two dimensions, the Poisson
ratio of a-olivine is quantitatively calculated based on the average
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Fig. 9. (a) Iso-value of strain in the middle of a deformed a-olivine specimen as
a function of relaxation time. (b) Evolution of strain field with time extracted
from DIC.

strains, exx and )y, evaluated withina 1290 x 617 nm? region of interest.
One hour after the release, the Poisson ratio calculated for 5 specimens
deformed between 0.0161 and 0.0209 strain is equal to 0.29+0.03. This
value tends to increase within the studied range of relaxation time (and
potentially electron irradiation time). After 44 days, the Poisson ratio is
equal to 0.37+0.04.

4. Discussion
4.1. Plastic behavior of a-olivine

The engineering stress-strain response of a-olivine of Fig. 6a shows a
linear behavior up to ~1.4 GPa. Only the smallest specimens (25 pm)
deviate from the linear trend while the behavior upon further loading
cannot be extracted. Indeed, the design of test structures for 25 ym long
specimens is such that the maximum pulling force is applied. As a
consequence, the maximum engineering strain generated for free-
standing a-olivine upon loading was 1.8 % and fracture was not
observed. 50 ym long specimens fractured upon loading but cracking
occurred at the overlap between actuator and specimen beam. This
happened in this series of specimens because the stress concentration at
the overlap was larger than the one in the gage length of the specimen.
This has to do with the conformity of the deposition technique and with
the thickness ratio between actuator and specimen layer. Conformity is
hardly controllable as it is inherent to the parameters used on the PLD
setup to deposit amorphous olivine. Some shadowing effect due to
deposition on a patterned substrate can occur if the plume is not
perpendicular to the sample during deposition. As a matter of fact, the
laser always points on the same region of the target creating a groove in
the target. Such feature has been tackled by grinding the target before
deposition and by rotating it during deposition. Increasing the thickness
of the specimen layer with respect to the actuator layer is another way to
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ensure that the overlap is not the weakest link. However, in this study,
all the tensile test structures of interest where located on a surface area
of ~ 2 cm? which is by far more than the surface where the PLD ensures a
homogeneous thickness. For that reason, control of the optimum
thickness is hardly possible and specimens tested in this study exhibit
thickness in between 150 and 300 nm. By design, thinner specimens are
more prone to experience more deformation while there is more chance
that the overlap will be the weakest link.

Even if 25 um long specimens exhibit some degree of non-linearity, it
is not obvious that a-olivine entered any sort of plasticity regime. The
specimens clearly show some time dependent behavior which is
responsible for a decrease in stress and an increase in strain. The first
measurement on these test structures was performed one hour after the
actuation as TOC is not an in situ experiment. Therefore, the initial
equilibrium position of the test structures just after etching the silicon
substrate is probably at a lower specimen strain closer to the assumed
linear elastic behavior. Moreover, the data have been corrected to ac-
count for linear elasticity of the wider part of the dog-bone specimens
and DIC performed on similar specimens suggests that the behavior at
small strain might be a lot more complex that linear elasticity (see
Fig. 8). Any plastic behavior in the wider part of the specimen implies an
overestimation of the reported strain which also suggests that the
macroscopic yield stress is probably higher than 1.5 GPa. Extraction of
the uniaxial tensile behavior above that stress could only be performed
via the TOC method with a design change (narrower specimen to avoid
overlap cracking, longer actuators) or preferably using an in situ tensile
test technique such as in [18,19],.

4.2. Time dependent response

The ability of the TOC method to perform relaxation tests has been
demonstrated in earlier studies [12,20,21],. Here, the stability of the
LPCVD Si3N4 as an actuator has been demonstrated as relaxation tests
have been performed on freestanding a-olivine thin films for a timespan
of more than 2 years without monopolizing any extra test equipment.
Strain rates as low as 10712 s~! were investigated a value never explored
before to the best of the author’s knowledge.

The mean strain rate sensitivity parameter extracted on 13 different
tensile tests is 0.054 which is very close to the 0.052 obtained by Baral
et al. [8] by nanoindentation. Note that Baral et al. [8] were able to
extract a stable value for the strain rate sensitivity parameter in the
1074-1077 s~ strain rate range. This single value for a-olivine thin films
is thus extended for another 5 orders of magnitude (10~7 and 10 2s71)
in the present study.

Only one test structure (100 um long specimen) gives a lower value
of the strain rate sensitivity (0.033) (see Table 1 and Fig. 7). Unfortu-
nately, this result cannot be confirmed as specimens with similar ge-
ometry could not be released properly due to local lithography problem
during microfabrication. Further work will aim at confirming the value
of the strain rate sensitivity for higher initial stress levels.

4.3. Linear elastic behavior of a-olivine

As highlighted before, all test structures experience stress relaxation
independent of the stress level. The first measurement is not performed
at time 0 which affects the apparent shape of the engineering stress-
strain curve, including the slope of the linear part. In Section 3 as well
as in Fig. 6b, the reported value of 107 GPa is considered as the most
accurate measurement of Young’s modulus of a-olivine because of the
geometry of specimens which gives small errors on stress and strain
extraction but also because these specimens experience relaxation at
initial very low strain rate 107°s™h. Consequently, the extraction of
Young’s modulus from the linear fit on the data from the first mea-
surement is the least affected by relaxation.

The methodology to unload deformed specimens by cutting the
actuator after release was used for the first time on TOC and should be
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generalized for other materials deformed with this technique. It is
indeed a straightforward way to extract accurate values of the Young’s
modulus value in the case of materials exhibiting similar relaxation
rates. Indeed, the measurement is performed right after unloading as
opposed to the one hour waiting time needed between actuation and
measurement for the loading part in the usual procedure. The measured
position after cutting was stable over time and gives values 10-20 %
lower than the 107 GPa measured upon loading. This is partly due to the
dog-bone shape of specimens as the displacement measurement is
extracted out of the dog-bone region. In that regard, the 800 ym long
rectangular specimen has again a more suitable geometry with no dog-
bone affected zone and gives a value of 103 GPa, very close to the
measurement upon loading. All in all, the value extracted on uniaxial
tensile testing of freestanding a-olivine is quite close to the 89-92 GPa
determined by Baral et al. [8] on an a-olivine thin film on substrate by
nanoindentation.

4.4. Discussion from DIC analysis heterogeneous strain, beam effect

Spatial heterogeneity is inherent to amorphous materials. In metallic
glasses, the link between spatial heterogeneity and mechanical proper-
ties, whether elastic [22] or plastic, has already been highlighted several
times [23-27]. These studies generally agree in distinguishing the
coexistence of more deformable zones (sometimes referred to as
liquid-like) and less deformable zones (referred to in parallel as
solid-like). In metallic glasses, these regions are often interpreted as
loosely or densely-packed. In these studies, the spatial scales of het-
erogeneities reported are often dependent on the techniques used (e.g.
dynamic force microscopy [23]; static force spectroscopy [24]; nano-
indentation [25-27], which makes comparisons between studies diffi-
cult. Here, nano-DIC reveals local strain heterogeneity taking place in
a-olivine at a spatial resolution rarely reached in SEM-DIC studies - i.e.
down to some 50 nm clusters diameter. As pointed out in the method
section, the size of the clusters estimated by nano-DIC is an upper bound
of the material heterogeneity. We observe at this scale the formation of
more compliant islands where deformation further proceeds, inside a
matrix which is mostly elastic. In the supplementary, Fig. S3 confirms
this morphology is not an artefact from the DIC methodology. This
cluster type morphology of the localized zone is not consistent with the
occurrence of in plane 45° shear band nor of 45° shear band in the
thickness nor with multiple normal necking-type localization. The
localization mostly operates in a direction nearly perpendicular to the
tensile axis. Fig. 9 shows the temporal evolution of these heterogene-
ities. The distribution curve evolves as follows during deformation it
decreases in height, increases in width and shifts towards increasing
strains. Heterogeneities are thus amplified, with the particular feature
that local strains can be far larger than the nominal strain. For instance,
at 1058 h, the distribution extends to 6 %, whereas the nominal strain is
only 2.4 %. This composite material behavior probably represents the
heterogeneities of the potential energy landscape of glass and results in
certain characteristics of the mechanical properties. In particular, these
heterogeneities may explain the occurrence of mechanical relaxation at
any stress, i.e. the viscoelastic behavior. Even in the supposed elastic
regime, local material clusters may experience local flow i.e. some
microplasticity, and will therefore relax and expand with time.

Although we have no data on this subject at this stage, it is likely that
the activation of deformation zones is stress-dependent. It is therefore
understandable that a certain dispersion is observed in the measured
elastic moduli. The same applies to strain-rate sensitivity. Although m
values reported in Table 1 are globally consistent, there is a tendency for
m to decrease with increasing applied stress. Such a correlation between
strain-rate sensitivity and heterogeneities has already been found in
metallic glasses by Gu et al. [28].

A-olivine’s mechanical response is sensitive to the electron beam.
Even at very low voltage (2 kV in this study), a strong interaction be-
tween the electron beam and the material leads to mechanical softening.
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Nevertheless, the softening effect induced by the electron beam is ho-
mogeneous in the scanned region. Therefore, the nano-DIC heteroge-
neities should not be affected. As the local deformation mechanism is
accelerated by the presence of the electron beam, no direct comparison
between the local strain state and the global relaxation response of the
specimen can be performed.

It is also worth noting that, the early activation of relaxation together
with the heterogeneities shown in Fig. 8 presents some similarities with
the mechanisms invoked in the literature to explain the origin of the so-
called ‘secondary B-relaxation’, considered as the principal source of
dynamics in glasses [29-31]. It was reported that f-relaxation is acti-
vated in metallic glasses under stress or annealing (at relativity low T
below Tg) and is expected to play an important role in dictating the
structural relaxation [32] and deformation of metallic glasses [33,34],.
Theoretical models suggest that p-relaxation in mechanically rigid
glasses, especially in metallic glasses, should be processed by the
translational motion of atoms localized in loosely packed regions [35].
This scheme certainly assumes that p-relaxation intrinsically correlates
with the presence of structural heterogeneities in metallic glasses. Zhu
et al., recently demonstrated an intrinsic correlation between
B-relaxation and spatial heterogeneity in metallic glasses using
amplitude-modulation dynamic atomic force microscopy (AM-AFM)
[36].

B-relaxation could also take place during plastic deformation of
metallic glasses [29]. In this case, the loosely packed regions are fertile
sites for the activation of shear transformation zones (STZs). The denser
clusters act as strong inclusions that retard catastrophic shear banding
by hindering the percolation of STZs. Other studies showed that metallic
nanoglasses with promoted p-relaxation exhibit enhanced microscale
tensile plasticity [29,34,37,38],. However, despite intense efforts in the
literature, there is still no direct experimental evidences on the
elementary mechanisms controlling p-relaxation and the link with the
mechanical response. Furthermore, deep investigation of f-relaxation in
other families of glasses other than metallic glasses (such as silicates)
can be hardly found in the literature. In the present work, as evidenced
by the intensity line profile of Fig. S4, some heterogeneities can be found
in the chemical composition where, for instance, a drop of Fe-Ka signal
coincides with an increase of Mg-Ka. These heterogeneities occur at a
scale of a few tenth of nanometers which is line with the upper bound
size of 100 nm evidenced in the DIC maps of Fig. 8. The origin of the
heterogeneity in the DIC map could also be linked to local fluctuations
of atomic density and/or atomic order and different co-exiting meta-
stable glassy phases generated by the high quench rate used in the PLD
process. p-relaxation could thus be activated at the early stage of
deformation and room temperature at weak sites (aided by the electron
beam) leading to the heterogonous strain map of Fig. 8. More efforts are
currently made to investigate the nature of these heterogeneities using
advanced TEM. This could shed new light on the atomic-scale mecha-
nisms involved in this phenomenon. Interpreting such behavior, could
lead to precious information regarding the fine glass dynamic.

5. Conclusion

The intrinsic mechanical properties and the elementary deformation
mechanisms of amorphous olivine thin films were investigated using
tensile-on-chip and DIC. The results can be summarized as follows

- Relaxation starts at the very early stage of deformation (¢ = 0.01%).
This could be explained by the PLD process which probably leads to
particularly high-energy out-of-equilibrium microstructures as
opposed to a more relaxed glassy phase.

- Very low strain rate 1072 s! was reached for the first time
providing precious information on the rate dependent behavior of
this material at time scales relevant for geodynamics.

- High strain rate sensitivity of 0.054 is measured together with the
development of nanoscale strain heterogeneities revealed by DIC.
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This is, again, in agreement with out-of-equilibrium microstructures
involving local fluctuations of atomic density or atomic order.
Differences between the local strain measured by DIC and the
macroscopic strain provided by the TOC structures is observed. It can
be attributed to the electron beam that might provide extra driving
force for relaxation.

The presence of strain heterogeneities together with the easy acti-
vation of relaxation at very low strain levels presents some similar-
ities with p-relaxation. Further experiments are needed in order to
investigate such feature in a-olivine.

By giving access to relaxation tests at extremely low strain rates, the
TOC method could play an important role for the investigation of the
glass dynamics.
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