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a b s t r a c t 

The rheological properties of amorphous olivine thin films deposited by pulsed laser deposition have 

been studied based on ambient temperature nanoindentation under constant strain-rate as well as re- 

laxation conditions. The amorphous olivine films exhibit a viscoelastic-viscoplastic behavior with a sig- 

nificant rate dependency. The strain-rate sensitivity m is equal to ∼ 0 . 05 which is very high for silicates, 

indicating a complex out-of-equilibrium structure. The minimum apparent activation volume determined 

from nanoindentation experiments corresponds to Mg and Fe atomic metallic sites in the (Mg,Fe) 2 SiO 4 

crystalline lattice. The ambient temperature creep behavior of the amorphous olivine films differs very 

much from the one of single crystal olivine. This behavior directly connects to the recent demonstration 

of the activation of grain boundary sliding in polycrystalline olivine following grain boundary amorphiza- 

tion under high-stress. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

I

c

d

w

p

o

t

v

p

i

d

[

a

m

g

n  

m

c

t

O

r

[  

i

t

a

a

t

d

a

i

t

l

h

1

(

ntroduction 

Olivine, a silicate with composition (Mg,Fe) 2 SiO 4 , is the major 

onstituent (60 to 80 %) of the Earth’s mantle up to ca. 410 km 

eep where it transforms into a high-pressure polymorph, called 

adsleyite. The mechanical properties of olivine are of primary im- 

ortance in geodynamics since this mineral controls the rheology 

f the upper mantle which ensures the mechanical coupling be- 

ween the ductile asthenospheric mantle (involved in mantle con- 

ection) and the lithospheric plates. Despite years of research, the 

lasticity of olivine is still insufficiently understood. Investigations 

n this field have focused mostly on the plasticity mechanisms by 

islocation glide (and climb). Only two glide directions are active 

10 0] and [0 01] in this orthorhombic mineral [1] . The conditions 

re therefore not met to deform a polycrystalline aggregate ho- 

ogeneously. The work of Hirth and Kohlstedt [2] suggested that 

rain boundary sliding may be an important deformation mecha- 
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ism (see also Hansen et al. [3] and Ohuchi et al. [4] ). The active

echanisms responsible for grain boundary sliding are very poorly 

haracterized and understood in olivine. The presence of disclina- 

ions has been reported recently in olivine grain boundaries [5] . 

n the other hand, approaches based on disconnections are cur- 

ently attracting the attention of the community ( e.g. Han et al. 

6] , Hirth et al. [7] ) but these defects have not yet been detected

n olivine. A recent study [8] has shown that under high stresses, 

he grain boundaries in olivine are likely to amorphize and that, 

bove the glass transition temperature, this allows a very strong 

ctivation of grain boundary sliding [9] . The mechanical proper- 

ies of amorphous olivine (named hereafter “a-olivine”) are not yet 

ocumented. It is indeed very difficult to quench this silicate in 

morphous form after fusion without implying very fast quench- 

ng. Recently, Kranjc et al. reported room temperature amorphiza- 

ion of single crystal olivine, within shear bands, during micro pil- 

ar compression creep tests [10] . From a theoretical point of view, 

ouriet et al. [11] studied the limits of the mechanical stability of 

livine in response to elongation or shear. The authors showed that 

n forsterite at 0 K, the instability threshold can be as low as 6 GPa

hen shear is applied along the (100) plane. 
. This is an open access article under the CC BY-NC-ND license 
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In response to this new interest for measuring and understand- 

ng the mechanical behavior of a-olivine, a study by nanoinden- 

ation of pulse laser deposited (PLD) a-olivine thin films is pro- 

osed. The highly out-of-equilibrium conditions of the PLD method 

s one of the only ways to stabilize an amorphous olivine struc- 

ure with a controlled stoichiometry. Nanoindentation has become, 

ver the past decades, a versatile nanomechanical testing method 

llowing extensive measurements not restricted to classical hard- 

ess and modulus [ 12 , 13 ]. More specifically, several strain-rate sen- 

itivity measurement methods have been developed to investigate 

heological properties of materials from room to high temperatures 

 14 , 15 ]. Even though this technique is widely used for engineering

aterials such as metals [16] , ceramics [ 17 , 18 ], polymers [ 15 , 19 ],

n the bulk or in thin film coatings [ 20 , 21 ], the application to the

haracterization of minerals remains rare [22–26] . The objective of 

his study is to determine the rheological properties of pulsed laser 

eposited (PLD) a-olivine films together with the atomistic mech- 

nism responsible for this behavior. The results are discussed to 

educe possible implications on Earth’s mantle behavior. 

aterial and methods 

ulsed Laser Deposition of a-olivine 

For the preparation of thin films synthetic, polycrystalline pel- 

ets of olivine with a nominal composition of Fe 0.2 Mg 1.8 SiO 4 were 

blated using a pulsed laser beam with a frequency of 10 Hz, a 

avelength of 192 nm, and at a laser fluence of approximately 5 

/cm 

2 . Details on the setup can be found in the work of Dohmen

t al. [27] . The deposition rates were in the range between 10-20 

m/min. The depositions were performed at a background vacuum 

ressure of 1 × 10 −5 mbar ( 1 × 10 −3 Pa) and at room tempera- 

ure. At these conditions it has been demonstrated in the past that 

he silicate film of an olivine-like composition is amorphous and 

hemically homogeneous [ 27 , 28 ]. The depositions were performed 

n clean silicon wafers oriented [100]. The resulting surface topog- 

aphy is small with a typical roughness of less than 1 nm [27] , as

easured by atomic force microscopy (AFM). The PLD set-up does 

ot allow the rotation of the substrate during deposition and the 

lasma jet coming out of the target is relatively small compared 

o the substrate. This results in a deposited layer with some vari- 

tion of the thickness. The thickness has to be measured for every 

ample in which indentation is performed. Two samples were used 

n this study with a measured thickness equal to 315 nm and 252 

m, respectively. The first sample was used for the classical con- 

tant strain-rate (CSR) indentation tests and the second one for the 

ndentation relaxation experiments. 

anoindentation data reduction scheme 

The hardness is defined as the ratio of the applied force F over 

ontact area A c under loading. 

 = 

F 

A c 
. (1) 

A schematic of the tip penetrating into a film with a thickness 

 f is shown in Fig. 1. a. The tip used has a Berkovich geometry. For

implification, the Berkovich geometry is approximated by a cone 

f equivalent contact area as function of indentation depth defined 

y the half-included angle θ (see Fig. 1. a). The contact depth h c 
an be calculated from the penetration depth h using the Oliver 

nd Pharr model [29] to account for the contact geometry – i.e. 

ink-in in this case, see Fig. S1 in Supplementary materials – as: 

 c = h − 0 . 75 

F 
. (2) 
S 

2 
The tip contact area function A c ( h c ) is calibrated on fused silica 

rior the experiments with the polynomial function described with 

qu. (23) in reference [30] . The contact area was confirmed from 

he residual imprints’ geometries on a-olivine – i.e. absence of pile- 

p – (See Fig. S1 in Supplementary materials). 

The reduced contact modulus is defined by: 

 

′∗
c = 

√ 

π

2 

S √ 

A c 

(3) 

ith S the contact stiffness [29] . The reduced modulus E ′∗ is cal- 

ulated from 

1 
E ′∗c 

= 

1 
E ′∗ + 

1 −ν2 
i 

E ′ 
i 

, with the Young’s modulus and Pois- 

on ratio of the diamond being, respectively, E ′ 
i 

= 1150 GPa and 

i = 0.1. The Young’s modulus of the material is then determined 

s E′ = E ′∗( 1 − ν2 ) , where ν is the Poisson ratio. 

In the framework of thin film indentation, the effective Young’s 

odulus of the film E ′ 
f 

must be deconvoluted from the mechan- 

cal interactions with the substrate of the apparent Young’s mod- 

lus E ′ app . The model of Bec et al. [31] is based on the deforma-

ion of a purely elastic bilayer system indented by a flat cylindrical 

unch. The apparent reduced modulus E ′∗app is a combination of the 

ubstrate and of the film reduced moduli, E ′∗s and E ′∗
f 

, respectively, 

riting 

 

′∗
app = 

1 + 

2 t / πa c 
2 

(
πa c E 

′∗
f 

E ′∗s 

2 E ′∗s t + πa c E ′∗f 

)
, (4) 

ith t = t f − h c / 3 the equivalent film thickness and a c = 

√ 

A c /π
he equivalent contact radius. Bec’s model is an approximation 

ased on flat cylindrical punch indentation where t = t f . The ap- 

roximation is relatively correct for a Berkovich tip which has a 

arge open angle. Nevertheless, a further correction proposed by 

ec et al. can be used to account for the reduction of effective 

lm thickness when indenting with a pyramidal tip. This correc- 

ion is based on the volume reduction due to the deformed mate- 

ial under the tip. If the volume occupied by the tip is subtracted, 

he equivalent thickness of the film deformed by a flat cylindrical 

unch of radius a c becomes t = t f − h c / 3 [31] . The reduced modu- 

us E ′∗
f 

is a fitting parameter in Equ. (4) . 

In a nanoindentation relaxation test, the loading is composed 

f three steps: (1) a constant strain-rate (CSR) loading up to a pre- 

cribed contact stiffness, (2) a hold segment during which contact 

tiffness is maintained constant while the load is monitored and 

3) a constant unloading rate. The hardness H is calculated, during 

he relaxation step, by the following relationship: 

 = 

F 

A c 
= 

4 F 

π

(
E ′ c 

∗

S 

)2 

. (5) 

When using Equ. (5) , it is assumed that E ′∗c is independent of 

ime, so that the contact area remains constant. The value of the 

educed contact modulus is calculated from the end of the load- 

ng segment, with the Continuous Stiffness Measurement module 

CSM®). This CSM® module allows the measurement of the stiff- 

ess continuously along the loading steps by applying a displace- 

ent oscillation of small amplitude and frequency ω in addition 

o the quasi-static loading – this creates micro-unloading segments 

long the entire indentation loading. An asynchronous detector is 

sed to extract the stiffness from the load over displacement re- 

ponse to the dynamic solicitation. 

In order to extract the rheological properties of the material, 

he evolution of hardness must be compared to the strain-rate. 

owever, during a relaxation step, the tip is motionless [ 15 , 32 ]

hich makes impossible the use of the classically defined indenta- 

ion strain-rate – i.e. ˙ εind = 

˙ h /h , where ˙ h is the displacement rate. 

herefore, the expression of the strain-rate is derived from impos- 

ng the total strain-rate to be equal to ˙ ε = 0 , ˙ ε = ˙ εel + ˙ εv pl = 0
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Fig. 1. Overview of the different indentation methods: (a) schematics of the indenter and sample geometry, with the main parameters used in the data reduction scheme; 

(b) load-penetration curves for six different indentation strain-rates applied to a-olivine, with higher loads reach at a given depth when increasing indentation strain-rate; 

(c) contact stiffness and load as a function of time during 50 nm relaxation experiments. Six experiments are displayed; and (d) raw load data as a function of time during 

the relaxation step and example of post-treatment. 
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15] . By considering a time-independent Young’s modulus – i.e. ne- 

lecting viscoelasticity –, the relaxation strain-rate can thus be ex- 

ressed as: 

 ̇

 εr | = 

| ̇ σr | 
E ′ app 

, (6) 

here E ′ app is the Young’s modulus of the composite film/substrate 

aterials – i.e. without correction from substrate effect – and σr is 

he representative stress which is proportional to hardness, in the 

orm: 

r = 

H 

c 
, (7) 

here c is the reduced contact pressure which depends on the in- 

enter geometry and the H/E′ ratio. The reduced contact pressure 

f a rigid plastic material is given by Tabor [16] – i.e. H 
E′ ≈ 0 and 

 = 3 – which is well suited for metals. This factor tends to de- 

rease with increasing H/E ratio, when the material response to in- 

entation is no more predominantly plastic – for instance in fused 

ilica with 

H 
E′ = 0 . 125 and c is equal to 1.5 [33] . Kermouche et al.

ive an expression of the factor c [ 34 , 35 ] which is calculated in the

ramework of elastoplastic materials. This factor is needed to ex- 

ract the representative stress in this study, see further calculation 

n reference [15] . The reduced contact pressure c ranges between 

.37 and 2.42 depending on the indentation depth to film thick- 

ess ratio. The representative stress is post-treated to decrease the 

oise to signal ratio prior numerical differentiation. This treatment 

nvolves the re-sampling of the force signal over a time-scale of 0.6 

in log-time scale), see Fig. 1. d. 

The strain-rate sensitivity m characterizes the variation of yield 

tress σy as a function of the applied strain-rate. In the context of 

ower law creeping materials, a constant value of m is assumed 

hen a single creep mechanism dominates, with 

y = B ˙ εm , (8) 
3 
here B is the strength coefficient. In indentation, the rate sensi- 

ivity can be related to the variation of hardness with indentation 

train-rate [ 36 , 37 ]. As proposed by Kermouche et al. and Elmustafa 

t al. [ 36 , 38 , 39 ] the variation of representative stress σr with the

ndentation strain-rate, is used: 

 = 

dln ( σr ) 

dln ( ̇ ε) 
, (9) 

ith strain-rate ˙ ε being either the indentation strain-rate ˙ εind , in 

he case of constant strain-rate tests, or ˙ εr in the case of relaxation 

xperiments. 

The apparent activation volume V ∗ is an atomistic characteristic 

f the fundamental deformation mechanism related to the elemen- 

ary material volume undergoing the plastic event. It is propor- 

ional to the inverse of the strain-rate sensitivity as V ∗ = αkT /m σr , 

ith k the Boltzmann constant and T the absolute temperature 

 40 , 41 ]. It can thus be determined as 

 

∗ = αkT 

(
d ln ( ̇ ε) 

d σr 

)
, (10) 

n which the stress and strain-rate are replaced by the representa- 

ive stress σr and strain-rate ˙ ε. The α parameter is a constant that 

epends on the link between the shear stress needed to activate 

he plastic event and the representative stress value. In the follow- 

ng developments α = 

√ 

3 [ 42 , 43 ]. Hence, the extraction of the rate 

ensitivity indicator is a powerful way to reveal information on the 

tomistic mechanisms controlling the deformation process. 

anoindentation test methods 

Indentation experiments have been performed using a Nanoin- 

enter G200® (KLA Tencor) with a Dynamic Contact Module (DCM 

2®) head providing very accurate measurements at low loads and 

isplacements. The maximum force of the device is equal to 45 mN 

ith a resolution of 1 nN. The displacement is measured with a 
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Table 1 

Long-term relaxation tests’ parameters. With S hold the stiffness maintained constant dur- 

ing the relaxation segment and h equi v the corresponding penetration depth. 

Tests Hold duration (min) S hold (N.m 

−1 ) h equi v (nm) CSM amplitude (nm) 

1 10 1.58 × 10 4 20 1 

2 60 3.8 × 10 4 50 2 

3 60 6.1 × 10 4 70 2 
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esolution of 0.2 pm. A diamond Berkovich tip with a very low tip 

efect height [ 32 , 44 ] ( h d ≈ 3 nm ) was used. Coated silicon wafers

ere glued to the sample holders using a thermoplastic glue (heat- 

ng during 1 min at 150 °C) and a cyano-acrylate glue (at room 

emperature). This ensures that PLD a-olivine is not subjected to 

rystallization in this temperature range. No differences were de- 

ected between the two sets of samples. 

Two types of tests have been carried out: classical constant 

train-rate indentation (CSR) [45] (see Fig. 1. b) and indentation 

ong-term relaxation tests [ 15 , 32 ] (see Fig. 1. c). This last method

as only been very recently developed. The CSR tests were per- 

ormed at different prescribed strain-rates equal to 
˙ F 

F = 0.05, 0.1, 

.3 and 0.5 s −1 resulting in representative indentation strain-rates 

uantified by 
˙ h 
h 

= 0.03, 0.06, 0.18 and 0.3 s −1 up to a maximum 

epth of 200 nm as shown in Fig. 1. b, in which one representative

xperiment from each loading rate is displayed. Here again, ˙ F and 

˙ 
 stand for the load and displacement rates, respectively. The load 

ncreases at equivalent penetration depth when increasing the in- 

entation strain-rate. The continuous stiffness measurement (CSM) 

as set up at a frequency of 75 Hz with an amplitude of 1 nm.

or each loading conditions six experiments were performed. The 

ong-term relaxations were performed at three different indenta- 

ion depths in order to account for a possible substrate effect – and 

s well, confinement level of the film – on the strain-rate sensi- 

ivity measurements. Indentation strain-rates before the hold seg- 

ent was set to 
˙ h 
h 

= 0.06 s −1 . The indentation parameters used 

or these tests are displayed in Table 1 . The contact stiffness was 

aintained constant with a proportional-integral loop. The gains 

ere adjusted to minimize the overshoot and the time response to 

each the target value [15] . For all relaxation tests, the maximum 

vershoot did not exceed 3.1 % of the target contact stiffness. The 

eak to peak amplitude of the stiffness measurement were evalu- 

ted at 50 0, 70 0 and 10 0 0 N.m 

−1 for the experiments performed

t 20, 50 and 70 nm equivalent penetration depth, respectively. 

hese represent less than 3 % of the target contact stiffness. The 

ime necessary for the contact stiffness to stabilize after the over- 

hoot was 10 seconds for the 50 and 70 nm experiments and 4 

econds for the 20 nm ones. Hence, relaxation measurements were 

onsidered valid only after these periods of time. Fig. 1. c displays 

he variation of the contact stiffness and of the load during the re- 

axation step, as a function of time. Six experiments performed at 

0 nm are displayed. The very good control of the contact stiff- 

ess over one-hour experiment can be appreciated as well as the 

eproducibility of the load response even for long step durations. 

ig. 1. d represents an example of data post treatment on the load 

ignal, as explained in the former section. The red crosses stand for 

he overshoot-affected data, which are not used for the determina- 

ion of the mechanical properties, and the green circles correspond 

o representative data. 

EM characterization 

Electron transparent thin foils were prepared using a dual-beam 

ocused ion beam (FIB) instrument FEI Helios Nanolab 650. A Pt 

rotection layer was deposited in two steps – by an electron beam, 

hen by an ion beam – in order to avoid FIB damage at the sample
4 
urface. The FIB foils were thinned to a thickness < 50 nm. An ion 

eam of 2 kV/0.2 nA was employed to achieve the final thinning of 

he specimen and to minimize irradiation damage generated dur- 

ng high-voltage FIB thinning. 

Microstructure of a-olivine samples was analyzed by transmis- 

ion electron microscopy (TEM) using a FEI Osiris microscope op- 

rated at 200 kV, and equipped with a XFEG electron source and 

 high efficiency Super-X system that allows the acquisition of 

igh resolution EDX maps at low dose with a short exposure 

ime. The studies carried out in this work include selected area 

lectron diffraction (SAED), high resolution transmission electron 

icroscopy (HRTEM) and energy dispersive X-ray spectroscopy 

EDXS). 

esults 

ardness and elastic modulus 

The silicon substrate is characterized by a Young’s modulus 

 

′ 
s = 180 GPa, a Poisson ratio νs = 0.25 and a reduced modulus 

 

′∗
s = 192 GPa [31] ). The reduced modulus of a-olivine deposited 

n Si is determined following the substrate correction model pro- 

osed by Bec et al. ( Equ. (4) ) with a film thickness t f of 315 nm. 

Each variation of apparent reduced modulus as a function of 

ndentation depth – or contact radius a c in this case ( Equ. (4) ) 

is fitted for penetration depth ranging from 30 to 80 nm, see 

ig. 2. a. This limited range has been selected for two reasons: (i) 

he lower limit relies on the minimum depth at which the mea- 

urement is not affected by surface roughness or tip defect; (ii) 

he upper limit depends on the transition between two contact 

egimes. Indeed, as confirmed by SEM observations together with 

FM measurements, the contact geometry evolves from sink-in at 

hallow depths – i.e. lower than 70 nm – to pile-up for penetra- 

ion depths exceeding 100 nm (as a result of significant substrate 

ffect). As the model used to calculate the contact area supposes 

 sink-in geometry [29] , the calculated modulus and hardness will 

e overestimated in the presence of pile-up. This feature can be 

bserved on Fig. 2. a, where the measured apparent modulus signif- 

cantly deviates from Bec’s model when the contact depth is larger 

han 70 nm. Thus, the limit of 80 nm for penetration depth – i.e. 

ontact depth, h c = 65 nm – has been chosen to avoid this source 

f error. 

The reduced modulus of a-olivine as a function of indenta- 

ion strain-rate is shown in Fig. 2. b. The reduced modulus slightly 

ncreases with indentation strain-rate, suggesting that a-olivine 

resents some degree of viscoelasticity. This behavior is not ex- 

ected since the material is excited with a unique frequency 

hrough the CSM® module ( ω = 75 Hz). However, the slight varia- 

ion of reduced modulus with applied strain-rate may arise from 

 coupled response between the local dynamic solicitation and 

lobal applied strain-rate. The film reduced modulus ranges be- 

ween 103 and 107 GPa, as shown in Fig. 2. b. The Poisson ra- 

io of a-olivine has been estimated from tensile experiments with 

he Push to Pull set-up in a Transmission Electron Microscope 

TEM) (unpublished results). Longitudinal and transverse strains 

ere measured by contrast analysis of bright field images, while 

he sample was deformed under uniaxial tension. A Poisson ra- 
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Fig. 2. Variation of reduced modulus and hardness as a function of indentation strain-rate: (a) Measured apparent reduced modulus as a function of contact depth with Equ. 

(4) fitted between the triangle markers; (b) Variation of the a-olivine reduced modulus as a function of contact depth. Error bars represent the standard deviation calculated 

on 6 experiments; (c) Variation of hardness as a function of contact depth for a set of six experiments. Triangle markers correspond to the bounds used to determine the 

average hardness of a-olivine; (d) Hardness as a function of indentation strain-rate. Error bars represent the standard deviation calculated on 6 experiments. 
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io of 0.37 was determined. Therefore, the Young’s modulus of a- 

livine, is found to range between 89 and 92 GPa. 

Fig. 2. c displays the variation of hardness with contact depth 

or a set of six indentations performed at an indentation strain-rate 
˙ h 
h 

= 0 . 03 s −1 . A clear influence of the substrate is observed from 50

m, as expected. The hardness is measured between h c = 30 and 

0 nm which corresponds to 9.5 % and 12.7 % of the film thickness, 

espectively, in order to minimize the substrate effect [46] . Triangle 

arkers indicate the bounds between which the average values are 

alculated (see Fig. 2. c). 

The hardness increases from 7 to 8 GPa with indentation strain- 

ate (see Fig. 2. d), which indicates a significant strain-rate sensitiv- 

ty as addressed in details in the next section. 

A comparison of the apparent reduced modulus E ′∗c and hard- 

ess evolutions as a function of contact depth to the indentation 

elaxation experiments is performed in Supplementary materials 

see Fig. S2) to highlight the small differences in measured values 

ue to substrate effect. 

Micro and nano-indentation experiments have been recently re- 

orted on single-crystal and polycrystalline olivine [ 23 , 24 , 26 ]. They

ighlight a strong size effect – i.e. an increase of hardness at shal- 

ow penetration depth – together with a grain size dependency 

f hardness. These results mitigate the former discrepancies be- 

ween indentation data on olivine by taking the measurement’s 

ength-scale into account. Considering the low thickness of our 

-olivine samples, no conclusion about size effect can be drawn. 

owever, the hardness and Young’s modulus of a-olivine (between 

 c = 30 and 40 nm) can be compared to the literature data on 

ingle-crystal olivine. Hardness of a-olivine is 50 % smaller than 

or single-crystal olivine indented at 76 nm (data from Kumamoto 

t al. [24] ) and 8 % smaller than for single-crystal olivine indented 

t 7 μm (data adapted from Vickers hardness, Koizumi et al. [26] ). 

he Young’s modulus is reported for single crystal olivine to be on 
T

5 
he order of 200 GPa [47] . The Young’s modulus measured for a- 

livine is 55 % smaller than its crystalline counterpart. 

train-rate sensitivity and activation volume 

Fig. 3 displays the representative stress as a function of strain- 

ate in log-log scale for indentation relaxation tests, measured at 

ifferent penetration depths. For each depth, six experiments are 

hown. The results are remarkably reproducible considering the ex- 

remely shallow indentation depths and the long relaxation times. 

he average strain-rate sensitivity m , fitted over the entire set of 
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Fig. 4. Variation, as a function of contact depth of: (a) the strain-rate sensitivity and 

(b) the apparent activation volume. The shaded areas highlight the general trend of 

the experimental data. 
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Fig. 5. TEM analysis of a cross sectional FIB foil prepared under an indent from a 

CSR experiment at 50 nm maximum penetration depth. (a) An overview TEM image 

of the a-olivine film on the silicon substrate, the white arrow indicates the position 

of the nanoindentation imprint; (b) Selected area electron diffraction pattern taken 

from the area delimited by the white circle in (a); (c) Magnified TEM image of the 

film under the indent tip; (d) HRTEM image of the film exactly under the indent 

and FFT image confirming the amorphous character of the film after nanoindenta- 

tion. 
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xperiments with Equ. (9) , is displayed together with the curves in 

ig. 3 . The strain-rate sensitivity of a-olivine varies with indenta- 

ion depth. This will be discussed in more details in the next sec- 

ions. Note that the hypothesis of time-independent Young’s mod- 

lus necessary to calculate the representative strain-rate (see Equ. 

6) ) is a reasonable assumption considering the low degree of vis- 

oelasticity within this time-scale. 

Fig. 4. a shows the variation of m ( Equ. (9) ) with contact depth.

pen symbols correspond to relaxation experiments, with up and 

own pointing triangles being the 95 % confidence bounds of 

qu. (8) fitted over the full set of measurements. Black lines repre- 

ent the results extracted from CSR experiments and the surround- 

ng dashed boxes are the 95 % confidence bounds of the mathe- 

atical fit. The strain-rate sensitivity is constant for contact depth 

etween 20 and 50 % of the film thickness, but increases signifi- 

antly at shallower depths – i.e. + 60 % at 20 nm and + 20 % at 35

m. 

The apparent activation volume ( Equ. (10) ) displayed on Fig. 4. b 

s proportional to the inverse of the strain-rate sensitivity and thus 

ecreases at shallow depth. The apparent activation volume ranges 

rom 0.035 to 0.041 nm 

3 for CSR tests and ranges from 0.060 to 

.062 nm 

3 for relaxation tests, at moderate indentation depth. The 

pparent activation volume drops to 0.039 nm 

3 at contact depths 

ellow 25 nm, for the relaxation tests. 

EM characterization of the a-olivine films 

The microstructure of a-olivine film under the indent region 

indentation imprint of a constant strain-rate (CSR) test performed 

t 50 nm maximum penetration) was characterized by TEM. The 

verview TEM image of thin lamella is shown in Fig. 5. a. The film

xhibits a fully amorphous structure as can be seen in the SAED 

attern of Fig. 5. b, taken from the area delimited by a white cir-
6 
le under the indent in Fig. 5. a. The indent region can be seen

n the magnified TEM image in Fig. 5. c where the indent depth 

alue ( h res ) is equal to 14.8 ±0.5 nm. The residual depth is equal

o the depth measured by AFM (15 and 10 nm, respectively for 

he CSR and relaxation test, see Fig. S1 in Supplementary materi- 

ls). The thickness of the film is equal to 252 ±0.5 nm. In Fig. 5. d,

RTEM image of the olivine film acquired under the indent area 

hows a fully amorphous structure which is confirmed by the Fast 

ourier Transform shown in the inset of the same Fig.. Low- and 

igh- magnification TEM images show no evidences of shear bands 

nder the indent. This observation is also true for the one-hour re- 

axation experiment. It is in line with the load-displacement data 

here no pop-in nor burst can be detected. 

iscussion 

Samples of a-olivine are not available in a bulk form since 

uenching from the melt requires extreme cooling rates [48] . The 

nly occurrences of a-olivine are found under high stress, either 

nder pressure [ 11 , 49 ], or under high shear stress, within a micro

illar compressed at room temperature [10] and at grain bound- 

ries under high stress conditions [8] . In all cases and particularly 

t grain boundaries, the thickness of this amorphous phase does 

ot exceed a few nanometers and is therefore extremely confined. 

n the strain-rate sensitivity’s size effect 

At very shallow depths – i.e. 20 to 50 nm – the a-olivine rheo- 

ogical behavior differs from larger depths, where it tends to stabi- 

ize to a response that is independent of the depth (see Fig. 4. a). 

The change of regime at shallow depth is not related to an ex- 

rinsic substrate effect. Indeed, measurements of strain-rate sen- 

itivity from CSR tests were performed on a sample with a film 

hickness of 315 nm and relaxation tests on a sample with a film 

hickness of 252 nm. The results for strain-rate sensitivity com- 

ared well when expressed as a function of the indentation depth 
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nd would have been significantly shifted if they were plotted 

gainst h c / t f (see Fig. 4. a). This evolution can have several ori- 

ins, such as an intrinsic material length-scale, a surface effect or a 

hange in contact geometry at shallow depth due to some tip de- 

ects. More investigations will be needed to determine the origin 

f this behavior at shallow depth. 

The discussion is now focused on the second regime where the 

heological behavior exhibits a plateau – i.e. between 50 and 100 

m. The confinement of the film between two harder materials –

.e. the diamond tip and the Si substrate – can be, in a first ap-

roximation, considered as a proxy of the configuration recently 

bserved of a-olivine films present at the grain boundaries. The 

train-rate sensitivity from slightly to moderately confined inden- 

ation conditions – i.e. h c / t f from 0.2 to 0.5 – is equal to 0.049. 

his value is considered to be representative of a-olivine’s creep 

ehavior. 

iscussion about atomistic mechanisms 

The strain-rate sensitivity is a meaningful indicator of the creep 

echanisms active in the material. The high value of m found 

rom this study ( m ≈ 0 . 05 ) is first compared to the extensive data

et available in the literature for silicate-based glasses. Limbach et 

l. reported values ranging from 0.015 to 0.028 for alkali borosili- 

ates and 0.0164 for anhydrous soda lime silicates [37] . The strain- 

ate sensitivity of fused silica has been reported between 0.022 

50] and 0.029 [15] . The strain-rate sensitivity calculated by Lim- 

ach et al. is different from the one presented here. They calcu- 

ated an indentation strain-rate sensitivity based on the evolution 

f hardness instead of a representative stress, as discussed in the 

ormer section. In order to compare the results, it is proposed to 

se the Fig. 9 in the reference from Elmustafa et al. [36] , were the

atio of indentation SRS m i to uniaxial SRS m is represented against 

he H/E ratio. The adapted values from Limbach et al. range then 

rom 0.02 to 0.035 for the borosilicates and is 0.02 for the soda 

ime silicate. The SRS of a-olivine is still nearly two times higher 

han these references results. 

Limbach et al. linked several properties of glasses with the 

train-rate sensitivity as related to three types of material arrange- 

ents: (1) a high network dimensionality and low packing density; 

2) a complex low-dimensional structure; and (3) an arrangement 

ominated by high packing density [37] . They emphasize that, 

ithin the intermediate network dimensionality (2), the strain- 

ate sensitivity is highly dependent on the chemical and structural 

roperties of the glass and therefore could display large variations 

f strain-rate sensitivity from one glass to another [37] . Such com- 

lex low-dimensional structure is also associated with a Poisson 

atio in the range of 0.29 to 0.38 (see Fig. 6 in [37] ), which is in

ine with our estimation from tensile experiment – ν = 0 . 37 . The 

-olivine structure should thus be characterized by an intermedi- 

te network dimensionality. 

The minimum apparent activation volume calculated from 

anoindentation is equal to 0.035 nm 

3 . In amorphous systems, the 

pparent activation volume V ∗ is always lower than the physical 

ctivation volume 	 f , with V ∗ = 	 f .γ where γ is the transfor- 

ation strain associated to the local atomistic shuffling mecha- 

ism [ 18 , 51 ]. The value of γ for amorphous systems ranges from

.05 to 0.15, see Argon [51] . If we consider the transformation 

train to be γ = 0 . 1 , the physical activation volume can be com-

ared to the size of atomic sites within the (Mg,Fe) 2 SiO 4 struc- 

ure. Birle et al. measured the atomic parameters of forsterite 

Mg 0.9 ,Fe 0.1 )SiO 4 by 3D least-squares X-ray diffraction analysis [52] . 

he interatomic distance between the surrounding oxygen atoms 

nd the two metal sites M(1) and M(2) occupied by Mg or Fe 

re 2.103 and 2.135 Å, respectively. If we consider the shape of 

he sites to be a sphere, the volume of each site would be 0.039 
7 
nd 0.041 nm 

3 . These atomic parameters correspond to crystalline 

livine and are not to be considered as fully representative of the 

isordered arrangement in a-olivine which involves some amount 

f free volume. Nevertheless, it is interesting to note that the ac- 

ivation volume extracted from the apparent value measured by 

anoindentation ( 	 f ≈ 10 . V ∗) corresponds to the size of ten to 

wenty sites of Mg and Fe atoms in crystalline olivine. This would 

otentially imply that the elementary volume where plastic defor- 

ation events take place involves the motion of Mg (or Fe) atoms 

ithin the silicate network. According to our measurements, as the 

RS m is constant over several orders of magnitude in strain-rate, 

he corresponding apparent activation volume increases with de- 

reasing strain-rate. Therefore, the number of atoms involved in 

he viscoplastic deformation events slightly increases at low strain- 

ates. 

mplications of the high strain-rate sensitivity of a-olivine 

Fig. 6 displays the strain-rate sensitivity of a-olivine compared 

o single crystal olivine from indentation experiments. For a- 

livine, the red plain line represents Equ. (8) fitted to both the CSR 

nd relaxation experiments, with B = 4 . 18 and m = 0 . 052 ± 0 . 002 .

he CSR and relaxation results are perfectly aligned, highlighting a 

nique creep deformation mechanism over seven orders of magni- 

ude in strain-rate. The high strain-rate sensitivity of a-olivine con- 

rasts with the low temperature rheology of single crystal olivine. 

e have plotted in Fig. 6 the strain-rate sensitivity of single crystal 

livine measured from micro compression creep [10] and nanoin- 

entation [23] experiments by Kranjc et al.. The difference in strain 

ate sensitivity between olivine and a-olivine is striking. We have 

tted the data of Kranjc et al. with a constitutive expression com- 

only used to describe low-temperature plasticity of olivine, as 

roposed by Kranjc et al. [ 23 , 53 ]. 

˙ = A σ 2 exp 

{ 

−
(

H 

∗
0 

RT 

)(
1 −

(
σ

σp 

)p )q 
} 

(11) 

ith A = 2 . 37 × 10 5 , H 

∗
0 

= 320 kJ.mo l −1 , σp = 5 . 32 GPa, p = 1 and

 = 1 [23] . The calculated strain-rate sensitivity m of olivine with 

his data set revolves around 0.009. Therefore, the strain-rate sen- 

itivity of olivine is approximately five times lower than the one 
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f a-olivine. This result implies that the strength of a-olivine de- 

reases faster than crystalline olivine when reducing the applied 

train rate. This trend is of primary importance from the geophysi- 

al point of view since the deformation of the Earth’s upper mantle 

ccurs at very low strain rates (down to 10 −16 -10 −12 s −1 ). 

However, the temperature involved in the present study is not 

epresentative of the Earth’ upper mantle conditions, the present 

esults stand thus as an upper bound of a-olivine strength as a 

unction of strain rate. The rheological property of a glass being 

hermally activated, the strain rate sensitivity can only increase 

ith temperature, until the material exhibits Newtonian flow – i.e. 

 = 1 – close to its glass transition temperature. If this behavior 

as to be confirmed by further studies at high temperatures, it 

ould imply that the grain boundary sliding observed by Samae et 

l. [8] in laboratory experiments could play an even more impor- 

ant role in the Earth’s upper mantle, at low strain rates. 

onclusion 

An extensive nanoindentation study of PLD deposited a-olivine 

as been performed. Young’s modulus, hardness and creep re- 

ponse of this material have been measured and discussed. The 

ndentation relaxation method has been adapted successfully to 

tudy thin amorphous film’s viscoplastic behavior. 

The main findings of this research are the following: 

• The a-olivine thin film presents some degree of viscoelasticity 

with the Young’s modulus slightly varying from 89 to 92 GPa 

with increasing the strain-rate by one order of magnitude. 

• TEM observations performed under the indented regions show 

a strong elastic recovery and no sign of shear bands. 

• The a-olivine’s hardness is significantly strain-rate sensitive 

with a strain-rate sensitivity exponent m constant over seven 

orders of magnitude in strain-rate and equal to 0.052 ±0.002. 

• The high strain-rate sensitivity of a-olivine at ambient temper- 

ature contrasts with the much smaller rate sensitivity of single 

crystal olivine. This result confirms the importance of the ap- 

plied strain rate on the mechanical behavior of the glassy cor- 

responding material. 

These results pave the way to probe the rheological properties’ 

elation to temperature of a-olivine, up to its glass transition tem- 

erature. This would allow a better comparison with its natural oc- 

urrences and its impact toward Earth’s mantle rheology through 

he activation of grain boundary sliding [ 8 , 54 ]. 
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