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Abstract: This manuscript summarizes the failure mechanisms found in inorganic
fullerene-type tungsten disulfide (IF-WS,) nanoparticles treated with diverse pressure
loading methods. The approaches utilized to induce failure included: the use of an
ultrasonic horn, the buildup of high pressures inside a shock tube which created a shock
wave that propagated and impinged in the sample, and impact with military rounds. After
treatment, samples were characterized using electron microscopy, powder X-ray diffraction,
energy dispersive X-ray spectroscopy, and surface area analysis. The microstructural
changes observed in the IF-WS; particulates as a consequence of the treatments could be
categorized in two distinct fracture modes. The most commonly observed was the
formation of a crack at the particles surface followed by a phase transformation from the
3D cage-like structures into the 2D layered polymorphs, with subsequent agglomeration of
the plate-like sheets to produce larger particle sizes. The secondary mechanism identified
was the incipient delamination of IF-WS,. We encountered evidence that the IF-WS,
structure collapse initiated in all cases at the edges and vertices of the polyhedral particles,
which acted as stress concentrators, independent of the load application mode or its duration.
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1. Introduction

The first inorganic fullerene-like nanoparticles of WS, were discovered by Tenne et al., working at
the Weizmann Institute of Science in 1992 [1]. Using the diffusion-controlled sulfurization of metal
oxides, they were able to empirically prove the existence of inorganic compounds based on WS, with
structures that were believed to only exist for carbon-based materials. Shortly thereafter, the discovery
of WS, nanotubes and fullerene-like structures led to the establishment of a new field of inorganic
chemistry; one dealing with closed-hollow nanomaterials [2-5].

Originally, carbon fullerenes, made of concentric layers of carbon, were thought to provide outstanding
tribological properties, and under low loads and high velocities they do [6,7]. However, due to their
phase transition from graphite to diamond at high temperatures and pressures, they cannot entirely live
up to the expectations that their structures suggest [8]. IF-WS, particles have numerous properties
similar to the carbon fullerenes, making them excellent solid lubricants; their extremely small size
(in the nanometer scale) gives them the ability to fill imperfections in the lubricated material to
effectively smooth the surface and prevent degradation. Due to their spherical shape, IFs are also said
to act like nano-ball bearings, feature that allows them to roll rather than slide, performing better than
other solid lubricants [4].

Currently, IF-WS, particulates are recognized for their potential not only as lubricants but also as
structural nanocomposites and shock absorbers [9—15].

The impressive shock absorbing performance of IF-WS, and IF-MoS; structures were first
reported by Zhu et al. [16,17]. Using uniaxial shockwave pressures up to 30 GPa and studying
the microstructural features of samples treated at diverse pressure settings, it was found that these
cage-like particulates have superior performance than their carbon counterparts. Those reports also
identified a lattice reduction for the samples treated at the higher pressures and provided a glimpse of
the material breakage mechanisms. Moreover, those journal articles introduced the concept that
smaller, more spherical IF particulates might be less prone to sustain damage than larger particles, a
key feature to have in mind when designing highly resistant nanoparticles.

By studying the structural characteristics of a material that has fractured one can understand how
materials fail and then make changes to the design and prevent, to a certain extent, the encountered
failure modes. Fracture mechanics principles allow us to predict maximum working stress for a given
material, establish relationships between materials properties, stress levels, crack producing flaws and
conditions for the cracks propagation that ultimately will result in catastrophic breakdown of structures.

Here, we induced the breakage of IF-WS, particulate structures employing three different
setups: (i) the use of an ultrasonic horn operated at diverse amplitudes and periods of time with the
sample immersed in a solvent; (ii) pressure waves created inside a shock tube; and (iii) impact with
military rounds. The ultrasonic horn was used at diverse amplitudes and treatment times and produced
cyclic loading conditions similar to the ones used for fatigue studies of macroscopic objects. The shock
tube and the military rounds produced a single uniaxial impact event over only fractions of a second.

The objective of the experiments was to study the microstructural characteristics of the materials
postmortem and based on those observations identify failure modes—fracture mechanisms. Then
establish relationships between those and the type and duration of each treatment method employed,
identifying the most important variables for the particulates failure.
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Our results demonstrated that the effects observed when applying pressure loads to the IF-WS;
nanometric particles are a particular case of the more general principles established by fracture
mechanics to explain macroscopic crack propagation: stress concentrators at the particle surface play
a much larger role in the material failure than the directionality or duration of methods used to apply
the loads.

2. Results and Discussion
2.1. Sample Characteristics before Treatment

The IF-WS, particulates utilized for this study were analyzed by diverse techniques before
treatment. TEM analysis showed that the IF nanostructures presented the typical hollow cores and the
particles exhibit polyhedral shapes, as seen in Figure 1. The value for the lattice spacing observed
varied depending on where the measurement was performed; the faces of the polyhedrons presented an
average value of 0.62 nm, while the vertices had an average separation of 0.63 nm. Thus, when the IF
particulates do not have a perfect spherical shape the lattice distance seem not to be uniform.
Observation by SEM determined that the particle size distribution was between 30 and 420 nm, with
an average diameter of 143 nm and only a few particles of more than 500 nm. BET surface area of the
sample was determined to be 35 m*/g.

Figure 1. TEM image of an IF-WS, particle before treatment.

2.2. Sample Postmortem Analysis

Before presenting the post treatment sample characteristics, it is worth noting that the diverse
methods used to impinge in the sample (each described in the experimental methods section) impart
very different levels of energy at very different time scales:

It has been estimated that the use of military rounds of the size used at the velocities recorded
provided approximately 2070 Joules in a non-isotropic single event that lasted only fractions of a
second. The compressed-gas driven shock tube experiment produced a wave that first impacted in the
Kevlar layer located in front of the sample (which was used solely to contain the powder IF-WS,)
impacting next the sample in a non-isotropic manner. This single incident also lasted fractions of a
second. A pressure sensor located after the Kevlar layer recorded an average pressure of 1742 KPa
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when using He as the gas, as such, the estimated pressure of the wave that actually reached
the sample. In contrast, during the ultrasonic treatment, the particles were completely immersed
in a liquid, thus, being subject to isotropic shocks for much longer periods of time (between 3,600 and
10,800 s). The estimated energy conveyed when using a 1200 W ultrasound horn during such periods
of time was from 4032 to 12,096 kilojoules respectively. In all cases, only IF-WS, particulates were
tested, no composites are included in this study.

Some research groups have studied the variations in the dyp interlayer spacing in the samples
before and after pressure loads using XRD powder data or TEM observations to relate such values to
unit cell expansions or contractions [17,18]. Given the dispersion in lattice values noted by TEM
studies mentioned above in the untreated samples, the extraction of useful postmortem TEM data could
result very complicated. The change in lattice constant for IF-WS, seen before treatment arises
from the differences in curvature between different locations of the polyhedral cage-like spherical or
semispherical IF-WS, nanoparticles. To determine if XRD patterns could provide more reliable data,
given that they include information from all the crystal locations and orientations, we performed such
analysis for the samples treated by the three loading methods.

The XRD patterns of samples subjected to the diverse treatments are shown in Figure 2. The graph
in the upper section of the image shows the peaks encountered between 5° and 70° (20), while the
bottom image presents only the (002) peak. Specimens treated by ultrasound waves in wet conditions
(dispersed in a solvent) and then dried for the analysis, present a (002) reflection that has shifted to
higher angles. This alteration in the X-ray pattern indicates a reduction in the cell spacing when
compared to the untreated sample. A similar observation was made in references above [17,18]. We
believed that such shift could be related not only to a compressed IF cell but to a phase transition from
the IF cage structure to a more dense 2D plate-like WS, arrangement with slightly smaller 001 distance.
The width of the (002) XRD peak for ultrasound treated powders in Figure 2 (red line) might suggest
the presence of both, IF-WS, and two-dimensional WS, in the same powder sample.

The peaks identified with the * symbol do not belong to WS, but to WO;. The existence of small
amounts of WOs3 could not be verified by EDS analysis of large portions of the sample by SEM but
was clearly identified by TEM of selected locations (uploaded as Figure S1).

By comparison, the samples collected after shock tube tests and military rounds insult show either
no change or a slight shift to lower angles. Such result could be interpreted as no modification of the
structure or a small expansion in the lattice parameter. We believe, however, that disparity in those
results, when compared to the ultrasonic treated sample, might be more related to the experimental
constrains faced when collecting the powders than a clear representation of the specimen features. The
collection of the section of the sample that was directly exposed to the shockwave or to the impact of
the penetrator was difficult; the particles had the tendency to get expelled from the impact site and only
some of them remained in the center of the tested specimen or close to the hole left by the round and
got recovered. That is, the XRD signal represents the average of all the particles gathered in the
postmortem, some of which were not as affected by the event as the ones at the center of the impact
location. In the case of ultrasonic treatment, the full sample was contained at all times and all particles
were equally affected by the treatment, therefore rendering a powder that presented more uniform
features and more reliable data, thus confirming a shift in the dyo.
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Figure 2. X-ray diffraction analysis of particulates recovered after treatments.
Top: reflections observed between 5° and 70°; Bottom: (002) peak for all samples. Only
the sample gathered after ultrasonic treatment showed a shift to higher angles. The symbol
* identifies a WO; peak.
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The precise effects of applying diverse loading conditions in the specimens’ microstructures were
much more evident once the samples were studied by electron microscopy. We were able to conduct
the analysis with smaller amounts of sample and use only particulates from affected locations. Figure 3
presents a SEM image of the IF-WS, particles before (a) and after (b) ultrasonic treatment. The
existence of extended layered structures (identified with arrows) along with the original IF polyhedral,
semispherical shapes is the most noticeable change. According to particle size distribution measurements
(Figure 3c) the average diameter of the particles in the sample after treatment has shifted to larger
sizes, 252 nm (blue histogram), and clearly shows a bimodal distribution. Particles between 800 nm
and 1 micron, not seen in the untreated sample, are present in the ultrasonic treated specimen. The
larger plate-like particulates correspond to the 2D polymorph and no longer present the hollow cage
structure of IF-WS,. The appearance of the 2D phase supports the XRD data collected regarding both,
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the XRD peak shift and its width, and agrees with the initial reports suggesting a lattice
compression [17,18]. Notably, the particles did not only collapsed and lose their hollow cores; they
also transformed into 2D structures and then suffered an agglomeration mechanism that turned them

into much larger, irregular shape units.

Figure 3. SEM micrographs of (a) untreated particles, (b) samples treated with ultrasonic
horn during 3 h at 20% amplitude (17 ppp). Note the appearance of layered particles of
much larger dimensions than original spheroids; (¢) Particle diameter comparison between

the two samples.
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Given those observations, we have denominated this transformation or fracture mode as
“agglomeration”, since the collapsed particles seem to have larger dimensions after the experiment,
implying the agglomeration of many of the original IF spheroids. However, agglomeration is a general
term that only refers to the enlargement of the particles and does not completely account for all the
complex steps that the particles suffer during this failure mode. Some of the stages we believe are
necessary for the 2D polymorphs to acquire the sizes observed imply: (i) an initial crack formed in the
surface of the IF particles; (ii) crack propagation towards the core, leading to a complete fracture of the
walls; (iii) a structure collapse and disappearance of the hollow cores; (iv) sheets re-arrangement; and
(v) new bonds being formed. Moreover, the large sheet-like particles in Figure 3¢ show little evidence
of grain boundaries, which suggests the involvement of a sintering or crystal growth mechanism, rather
than simple agglomeration. Some of the flattened sections (Figure 3¢) reached even micrometer lengths,
far from the 143 nm average diameter in the untreated [F-WS,.
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The temperature during the sonication experiments was controlled by an ice bath to prevent solvent
evaporation. Nevertheless, given that the particles were exposed to the ultrasonic waves during
extended periods of time (up to 10,800 s in some cases) the process seems to have provided enough
energy to allow all the steps mentioned above to happen (i—v), followed by crystal growth. The fact
that the (002) peak for ultrasound sample, in Figure 2, is much more intense than the one from the
untreated specimen supports the idea that more particles with such orientation exist, as is typical of
layered structures, fact now verified also by the SEM data.

The study of the ultrasonic sample postmortem by transmission electron microscopy corroborates
the existence of both the 2D and 3D (IF) polymorphs. The TEM study of the IF particles that did not
collapse presented evidence of crack initiation in the vertices of the polyhedrons. Figure 4 (left) shows
one of those cracks, which has not yet propagated through the whole structure. In a similar fashion that
surface defects can promote the fracture of macroscopic objects at smaller levels of stress than the ones
predicted by theoretical calculations, in IF-WS, nanostructures the imperfections in the particles’
surfaces act as stress concentrators. No WO3 was identified in the specific particle structure where
such observations were made, ruling out its effect in the particle fracture mechanisms.

Figure 4. Left: TEM micrograph of a particle treated with ultrasonic horn that presents
a surface crack. The inset is a magnified version of the area pointed by the arrow;
Right: TEM studies corroborated the damage of both, internal and external layers of the
IF structures.

As pointed out in multiple references [19-22], materials do not fracture while in compression, they
fracture in tension. The failure modes observed in samples post ultrasonic treatment present a similar
signature as the ones expected from fatigue experiments; they resemble the fracture of materials that
have been subjected to a cyclic load which involves the contraction and expansion of the structure. We
found evidence of breakage in the surface (crack in Figure 4 left) presumably created during one of the
expansion cycles while in tension. However, there is also evidence of some of the sheets breaking
inside the particles’ core (Figure 4 right), indicating a similar mechanism occurring but in the opposite
direction, pointing to a cyclic load.

The complete breakage of the outer layers in the crack area (in Figure 4 left) seem to happen
without extensive plastic deformation, resembling the typical brittle failure. Such feature is observed in
many particles and diverse sections of the sample. However, we also identified particles that present a
slightly larger separation between the first and second layers of the lattice than the one found for the
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inner layers. Such a fact can be interpreted as evidence of a very small amount of plastic deformation
occurring in the direction perpendicular to the lattice fringes.

Apart from the multiple particles suffering the agglomeration type failure (fracture-agglomeration-phase
transformation steps described before), a second mechanism was identified by the observation of the
samples by TEM: incipient “delamination”. Indeed, small sections (ca. 10—15 nm) of a few of the IF
particles seem to partially separate from the main body of the structure. Figure 4 (right) exemplifies
that case, the arrows pointing to sites of partial delamination. A similar exfoliating mechanism
has been observed by other groups [17,23]. We did not find evidence of larger sections or complete
layers totally separating from the IF spheroids in the ultrasonic treated specimens. The amount of
particles presenting partial delamination, when compared to the amount that presented agglomeration,
was minimal.

The main difference found between the two failure modes is that agglomeration mechanism destroys
the hollow cage structures, generating 2D extended structures, and delamination does not. The main
parallelism between them is that both, incipient delamination in the outer layers of the IF structures,
and crack formation with propagation towards the particle core are observed in the vicinity of vertices,
edges or surface defects.

The fact that the vertices in untreated particulates presented a larger average interlayer distance
(0.63 nm) than the faceted sides or walls (0.62 nm) is suspected to have an influence over which
failure more (agglomeration vs. delamination) is predominant. However, the difference between such
values is so small that more data and a higher resolution instrument might be required to be able to
make a definitive correlation.

There is no evidence that suggest that one failure mode represents a first step towards the other. The
transformation between the IF particles and the 2D structures in the agglomeration mode seem to start
with a crack that advances towards the particle core, feature observed in samples treated in different
conditions. The few cases of delamination seen do not exhibit such crack directionality but a separation
of only the outer layers. The failure modes do not seem to be associated to particle sizes either. Perfect
spherical particles might present a correlation between such since the size will determine the radius of
curvature, which is a factor that affects the crack propagation in macroscopic objects.

One of the main limitations we encountered during this study was the lack of a method to quantify
the level of damage that the samples suffered. From the SEM images we could estimate the percentage
of the sample surface that transformed into larger particles due to the agglomeration mechanism (as in
Figure 3). However, multiple images need to be taken to assure that the features observed actually
represent the bulk of the sample and the existence of the flat particles underneath the surface layer of
the sample could be overlooked. Since the most common failure mechanism observed by large was
agglomeration, and only very small sections of the sample delaminated, we contemplated the use of
surface area measurements to evaluate the level of damage. Indeed, most particles suffer an enlargement
that will produce a surface area reduction (due to the agglomeration mechanism) and only a few of
them will have more area exposed (due to delamination).

The surface area data from samples treated with the ultrasonic horn at diverse amplitudes was
calculated using the BET methodology and is presented in Figure 5. Samples treated at higher amplitudes
or for longer periods of time (not shown) suffer an evident surface area reduction. Both amplitude and
time imply more energy being imparted to the particles. The former because the energy transported by
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a wave is directly proportional to the square of the amplitude of the wave: A high-energy wave is
characterized by a high amplitude; a low-energy wave is characterized by a low amplitude. The latter,
because energy is calculated directly from the product of the Watts provided by the source and the time
of the treatment. The trend towards smaller surface areas in Figure 5 could be correlated to particle
agglomeration and the presence of extended 2D layered structures, as the ones seen in the example
presented in Figure 3.

Figure 5. Surface area analysis (m%g) vs. amplitude found for samples subjected to
ultrasonic treatments.
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The BET surface area measurement does not provide a definitive way to evaluate damage when
both agglomeration and delamination occur in large extents. However, it provided a way to compare
the extent of damage in bulk samples when agglomeration was the dominant mechanism (as in the
ultrasound treated samples) without the need for lengthy SEM/TEM analysis.

As previously stated, the study of samples by electron microscopy provided a more definitive proof
of the changes that the IF-WS, structure suffered under load than the shifts observed in the XRD
analysis alone. Such was particularly true for the samples subjected to shockwave tests and impacted
with military rounds, since smaller amounts of powder could be analyzed and only particulates from
insulted regions were collected. See Figure 6.

Figure 6. Cracks in the vertices of the particles are the only evidence of damage in samples
subjected to shock tube tests. No crack propagation or structure collapse was observed. No
evidence of delamination was found either.

The evaluation of the samples treated by shockwaves revealed that the damage sustained was less
than the one observed for ultrasonic methods, as expected from the low pressures registered by the
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sensors. The SEM observation of the sample from shock tube revealed that only very small sections of
the sample showed agglomeration. TEM images showed crack initiation and Figure 6 exemplifies this
feature. The arrows on the image point to two different sites where the crystal structure fractured. The
pressures used by shockwaves produced by N, and by He were not enough to cause the sample to suffer
a complete collapse. We did not find evidence of delamination in any of the multiple particles analyzed.
Thus, we found no evidence that the agglomeration failure mode is preceded by delamination.

Samples impinged with military rounds suffered a larger level of damage than that observed for
shock tube tests. Unfortunately, as stated before, it was difficult to collect large amounts of sample in
the circumference left by the penetrator, reason for the XRD and BET data not to be as reliable as the
one seen for ultrasonic treatments. Nevertheless, the SEM analysis of the sample provided proof of the
same mechanisms described earlier in this article. We found layered structures similar to the ones in
Figure 3b; however, in this case the agglomerates reached not only micrometer dimensions in length
and width, but also in height. There are regions in the postmortem sample that the IF particles can still
be encountered but the agglomerates are much more abundant.

Figure 7 shows both, the more frequently observed agglomeration (left) and an image of the less
common delamination (right). Regarding the agglomeration case, once the IF particles fracture at the
polyhedron vertices or edges, they collapse, their sheets re-arrange to diminish any spaces in between
layers and are added to the larger crystals in a fashion similar to the one observed during crystal growth
(Figure 7 center). In Figure 7 left, grain boundaries mark the regions where IF particles have joined the
main particle. The letters in the figure represent: (a) matter has completely been incorporated onto the
agglomerate and is now part of the surface to which new particles will connect; (b) the grain boundaries
of the initial IF particle are still visible within the main body of the agglomerate; (c) a new layer is
being formed, some sections of the same present layered structure with sharp edges and others partially
conserve the spherical shape; and (d) an [F-WS, semispherical particle still lays in the surface.

Figure 7. Sample recovered from impact with military rounds. Note the similarities
between regions where IF have been added to an existent layered structure, such as a, b, c,
and d (left) with sites proposed by crystal growth theories for addition matter in a

surface (center). Particle showing layers that delaminated (right).

The angles in the vertices in the polyhedral particles seem to play a similar role than the radius of
curvature of the surface or internal cracks have in traditional fracture mechanics analysis. Furthermore,
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the larger crystal to which other IF are being added present imperfections such as kinks, ledges,
steps, etc. Each of those sites represent regions in the sample where dangling bonds exist; those
locations are more prone to accept the addition of new matter to reduce the overall surface energy as is
usually described by crystal growth theories [24,25]. According to the latter, the thermodynamics of
crystal surface formation and transformation is based on the idea that the energy that each atom’s
position on a crystal surface is determined by the number of neighboring atoms and the amount of
unsatisfied bonds. The numbers in Figure 7 (center) represent: surface atoms, surface vacancies,
adatoms, kinks, and steps. Figure 7 (right): this image represents the only instance that we found of
what it seems as a complete layer delamination; the outer sheets of the material seem to come apart to
reveal an inner particle still intact.

The effect of temperature in the material agglomeration during the military round impact certainly
plays a significant role to transform the IF into extended sheet-like WS, structures. However, given the
complexity of the test, no temperature values were recorded and the heat effect will only be subject of
further study and discussion in future reports.

Figure 8 summarizes our findings. In the agglomeration mechanism: IF particles are more
susceptible to breakage in areas where defects or discontinuities, such as edges and vertices, are
located. Those act as stress raisers and are the primary sites where crack initiates, in the outer layers of
the cage structures. Once the crack propagates it will reach the hollow cores, which will promote the
particles collapse and the transition between the 3D and the 2D WS, polymorphs. The layered
structures will agglomerate to reach micron scale dimensions. The collapse and agglomeration of the
IF structures was the main effect identified as a consequence of the application of ultrasonic treatment
in diverse conditions and the use of military rounds despite the diverse time scale of each of those
methods. Shock waves in the conditions employed only produced surface cracks without the full
structure collapse. Agglomeration signature is identified as the predominant mechanism in the
experimental conditions used.

Figure 8. Representation of the two failure modes identified in the IF-WS; structures.
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We also identified evidence that suggests that the particles can suffer delamination. The areas in the
IF particles surface where this failure mode was identified also correspond to locations where defects
or discontinuities are observed. During this failure mode the Van der Waals attraction keeping the
layers in the together is broken as a consequence of the shock and small portions of the outer layer
come apart, leaving behind sections with a smaller diameter particle but still IF characteristics. The
separation between surface layers do not seem to propagate into internal layers. Remarkably, during
our experiments we observed incipient delamination in only very few particles treated by sonication.
No correlation was found between the extent of this failure mode and times of treatment. We observed
only one instance of an almost complete layer separation (Figure 7c).

In sum, all the electron microscopy observations conducted in the postmortem products point to the
existence of surface flaws as starting point where agglomeration or delamination take place, independent
of the amount energy imparted by the insult, the time of the event or the isotropic or non-isotropic
nature of the experiment.

The structure fails by two modes: either as a consequence of the creation of a surface crack and its
propagation into the hollow core, followed by the structure collapse and resulting in the transformation
into a 2D sheet-like polymorph and the agglomeration of particles into larger bodies, or by delamination
of small sections of the sample, which does not completely destroy the IF structure but removes
superficial sections, leaving the hollow cores and inner walls intact.

What conditions favor agglomeration over delamination is still subject of study. No link has been
found here between the two fracture mechanisms and levels of stress. Crack formation, usually followed
by propagation and structure collapse has been identified without evidence of delamination at diverse
levels of stress and over a wide range of times of treatment. The interlayer separation and the radius of
curvature (given by particle size and existence of faceted structures) are suspected to play a role on
which mode dominates however, such has not been clearly demonstrated/quantified.

Studies of brittle fracture demonstrate that the experimental fracture strengths of most materials are
lower than the theoretical ones (based on calculations related to atomic bond energies) due to the
existence of microscopic flaws that act as stress raisers, amplifying the stress at a given point. The
postmortem TEM analyses indicate that the IF-WS, particles deform and break where structural
discontinuities appear: defects and edges in the polyhedral shapes, along the degree of curvature of the
particulates, seem to play a critical role on the material resistance to breakage, following a pattern
similar to the ones observed in more general fracture mechanics principles. These findings provide
evidence that without the stress concentrators in the particle surface, as would be the case if more
spherical particles were used, the material should be able to support higher pressure loadings,
supporting previous reports [17]. The bottom of Figure 8 shows a schematic representation of how
such particles will look like.

No evidence of crack formation or delamination was seen in the more uniform sections of the
particle surfaces. These results suggest that [F-WS, is prone to show a phase transformation into a 2D
polymorph and only near spherical particles might show remarkable shock absorption characteristics.
Despite finding that the structures have similar failure modes than their carbon counterparts, which can
diminish their shock resistance, our findings also point to a solution to the failure: use of defect free
(more spherical, not faceted) particulates, supporting previous statements made by Tenne et al. [17].
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It is worth noting that the creation of defect free IF-WS, particles might prove challenging; the use
of completely spherical WO3 produced by microwave plasma methods in our labs and reacted with
H,S, produced highly faceted IF-WS,, see Figure 9. Different treatment conditions should be developed
in order to achieve completely spherical nanoparticles.

Figure 9. IF-WS, generated at 900 °C from the WOs; produced using a microwave
atmospheric plasma system. Despite the highly spherical nature of the precursor, the
IF-WS; particulates present facets and polyhedral shapes. A few atoms thick 2D WS, were
also observed.

With failure modes now clearly characterized future research could (a) correlate the cracks
observed, the angles at the vertices and the levels of stress used, to generate mathematical expressions
that could predict mechanical properties such as fracture toughness for the particular size of IF-WS,
and (b) design nanoparticles against fracture.

3. Experimental Section

Commercially manufactured inorganic fullerene-type tungsten disulfide (IF-WS,) was obtained in
the form of a commercial lubricant Nanolub (NanoMaterials Ltd., Ness Ziona, Israel). The sample was
washed with ethanol to remove additives; the solvent was separated using an Eppendorf (New York,
NY, USA) Model 5418 centrifuge and the IF-WS; particles dried at room temperature in a desiccator.
The sample was studied by XRD and SEM before being subject to treatments and as postmortem.

3.1. Methods Used to Induce Failure

The ultrasonic tester used for this procedure was a Sonomechanics (New York, NY, USA) 1200 W
ultrasonic liquid processor shown in Figure 10. The equipment consists of a generator that provides
electric signal input to the piezoelectric transducer, a water-cooled barbell horn and a protective
enclosure. The samples were placed in a solvent (water or ethanol) and the beaker containing such
dispersion was placed in a second beaker, which was filled with iced water and a copper coil that was
also circulating cold water to maintain the bath at a constant temperature. The generator produced a
constant frequency of 20 kHz at the horn tip; however diverse samples were exposed to the ultrasonic
waves during different conditions: the amplitude was varied between 20% and 100% (which
correspond to 17 to 81 upp, respectively) and times of exposure extended from 3600 to 10,800 s.
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Figure 10. Ultrasonic horn setup. Note that a cooling bath was used to maintain a constant
temperature, however the bath that included the cooling coil and the sample in the liquid
media were not in contact. The latter were placed in a second beaker. The blue foam was
used to keep the inner beaker in place.

A shock tube was used for creating a shock wave that propagated and impinged on the sample.
A Kevlar layer was positioned on the surface of the particles to prevent their dispersion inside the
shock tube. The system uses a pressurized driver section and evacuated driven section separated by a
pair of diaphragms to create a supersonic wave that propagates along the tube and impinges on a test
holder at the end of the device. Pressure transducers are located along the tube allow for monitoring of
the shock and measuring its speed and strength (pressure sensors 1, 2, and 3 in Figure 11). Detailed
theory can be found in [26].

The material to be tested was attached to the holder and bolted onto the end section where pressure
transducer cable was connected. The shock tube was then loaded with two heat-treated copper diaphragms
0.025 inches thick scored to a depth of 0.013 inches. Vacuum was then drawn to an absolute pressure
of approximately 2 mm Hg in the driven section through the use of a roughing pump. When this was
complete, gas was added in a controlled manner until the driven section reached 25 mm Hg. The
vacuum gauge was isolated and then disconnected to prevent damage to it during creation of the
pressure event. The driver section was then loaded with either Nitrogen or Helium (depending on the
desired Mach number) to 720 psig. When the pressure gauge reached 350 psig, the mid-section was
isolated. The shock tube was then fired by opening the firing valve. As pressurized gas entered the
diaphragm section the pressure differential across the second diaphragm caused it to burst creating
a wave through the driven section. The subsequent drop in pressure in the diaphragm section caused
the first diaphragm to burst and the formation of a second, faster wave. The second wave overtook
the first and the two coalesced into a single wave that traveled along the driven section and to the
sample holder.
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Figure 11. Shock tube setup (top) and image of the sample contained with Kevlar (bottom).
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For the impact with military rounds the IF powder sample was dispersed in between Kevlar layers
and the layers introduced into a nylon pouch. The later was then positioned in front of a clay bed and a
7.62 mm NATO round was then fired at it as indicated in Figure 12. The IF-WS, particles located
close to the hole left by the penetrator were then collected and analyzed by the methods described in
the next section.

Figure 12. Sample testing setup (left) and orifice left by penetrator in a nylon bag that
contained the sample in between Kevlar layers (right).
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3.2. Methods Used to Characterize Samples

A Philips 1830 PAnalytical X-Ray Diffractometer (Almelo, The Netherlands), using a copper
source, Ka of 1.54 A was employed for the analysis of the crystalline components of the samples. The
powders were positioned into a silicon zero background sample holder and the diffraction patterns
recorded between 5° and 70° (20) with 0.020° step size and one second per step.
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A JEOL (Tokyo, Japan) 2010F FASTEM field emission gun scanning transmission electron
microscope (STEM/TEM) equipped with Gatan (Pleasanton, CA, USA) GIF image filtering system was
used to collect images and electron diffraction patterns. The samples were dispersed in ethanol and a
drop of the mixture was allowed to dry in a Holey carbon copper grid. The JEOL 2010F lattice
resolution is 0.1 nm.

The microstructural features of the specimens post treatment were analyzed using a Zeiss Neon
(Oberkochen, Germany) 40 High Resolution Scanning Electron Microscope (SEM). Images were
acquired at diverse magnifications while the microscope was operated between 5 and 20 kV. Energy
Dispersive Spectroscopy (EDS) experiments were conducted in conjunction with the SEM using an
Apollo 10 silicon drift detector (SDD). Data was collected and analyzed using Genesis Spectrum
software (EDAX, Mahwah, NJ, USA).

Brunauer Emmet Teller (BET) surface area analysis was performed employing a Quantachrome
(Boynton Beach, FL., USA) Nova 4200 Physisorption analyzer. A degas step was conducted prior to the
analysis. The measurements were done using nitrogen atmosphere.

3.3. Attempts to Produce Highly Spherical IF-WS,

Highly spherical WO3 was generated in an atmospheric plasma torch microwave system following
procedures previously reported [27,28]. The WO; sample was then transformed into IF-WS; by a thermal
treatment in a tubular furnace operated at 900 °C for a period of 2 h using H,S atmosphere.

4. Conclusions

The microstructural changes observed in the IF-WS; particulates as a consequence of treatments
with ultrasonic horn, shock tube and military rounds could be categorized in two distinct fracture modes.

The most commonly observed was the phase transformation of the 3D cage-like structures to the
2D layered polymorphs, which involved a crack forming at the particulate surface leading to the
structure collapse and subsequent agglomeration of the plate-like sheets, to produce larger particle
sizes. Such mechanism dominated the samples’ microstructure for experiments performed using
ultrasonic waves and the ones exposed to military rounds. Incipient cracks were identified in shock
wave postmortem samples.

A less common secondary mechanism of particle breakage was also identified; the delamination of
IF-WS,. However, the later was mainly observed as an incipient process, with only very small sections
of the shells separating from the IF main body and the survival of the IF hollow cage characteristics.

The steps required for particle failure by the first mechanism included: (i) an initial crack formed in
the surface of the IF particles; (ii) crack propagation towards the core, leading to a complete fracture of
the walls; (ii1) structure collapse and disappearance of the hollow cores; (iv) sheet re-arrangement; and
(v) new bonds being formed, which resulted in an overall agglomeration. We encountered evidence
that the IF-WS, structure collapse initiated at the edges of the polyhedral particles, which acted as
stress concentrators, demonstrating that general fracture mechanics concepts can be applied to materials
at the nanoscale. Based on those findings and in agreement with previous reports, defect-free perfectly
spherical IF-WS, surfaces are expected to present improved shock absorbing performance than that
observed for polyhedral shape IFs.
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We found that surface area measurements could be correlated to the extent of particle damage when
agglomeration could be recognized as the main effect of the pressure load.

We demonstrated that more irregular particles (faceted) tend to fail at defect sites that act as
stress concentrators independently of how energy is delivered: shock being applied in fractions of a
second, or over long periods of time, as an isotropic or non-isotropic event, as a single occurrence or
by cyclic treatment.
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