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Abstract

The present study focuses on the measurement of mechanical properties of a 1.1 um thick
nanocrystalline MoS> coating deposited by magnetron sputtering with a particular interest in the
strength of the coating. Mechanical strength is one of the most important properties to best predict
failure of the coating, especially in the case of dry contact lubricated systems in which the coating
of interest is often used. An Atomic Force Microscope based micro-bending experiment was
developed to measure the rupture strength of MoS2 micro cantilever-beams directly milled in the
coating using a Focused lon Beam. Rupture strength of the MoS; coatings was measured to be 728
+ 88 MPa. Comparisons with nanoindentation was used to validate the micro-bending technique
via the statistically indifferent measurement of the Young’s modulus: 63.1+5.0 GPa and
64.5 = 4.0 GPa respectively. In depth study of the fractured beam surface and the microstructure
of the coating revealed that the surface roughness and the crystallite size can be directly correlated

to the rupture pattern. The crack was additionally shown to propagate within the nanocrystalline



network existing in the coating. Parallels with the tribological behaviour of the coating are drawn

and further confirm the lubrication mechanism described in previous studies.
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1 Introduction

Micron thickness coatings deposited through highly controlled synthesis methods such as physical
and chemical vapour deposition have demonstrated their suitability in a broad range of applications
including lubrication [1,2], machining [3], nuclear energy [4], and high-speed electronics [5].
While these coatings exhibit favourable functionally driven properties in this wide range of
applications, the understanding of their mechanical and structural characteristics remains, in many
cases, limited. Of particular interest is the synthesis and characterization of MoS: coatings intended
to be used in tribological applications. In literature, significantly different MoS: coating structures
are observed due to wide variances in deposition methods such as direct-current or radio-frequency
sputtering, and sputtering parameters such as chamber pressure and voltage [6-8]. Even the same
deposition parameters have been shown to produce different coating structures during subsequent
depositions due to variability in the system, sputtering target, or contaminants in the system [9].
This deposition variability directly influences the structure of MoS: coatings; ranging from highly
organized columnar structures [6] to fully amorphous structures [10]. Studies on the mechanical
properties of MoS coatings also demonstrate a wide variance with Young’s modulus and hardness
values ranging from 50 to 170 GPa [3,10-12] and from 0.5 to 8 GPa [3,10-16] respectively.

Furthermore, there is a limited number of studies on both the rupture and the fracture strength of



the coatings. Measurement of those properties can be done via scratch testing, however finite
element modelling can be required to evaluate, from the experimental data, the stress intensity
factor related to fracture strength of the coating material [17]. Precise knowledge of these
parameters is very important for predicting coating failure through crack formation and
propagation, because it ultimately leads to particle detachment and coating delamination.

Most commonly, mechanical properties of micron-thin coatings are determined using
nanoindentation as it allows the measurement of hardness and Young’s modulus with minimal
sample preparation [18]. However, nanoindentation suffers from limitations linked to a number of
instrument and material parameters including: material pile-up and sink-in, substrate and
roughness effects, and system compliance which are known to strongly influence the measurement
reliability [18]. To overcome these limitations, a new approach has emerged throughout the last
15 years; high-precision milling of microstructures using a Focused lon Beam (FIB) and deflecting
the structure through the use of nanoindentation techniques. These structures take a variety of
shapes including: free standing films [19,20]; micro pillars [21-23]; or micro-bridges and micro-
cantilever beams [4,23-29]. Of particular interest, micro-bending tests allow the study of several
mechanical properties — Young’s modulus, yield stress, strength, fracture toughness — relative to
the specific crystal orientation [4,28], the substructure of hierarchical architectures [26], or as an
average for the entire coating [4,27]. However, effective use of this technique requires high-
resolution measurements of the deflection, the applied force, and an exact knowledge of the
location of loading. Additionally, indenter penetration into the beam has to be considered as it can
lead to significant error in deflection values [24,30]. While this leads to complications for
nanoindenters and in situ Scanning Electron Microscope experiments (SEM), Atomic Force

Microscopy (AFM) can be a good solution as higher resolution in force, deflection, and accurate



loading location can be achieved. Micro-bending tests using AFM on submicron beams fabricated
by FIB [31] and chemical and wet etching processes [32—35] have allowed the study of stiffness,
bending strength, fracture toughness, and even fatigue toughness of materials.

In the present study, micro-cantilevers beams prepared by FIB-milling a 1.1 um thick
nanocrystalline MoS; coating were subjected to bending tests using an AFM. Through the use of
AFM deflection, high accuracy study of the Young’s modulus, rupture strength, and structural
fracture mechanism of the coating was conducted. The AFM micro-bending tests were additionally
validated via static and continuous stiffness nanoindentation measurements. As well, to better
understand the structural characteristics of the coating a Transmission Electron Microscopy (TEM)

study of the coating cross-sectional microstructure was also performed.

2 Experiments

2.1 Materials

The material of focus is a 1.10 £ 0.01 um thick MoS; coating deposited by radio-frequency
magnetron sputtering. The coating was sputtered on an N-doped Silicon wafer having a 285 nm
thick SiO2 oxide layer. The coating is space-qualified, i.e. it passed all tests imposed by space
agencies to be used in space, and it has been used for many years. It was deposited by Blésch AG.,
Grenchen, Switzerland.

This particular MoS> coating has been previously described as a dense columnar-like
nanocrystalline structure (fibrous and vertically oriented) [36] based on the cauliflower aspect of
its surface, the deposition parameters, and fractured surfaces of delaminated portions [15,36-39].
Delamination and cracks have been observed under Scanning Electron Microscopy (SEM) and

their features suggest that rupture likely occurs at the interface between grains/columns [38].



However, to the author’s knowledge, there are neither studies on the rupture mechanism of such

MoS:; coatings nor reports of the strength of the interface between grains.

2.2 Micro-cantilever beam Preparation

MoS. micro-cantilever beams were prepared using a Hitachi NB5000 high precision dual-beam
FIB and SEM. In order to achieve micro-cantilever beams consisting of freestanding MoS, the
FIB-milling was performed without the protective metallic layer on the MoS; coating which is
commonly used during FIB-milling. The beams were milled using a high-voltage Ga* gun in a
three-stage process allowing for the creation of free-standing triangular cantilever beams as seen
in Figure 1a. First, 3 rectangular volumes are removed using a high energy beam (40 kV, 19.5 nA)
creating a rectangular structure of MoS: coating with one end connected to the bulk of the coating.
Second, the undercut was performed at angles of either 45° or 58° on each side with a medium ion
beam energy (40 kV, 3.8 nA). At this stage, re-deposition of material, primarily made of Si and
Ga, accumulates on the undercut side of the micro-cantilever beam, therefore, a third low-energy
(40 kV, 0.8 nA) slow cleaning cut was performed to remove this re-deposited layer (cf. SI 1).
These beam energies were carefully selected to minimize the FIB induced damage and
amorphization of the coating [40-43] (Sl 2). In total 11 micro-cantilever beams were successfully
characterized with dimensions varying from 9 to 15 um in length, 1.4 to 2.2 pm in width, and 0.6

to 1.3 um in height.



Figure 1 - (a) SEM image of a MoSz micro-cantilever beam FIB milled in the 1.1 pum thick MoS;
coating, the inset is a zoomed in image on the beam cross section. (b) 3D schematic representation
of the bending test using AFM, at scale. (c) schematic of the deflection test performed on the beam
using AFM.

2.3 AFM Micro-Bending Tests

Microbeam bending tests were performed using an Atomic Force Microscope (MFP-3D, Oxford
Instruments; Asylum Research Ltd.) with sharp-tip (<10 nm tip radius) silicon probes (cantilever
with 42 N/m spring constant, calibrated geometrically) from Nano Sensors as represented in Figure
1b. The microbeams were first imaged in tapping mode AFM to position the cantilever after which
the deflection tests were performed in a static deflection mode. On each MoS; cantilever beam,
the bending tests were performed in at least 3 different positions along the length of the beam, as
recommended in [24]. The tip was positioned along the longitudinal axis at distances from the

clamped end from 6 pum to 13 um to ensure the validity of the Euler-Bernoulli deflection theory



[44]. At each location, incremental loading was performed from 0.5-10 uN with 5 deflections at
each load.

To create consistency between all beam sizes and loading conditions, the deflection test data was
converted into a stress-strain curve using the same model as Bechtle et al. [26]. In the calculation
of the beam deflection from the AFM measurements, no indentation depth correction was needed
because the tip does not indent the coating by more than 10 nm at a load of 20uN for an equivalent
beam deflection up to 800 nm. Equations (1) and (2) were used to calculate the stress o and the
strain & respectively. P is the force applied at the loading point, located at a distance L from the
clamped end. t represents the thickness of the beam, w the width, and & is the beam deflection, as
schematized on Figure 1c. The coating is assumed to be macroscopically homogenous and

assumed to exhibit isotropic mechanical properties.
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The Young’s modulus E is calculated based on the linear fit of the curves in the 0 to 0.1% strain
range. The rupture strength Rm is determined as the stress at which the micro-cantilever beam

fractures.

2.4 Surface, Microstructure, and Compositional Analysis

The FIB micro-cantilever beam structures were analyzed using SEM (Hitachi SU3500) and
HRSEM (Hitachi SU5000) secondary electron imaging to determine beam dimensions and analyze
the surfaces after fracture. The coating surface morphology was studied using AFM in tapping-

mode. The characterization of the coating cross-section was performed using Transmission



Electron Microscopy (TEM) (Hitachi HF3300) and Scanning Transmission Electron Microscopy
(STEM) to study the microstructure at the nanoscale using backscatter, bright-field, and dark-field
micrographs. The TEM samples were prepared by a standard lift-out procedure using the same
high precision FIB with Ga* ions accelerated to 40 kV. To preserve the structure of the MoS;
coating during FIB cross-sectional lift-outs, a 0.5 um thick tungsten layer was deposited on the
coating prior to milling using ion beam plasma deposition from a WC; gas. Two samples of 65 nm
and 76 nm in thickness respectively were examined in TEM and STEM using accelerating voltage

and emission currents of 300 kV and 5 pA respectively.

2.5 Nanoindentation Tests

The nanoindentation measurements were performed on an Anton Parr UNHT nanoindentor with a
diamond Berkovich tip to evaluate the Young’s modulus E and the Hardness H of the coating. In
addition to mechanical characterization of the coating, the measurement of the Young’s modulus
(depth variation, and bulk values) was used to compare with the cantilever beam tests results. In
total, 50 indentations were performed (two sets of 25) with the load pattern of: (1) load up to
500 uN at a speed of 3000 uN/min, (2) hold at 500 uN for 10 seconds to allow for stress relaxation,
(3) unload the contact at rate of 3000 uN/min. The extraction of E and H parameters was done
using the Oliver-Pharr method [45] considering a Poisson’s ratio of 0.27 [46]. Additionally, 12
measurements in the Continuous Stiffness Measurement (CSM) nanoindentation mode were
performed. CSM is a technique in which the indentation tip is continuously loaded and unloaded
throughout the depth of indentation thereby generating E and H values incrementally throughout
the depth [47,48]. To avoid instrument errors such as the woodpecker effect and low signal-to-

noise ratio, CSM parameters of 300 puN/min loading rate, 40 uN sinusoidal amplitude, and



maximum load of 2 mN were selected [49]. The woodpecker effect refers to “the tip losing contact
with the specimen during loading and unloading cycles during CSM” [49]. The surface function
of the tip was re-calibrated before each set of measurements to ensure coherence. After indentation,
the surface was imaged using the AFM in tapping mode to identify the effective contact area

(material pile-up or sink-in around the indent) which is used in E and H calculations.

3 Results

3.1 Cross-Sectional Electron Microscopy Characterization

The SEM image of the fractured coating cross-section (Figure 2a) shows a dense microstructure
with roughly vertically oriented grains. These grains appear to be in accordance with the dark field
STEM micrograph (Figure 2b) where large light gray vertically oriented regions of similar
magnitude are delimited by thin dark frontiers. The high-resolution STEM images (Figure 2 c,d,e)
show three distinct phases vertically distributed within the coating. The surface 47 £ 5 nm exhibits
a purely amorphous phase (Figure 2c) while the central bulk of the coating exhibits a
nanocrystalline phase embedded in an amorphous matrix (Figure 2d). These bulk nanocrystals are
vertically oriented within +28° of the vertical axis and represent approximately 35% of the total
volume. Across 10 micrographs studied, a total of 189 nanocrystals were identified with widths of
13.1 + 1.1 atomic layers (8.1 = 2 nm; Cmos. = 6.15 A [50]) in the [001] direction and lengths of 12
+ 4 nm in the [100] or [010] directions. The third phase exists as the bottom interface of the coating
with a height of 17 + 4 nm and consists of similarly sized nanocrystals in an amorphous matrix as

in the bulk, but horizontally oriented within £22° of the horizontal axis as seen in Figure 2e.



Figure 2 - (a) SEM image of the fractured cross-section of MoS; coating. (b) to (¢) TEM images
of the coating cross-section; (b) low magnification dark filed image of the entire coating thickness
with a small portion of the wafer substrate; (c) high magnification image of the coating top surface
showing an amorphous structure; (d) high magnification image of the coating bulk showing
vertically aligned crystallites; and (e) high magnification image showing the horizontally aligned
crystallites at the bottom interface with the SiO> layer.

3.2 Nanoindentation

50 static mode indentations were conducted in two sets of 25 with indentation depths of 59 £ 1 nm
and 43 + 4 nm respectively, both below the 10% thickness limit recommended for thin film
characterization [18]. The average Young’s modulus and hardness for this MoS. coating obtained

from the all 50 measures were found to be E = 63.1 + 5 GPa and H = 4.0 £ 0.7 GPa respectively



with no significant difference between the two measurement sets. The indentation loading curves
show a plateau when the load is maintained constant at 500 uN for 10s (Figure 3a). This plateau
is the effect of stress-induced creep which can be linked to viscoelasticity or viscoplasticity in the
material [18]. During unloading, the curve demonstrates hysteresis with a different slope as
compared to the loading curve (Figure 3a). However, surprisingly, the AFM topographic study of
the indented regions shows no significant indent (Figure 3b). To ensure proper location, one indent
at 2 mN load was performed at known distances from the 500 pN indents. Note that no significant
material pile-up or sink-in is detected in and around the high load indent (Figure 3b). The two sets
of 25 indentations which were performed show differences that are attributed to rounding of the

Berkovich tip between the measurements as evidenced by changes in the calibrated tip function

(cf. SI 3).
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Figure 3 — (a) Examples of static mode indentation curves from the 1% and 2" set of 25 indents
and AFM image of the surface after indentation; inset on the indentation curve gives the calculated
values of E and H over the 50 indents. (b) Example of CSM data obtained on pristine MoSo,
average value from the 2" set of 25 indents from static mode indentation is shown for comparison.

The indentations performed in CSM mode (Figure 3b) were considered only up to an indentation
depth of 100 nm (<10% coating thickness) and the first 10 nm of indentation was negated due to
noise from the woodpecker effect. Interestingly, the MoS, sample shows an increasing trend for E

and H values with respect to the indentation depth, in particular at depths below ~ 45 nm. As well,



for E there exists a transition from nonlinear to linear which corresponds with approximately
45 nm of depth. In comparison to the second set of static indentations (same tip function as in CSM
mode), at 43 nm of depth (corresponding to 500 uN load) both the E and H values are consistent

with the static mode values as reported in the inset of the graph on Figure 3a.

3.3 Micro-bending tests

The rupture strength (Rm) values for the five micro-cantilever beams that were successfully
fractured as well as the values of Young’s modulus (E) measured from nine beams are presented
in Table 1. The results show very consistent E values across the beams giving E = 64.5 + 4.0 GPa.
Beam #10 demonstrated an AFM tip-sliding event (cf. SI 4) which might have modified the
tip/beam interface (e.g. transfer of material to the tip). This may explain the strong non-linearity
observed during the first 1% strain and consequently the outlier E value of 81.7 £ 4.5 GPa; beam
#10 was thus removed from the E average. As discussed in SI 5, contrary to E, the Rm of beam #5
does not appear to be as sensitive to the redeposition. Rm indeed stays within the range of values
defined by the other beams. Considering this additional Rm value to the five presented in Table
1, the average value is Rm = 728 + 88 MPa. Although both E and Rm exhibit values within a
reasonably narrow range across the six beams considered, two groups tend to be observed if the
strain to rupture is considered. Indeed, four beams (#3, #5, #7 and #9) exhibit a strain to rupture in
the 1.2% - 1.3% range while beams #8 and #10 exhibit a strain to rupture higher than 2.4% as seen

in Figure 4a.



Table 1 - Young’s modulus (E), rupture strength (Rm) and geometry of the micro beams measured
using AFM micro beam deflection testing.

Beam | Width | Height E Rm
# (um) | (um) (GPa) (MPa)
1 2.2 11 67315
2 15 0.76 59.7£3.5
3 15 0.8 67.2+25 740
6 15 0.83 65.7 £3.7
7 1.75 1.23 71719 810
8 1.64 1.16 61.7 £5.0 810
9 1.88 1.35 61.1+3.8 570
10 1.78 1.29 81.7+45 710
11 14 0.63 65.3+3.7

Regarding the fracture mode, the stress/strain curves (Figure 4a) demonstrate that the coating is
brittle as the beams exhibit no plasticity prior to fracture, which is confirmed by the HRSEM
images of the fractured surface (Figure 4b & c¢). While the stress/strain curve of beam #10 shows
strong non-linearity over the first 1% strain, the fracture surface is identical to the fracture surface
shown in Figure 4b which furthers the assumption that Rm is independent of E for these beams.
All the fracture surfaces show a multi-faceted structure within the coating bulk; the fracture plane
is not a single shear plane but rather made of many smaller fracture surfaces. Additionally, a
different contrast between the top 50 nm and the bulk of the coating within the beam is clearly
observable in SEM as shown on Figure SI 2 which demonstrates a change in the coating structure
locally within that thickness, consistent with TEM observations. Finally, there exists a clear
transition in the topography of the fracture surface with a step at approximately half of the height

from the top surface. There is a 90° < a < 120° shift in propagation direction of the cracks over



few hundred nm distance around half the beam thickness before the second straight brittle fracture

finally occurs.
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Figure 4 - (a) Stress/strain curves up to fracture of the beams on which rupture strength has been
measured, (b) & (c) fracture surface of the beam at the clamped end

4 Discussions

4.1 Stiffness & Ductility

Great consistency is observed between the indentation tests and the microbeam deflection tests,
which validates the AFM based deflection method. Both evaluation methods independently show
a Young’s modulus of approximately 64 GPa which compares well with the range of 50-170 GPa
reported in literature for MoSz coatings [10-12]. This good correlation between both measurement
techniques supports the two major assumptions that were made in determining the Young’s
modulus. First, the assumption of isotropic mechanical properties through the entirety of the

coating which was made for the microbeams is validated as it provides a statistically indifferent E



value to nanoindentation which interacts only with the surface volume rather than the entire
volume. Second, the strong correlation between the results obtained by the two independent
techniques indirectly validates that the Poisson ratio for MoS; is v = 0.27. This value of Poisson’s
ratio is, to the authors’ knowledge, the only reported value measured for MoS; and is the result of
a single crystal study conducted 40 years ago [46]. In the present study, only the nanoindentation
calculation uses the Poisson’s ratio to determine E while the microbeam deflection is independent
of this value thus indirectly confirming the validity.

The CSM measurements for the MoS; coating show a nonlinear increasing trend for E which is
characteristic of porous materials response to such loading [51-53]. This supports well the already
suspected presence of porosities due to significant gas desorption during friction of the same
coating [36,54]. Since porosity promotes crack propagation, this further suggests that this is a low-
ductility brittle coating [55,56].

While the nanoindentation and micro-cantilever beam techniques provide statistically indifferent
values for E, as the micro-cantilever beams were FIB-milled without the protective tungsten layer
on the coating, concern of Ga+ ion induced amorphization was considered. In order to identify if
this occurred during the micro-cantilever beam manufacturing, two studies were performed to
compare the pristine coating to the area immediately surrounding the microbeam structures (Sl 2).
Both investigations presented statistically indifferent results between the microbeam region and
the pristine coating, which suggests that the stray Ga* ions in the present study had a negligible

impact on the microbeam evaluations.



4.2 Hardness

Regarding the hardness, the static nanoindentation results present a medium-high hardness value
of 4.0 GPa compared to 0.5-8 GPa for MoS> coatings in literature [10-16]. This is likely due to
the nanocrystalline structure of the coating in accordance with the Hall-Petch effect [57]; the high
concentration of grain boundaries in nanocrystalline materials inhibit dislocation movement which
provides a material with high hardness and low ductility [58]. Although the nanocrystals are
embedded in an amorphous matrix, the hardness is nonetheless expected to be high as the
crystallites were measured to be 12 + 4 nm in length which represents nearly the smallest size and
therefore maximum hardness before the breakdown of the Hall-Petch relationship [59].
Interestingly, while clear energy dissipation (usually linked to plasticity) is observed during static
mode indentation, no residual imprint was found (Figure 3a). Stempflé et al. noted the same effect
in indentation of graphite based 3" body [60] and suggested that “the deformation energy during
the indentation is partly dissipated by structural changes of the elemental particles”. It is known
that under compression and shear stress (i.e. friction) amorphous MoS, based material can
crystallize into crystalline MoS, [61-63]. However, it could not be verified in the shallow
indentation case as studied here. Another assumption might be that the surface is able to elastically
recover while the stresses are transferred into the subsurface bulk of the coating. In the MoS; case
studied here, there is a plateau during the time the load is kept constant, which means the indenter
continues penetrating in the material. This, in combination with the observed lack of indent
detected on the surface, suggests that the MoS: coating is either demonstrating viscoelastic

properties or slow structural rearrangement such as the recrystallization mentioned above.



Such a behaviour could explain the low linear increase in hardness observed past the 45 nm
indentation depth. Altogether, evidence supports material “reconfiguration” rather than visco-

elasticity/plasticity.

4.3 Rupture Strength & Fracture

For six of the microbeams, deflection until fracture was achieved which ultimately demonstrated
brittle failure of the MoS; coating. The resulting rupture strength provides a comparable value to
the MoS: yield stress measured during nano-compression tests reported as 821 + 141 MPa [64].
For a material exhibiting a brittle failure such as this, yield would result right before rupture, which
occurs at Rm = 728 + 88 MPa in the present case. Additionally, the brittle fracture pattern of the
coating observed after the micro-bending rupture tests is consistent with the nano-indentation
results which suggest a brittle response of the MoS> coating. This is also consistent with
observations from tribological tests during which brittle failure of the coating with partial
delamination has been seen [38]. Interestingly, results can be divided into two classes based on the
strain to failure. No clear explanation for these two regimes was found except for inherent
heterogeneities within the coating.

The multi-facetted morphology shown in the HRSEM images of the fracture surfaces (Figure 4b)
is consistent with the idea of a nanocrystalline structure within the coating; the crack propagation
within the coating would follow an intergranular fracture pattern along the variably oriented
nanocrystallites thus providing a multi-facetted morphology as seen herein. Additionally, the
general direction of fracture isn’t straight but presents two fracture directions oriented at
90° < o0 < 120° to each other. The transition between the two directions is a clear step located

approximately half of the thickness below the top surface of the beam. This location is slightly



below the theoretical neutral bending axis of a triangular prism, which divides the tensile and
compressive regimes above and below the neutral axis respectively. Similar fracture surface
morphology has been seen in the past for similar scale tests on Si, which corresponded to the
neutral bending axis [32]. Additionally, in porous brittle material, it has been shown that while
tensile stress creates unstable crack propagation leading to catastrophic failure, the propagation
quickly stabilizes under compressive stress and is rather contained [56]. However, in the MoS;
case studied herein, a difference in compressive regime versus tensile regime may not solely
explain such unusual fracture surface. The shift in crack propagation at half the beam height
however corresponds to the location of maximum shear stress, which would suggest that the bulk
of the MoS; coating is sensitive to rupture by shear stress, even if the TEM appears to show
vertically aligned crystallites.

If Griffith’s theory is considered, it is possible to link the fracture stress to the crack length thanks

to equation (3). If Rm is used as the fracture stress o and either the specific surface energy of

MoS; (0.11 Nm) or the interlayer binding energy of MoS; layers (0.22 Nm™) [65] are used as
values for the surface energies of the crack y, then the crack length a determined from equation
(3) is within the 9 nm to 16 nm range. These values are consistent with peak-to-valley distances
measured on the top surface roughness of the beam (cf. SI 6), which was also demonstrated in the
Si microbeam case [32]. The roughness would thus act as a pre-crack. That means roughness can
most likely be at the origin of crack initiation, with the crack propagating within the MoS:

crystallites or at the interface between them.

2YE
Ta

(3)

O'f=

It has been shown that friction between crystallites occurs due to the rupture of weak points at the

inter-crystallite interface [66]. Moreover, tests performed on 2D MoS; crystals show that interlayer



sliding during bending occurs only when the number of layers is higher than 10 [65] while the
TEM study shows that nanocrystallites comprising the MoS; coating studied herein are made of
13.1 £ 1.1 atomic layers on average. As a result, combination of soft interface fracture at the
interface between the nanocrystallites and interlayer sliding within the nanocrystallites is the most
likely to happen.

As a consequence of several different internal mechanisms, it is proposed that the rupture
mechanism of the micro-cantilever beam fabricated in the MoS, coating is most likely a
combination of different phenomena governed by the roughness for crack initiation, the internal
porosities, and the nanocrystalline network for crack propagation until failure. The sensitivity to
shear stress (horizontal crack propagation in lower half) is suspected to be associated with
crystallite reconfiguration via possible reorientation of crystallites after rupture of weak points at
the inter-crystallite interface [66]. The morphology of the sheared surface appears flatter than, and

not as multifaceted as, the other two straight parts of the fractured surfaces.

4.4 Implications for Tribological Behaviour

During previous studies, the MoS; coating studied herein has been tested as a dry lubricant coating,
which is one of its primary uses. The mechanical characterization conducted in the present study
plays a key role in better understanding the tribological behavior of this lubricant. The noted
nanocrystalline structure aids in explaining why this lubricant performs better than purely
amorphous coatings [1] or much harder coatings (H=8 GPa) [15]. The present study demonstrates
that the coating can resist compressive stresses more than tensile stresses as the nanocrystalline
network and porosities deter crack propagation throughout in the bulk under compression.

Therefore, during normal compressive loading, the coating will not crack as quickly. When sliding



occurs, shear can generate both tensile and compressive regimes in the coating. Due to the
crystalline and the porous networks coupled with sensitivity to shear stress, the propagation of the
fracture can easily, and quickly, shift direction from perpendicular to the friction track to parallel
to it without the crack propagating deep in the bulk. As the structure in the bulk of the coating is
comprised of grains of small size, such behavior could most likely lead to small particle
detachment. This ability to “feed” the contact by detaching small enough particles to be trapped in
the contact and lubricate it is the mechanism of 3™ body formation proposed in the previous
tribological studies performed on this specific coating [1,38]. Within all their MoS; coatings,
Vierneusel et al. [15] obtained the best friction performances from a coating whose (i) surface
exhibits similar surface morphologies to the coating studied here, and (ii) hardness and
microstructure description that matches the present coating. However, TEM showed the presence
of a 47 nm thick amorphous layer on top of the coating. This does not affect the scenario

established above because under compression and shear, MoS; can recrystallize [61-63].

5 Summary & Conclusion

This study focuses on the measurement of the rupture strength of a 1.1 um thick nanocrystalline
MoS: coating deposited by magnetron sputtering. An experimental protocol to perform bending
tests using AFM on triangular FIB-milled micro-cantilever beams has been developed to
characterize the mechanical properties of the coating. Alongside the micro-cantilever beams, an
in-depth analysis of the mechanical properties and rupture behaviour under bending conditions
was performed in conjunction with mechanical and structural analysis using nanoindentation,
SEM, and TEM instruments. Better understanding of the tribological behavior identified in

previous studies was thus possible. Furthermore, it is consistent with the assumed, but not



concretely proven, mechanisms of particle detachment in the 3 body creation that is leading to
the success of the lubrication.

For the first time, the rupture strength of the MoS; coating is measured to be Rm = 728 + 88 MPa.
The micro-bending tests also confirm the brittle nature of the coating, which was indirectly
expected based on wear mechanisms observed in previous friction tests. The micro-bending tests
combined with nanoindentation and microstructural studies using TEM demonstrated both the
nanocrystalline and porous structure of the coating. Comparison with nanoindentation test results
additionally validated the microbeam deflection technique as the Young’s modulus determined
independently with both techniques presents statistically indifferent results: 63.1 £ 5.0 GPa and
64.5 + 4.0 GPa respectively. This sets an overall average value of E = 63.8 £ 5 GPa. Additionally,
the consistency in the Young’s modulus measured with both techniques allows for the
confirmation that the Poisson’s ratio value of v = 0.27 is accurate for MoSo.

This study has consequently determined both the microstructural (crystallinity, grain shape and
size, presence of porosity) and mechanical properties (E, H, Rm, v) of this MoS; coating thus
presenting a near-complete understanding of the coating for tribological testing. It also
demonstrated the influence of surface roughness and crystallite size in the coating resistance to
fracture. This therefore sets the groundwork for future studies such as numerical simulation of the
tribological behavior of the coating, structural compatibility with other thin-films for applications
such as batteries and semi-conductors, and microstructural understanding for applications such as

flexible electronics and nuclear energy.

Appendix

Information and DOI for our Sl
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