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ABSTRACT

Understanding how nanoparticles deform under compression not only is of scientific importance but also has practical significance in
various applications such as tribology, nanoparticle-based probes, and the dry grinding of raw materials. In this study, we conducted com-
pression tests on model brittle glassy nanoparticles using molecular dynamics simulations. We found that during the early stages of plastic
deformation, shear bands formed in a similar pattern regardless of the nanoparticle size. However, as the deformation continued, dominant
cracks emerged in large nanoparticles while being suppressed in smaller ones. This size-dependent brittle-to-ductile transition can be
explained by a simple model based on Griffith’s theory. We also investigated the effect of the surface stress state on fracture using thermally
tempered nanoparticles. We observed that the presence of compressive surface stress strengthened the nanoparticle by suppressing crack for-
mation, even when a pre-notch was present. On the other hand, tensile surface stress had the opposite effect. Interestingly, nanoparticles
with both tensile and compressive surface stress promoted shear deformation, which could potentially compromise the mechanical perfor-
mance of tempered glass despite delayed crack formation.
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I. INTRODUCTION under compression is foundational to the comprehend deformation
of nanogranular materials® in which nanoparticles compress/shear/
adhere against one another. For instance, the room-temperature
impact consolidation method,”® universally applicable among
brittle aerosol particles, relies on the brittle-to-ductile (BTD) transi-
tion as the aerosol particle becomes smaller.

There are a wide range of nanomechanical tests to characterize
the mechanical properties of nanomaterials of different shapes and
sizes.”*? Uniaxial tension tests have been carried out on nanowires,
nanopillars, and focused-ion-beam-carved miniaturized dog-bone

Mechanical properties of nanoparticles are of fundamental
importance in many fields of science and engineering. The elastic-
ity, plasticity, and fracture of a single nanoparticle, particularly the
size dependence, are not only interesting mechanical problems of
materials, but also crucial in engineering applications in which
nanoparticles are under mechanical loading. Understanding the
deformation of third body particulates between moving contacts,
such as solid lubricants and wear debris, constitutes one of the

grand challenges in tribology." Single-nanoparticle-terminated tips samples. In addition, uniaxial compression tests have been conducted
have been developed for scanning probe microscopy,” the operating on nanopillar samples.”*"* However, there are only a few experi-
condition and device reliability’ of which demand a quantitative mental reports on the compression of nanowires and nanoparticles.
understanding of the deformation behavior of single nanoparticles. The compression test on a glassy silica particle'® about half a micro-
Mechanical milling is a cost-effective way of nanoparticle synthesis meter in diameter has been conducted in a transmission electron
directly from bulk materials," yet its efficacy relies on the fracture  microscope, in which silica glass plastically flows facilitated by a high
of brittle particles, which becomes harder as the size reduces.” intensity electron beam. Similar in situ nanoparticle compression has
Furthermore, the knowledge of how a single nanoparticle deforms been reported on platinum,'” diesel soot nanoparticles,'® alumina,"’
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and nickel-iron alloys.”® A recently developed technique termed
laser induced particle impact test (LIPIT)*'~*" is capable of launch-
ing spherical microparticles onto targets with km/s speed, causing
damage to both the microparticle and the target. The LIPIT could be
viewed as the impact nanocompression test of spherical particles,
given that the particles are much softer than the target.

The molecular dynamics (MD) simulation method has played
an increasingly important role in the field of nanomechanics, includ-
ing the modeling of nanoparticle deformation.”* The elastic behavior
of carved single crystal platinum nanoparticles with different shapes
and facets has been simulated under compression, which exhibits
surface-induced size-dependent modulus,”” as well as the emission of
partial dislocations and the formation of stacking faults during
plastic flow."” MD simulation has also been used to model the com-
pression of diesel soot nanoparticles with different combinations of
carbon hybridization states.'> Phase transformation from diamond
cubic to beta-tin has been seen in the compression of silicon nano-
particles around 10 nm in radius, which can be partially reversed
upon annealing at higher temperature.”” Another MD simulation of
silicon nanoparticles under compression showed that the notion of
“smaller is strong” is shape-dependent.”® Faceted metallic nickel-iron
nanoparticles have also been simulated in which dislocation nucle-
ation depends sensitively on solute distribution.”

The key questions on the mechanical behavior of nanoparti-
cles are on the size-dependent yield strength, fracture strength, or
phase transition threshold. Based on Griffith’s energy argument
that the stored elastic energy drives the formation of new crack sur-
faces, Kendall® showed that the fracture strength under compres-
sion of a brittle particle increases as its size reduces. By considering
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a specific particle shape (rectangular plate sharped on one end),
Kendall developed a critical BTD particle size, below which the
particles are ductile. In fact, such BTD energy argument can be
generalized for yield and phase transition by balancing the stored
elastic energy with the energy cost for the deformed/transformed
region. In the present work, we focused on understanding the BTD
transition of nanoparticles under compression. Glassy nanoparti-
cles were chosen here to avoid the complexity associated with
anisotropy and facets of crystalline nanoparticles. Furthermore, the
elasticity of a spherical isotropic nanoparticle can be well described
by the Hertzian contact theory, reciprocating indentation with a
spherical indenter. In addition to understanding the BTD transition
for brittle nanoparticles, we also aim at examining how different
strain gradients affect the mechanical behavior of nanoparticles.
This is partly motivated by many existing sample preparation
imposing surface strain gradients with the purpose of enhancing
mechanical performance such as chemical tempering,” thermal
tempering,” and surface mechanical attrition treatment.’"*

Il. SIMULATION METHODOLOGY
A. Interatomic potential

Molecular dynamics (MD) simulations were conducted using
the LAMMPS package™ to study an equimolar binary glass
forming system modeled by a modified Lennard-Jones potential.”*
This pairwise potential features an energy penalty in the form of
bump (analogous to an energy barrier) to tune the ductility of the
resulting model glass,
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where £,3 and 0,3 denote the energy and length scales of the
equimolar glass forming mixture, respectively. The two types of
atoms, denoted by L and S, have different masses: my = 2my,
ms = my. All bonds in the mixture share the same strength:
gL = €15 = £ss; however, the bond length is set as ogs = gaLL
andog = %O‘LL. The cutoff 7, is chosen to be species dependent,
ri, = l.4oy, rig = 1.283301;, rig = 1.166701;. Thus, only the
first nearest neighbor atoms are interacting with each other. The
energy penalty is superimposed from 7,5 (1.204p) to rgs, roughly
in between the first neighbor shell and second neighbor shell. The
larger the energy penalty, the more brittle the model glass. Here,
the relative barrier height g5 is set as 0.4, which corresponds to a
very brittle glass in its bulk form. The reference time scale can be
defined as ty = o/molerr; therefore, all physical quantities can
be expressed in SI units following a previous report mapping to a

binary metallic glass NisoNbsy™”: oy = 0.27 nm, my & 46 amu,
e11 ~ 0.151 eV, ty~ 0.5 ps. This potential has been previously uti-
lized in investigating the intrinsic ductility of amorphous solids,*®
the low cycle fatigue of metallic nanowires,”” the crack initiation
of metallic glasses under nanoindentation,” fracture energy and
Poisson’s ratio correlation in metallic systems,” designing work-
hardenable nanocomposite,"” as well as the dynamic and mechanic
properties of polymeric materials with simple modification.*’

B. Compression test setup

The compression test setup for an as-quenched nanoparticle
(AQ-NP) is as follows. A cubic liquid sample, with a dimension of
10.2nm and a number density of 60.2 atoms/nm?, was first equili-
brated at 2100 K and then quenched isochorically to 28 K in 0.5 ns.
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FIG. 1. (a) Schematic of the simulation system for nanoparticle compression. The displacement of the upper plate is h. (b1) Schematic of preparing a tempered glassy
nanoparticle with compressive surface stress (TC-NP) using an as-quenched nanoparticle (AQ-NP). (b2) Schematic of preparing a tempered glassy nanoparticle with

tensile surface stress (TT-NP) also from an AQ-NP.

The density was chosen such that the final glassy sample is nearly
stress free. The bulk glassy sample was further relaxed for 0.4 ns at
28 K to relieve any residual stress. Next, the bulk glassy sample was
replicated to carve out a spherical nanoparticle (radius varying
from 13.5 to 54 nm) and two rigid plates as shown in Fig. 1(a).
As the stress field for a compressed nanoparticle is inhomogeneous,
the replication of bulk glass will not lead to artificial periodicity in
the mechanical response. The thickness of the rigid plate is
0.54 nm. There are no periodic boundary conditions applied such
that the compression of nanoparticles is completely isolated. For
simplicity, both the plate and the nanoparticles are made of the
same aforementioned binary modified Lennard-Jones glass.

The compression test on the glassy nanoparticles was carried
out by moving the upper rigid plate downward with a speed of
27 m/s and keeping the lower rigid plate stationary. The progres-
sion of the compression is characterized by the displacement of the
upper plate (h) and normalized by the radius of the nanoparticle
(r). Note that as the lower plate does not move, the actual displace-
ment of the nanoparticle center relative to either plate (equivalent
to indentation depth) is only half of h. A temperature of 28 K is
maintained by coupling a Nose-Hoover thermostat'>*’ during
compression. This very low temperature is used here to ensure that
the model glass is brittle and the size-dependent BTD is accessible
in MD simulations.

C. Sample preparation for tempered nanoparticle

In addition to the as-quenched sample, two different types of
tempered glassy nanoparticles were prepared as follows [Fig. 1(b)].
To prepare a glassy nanoparticle with a compressive surface layer
(TC-NP), a middle shell from the AQ-NP was removed. The core
region was then subjected to the same melt-quench procedure
described above, while being contained by a frozen outer shell with
a thickness of 2.7 nm. Due to the removed middle shell, the final
glass density is 53.8 atoms/nm” and, thus, exhibits tensile stress.
Finally, both the shell and the core were relaxed at 28 K for 0.5 ns
to reach mechanical equilibrium. The core pulls the shell inward
such that a compressive stress was developed in the surface layer.
Similarly, to prepare a glassy nanoparticle with a tensile surface
layer (TT-NP), a middle shell from the AQ-NP was stretched in all

directions to become the outer layer (thus, lower density) with a
thickness of 1.35nm. The whole nanoparticle then shrinks such
that the liquid (both outer core and inner core) inside the stretched
shell retains the same density as the original AQ samples. The core
region was then subjected to the same melt-quenching procedure
with the stretched shell frozen. Finally, both the shell and the core
were relaxed at 28 K. In this way, glassy nanoparticles with either
tensile or compressive surface stress with an intimate core-shell
interface, guaranteed by the melt-quench process, can be obtained.

Illl. RESULTS AND DISCUSSIONS
A. Normalized load-displacement curve

Figure 2(a) shows the load F, (averaged over both plates,
then normalized by %, r is the NP radius) vs the displacement h
(normalized by r) curve. F,/r’ represents the compressive stress,
while h/r represents the compressive strain. Thus, the normalized
load-displacement curve is analogous to the stress—strain curve in a
uniaxial compression test, albeit with non-uniform stress distribu-
tion. According to the Hertzian solution (h/2 is equivalent to the
indentation depth),

4 . (N}
Fy = gE r2 <E> . (2)
Thus, the normalized load-displacement relation is
F, V2. (h\i
B_vV2p(hy, 3)
rr 3 r

where 7 is the radius of the nanoparticle, h is the displacement of
the upper plate, and E* is the reduced modulus for the nanoparti-
cle-plate contact,

2 2
i _ 1- VNP + 1 - VPlate . (4)
E Enp Ebpiate

The model glass has Young’s modulus of 100.3 GPa and Poisson’s
ratio of 0.25, which were obtained by a separate uniaxial
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speed of 27 m/s. One can see that compression using one-fifth of
the original speed leads to a slightly earlier initial drop in the nor-
malized load-displacement curve, and a generally softer response
from the glassy nanoparticle, yet the almost identical appearance of
the fracture surface as shown in Fig. 2(b). However, for the com-
pression test with five times the original speed, the mechanical
response is much stronger with almost no discernable stress drop,
which indicates considerably reduced plastic events. There is also
no visible surface crack up to h/r=0.8 for high-speed compression.
From the results presented in Fig. 2, we concluded that the original
B speed (27 m/s) is slow enough to produce qualitative very similar
/ results to the much slower compression rate, which will be used
—— 1/5x speed

(a) 20.0

17.5 1

throughout this work.
We also examined the effect of the nanoparticle-plate interac-
5.0 4 , —— 1x speed tion. The qriginal .nanoparticle—plate inte“ractior,l’ is esser}tially
the same as in the binary glass. Due to the “bump” present in the
— 5x speed pairwise interaction [Eq. (1)], the initial contact is purely repulsive.
2.5 Repulsive-only wall As the plate is pushed further into the glassy particle, the
""" Hertzian interaction could be either attractive or repulsive depending on
0.0 . . . nanoparticle-plate separation. For the repulsive-only plate, the
0.0 0.2 0.4 0.6 0.8 cutoffs of all interactions across the nanoparticle and plate are set
(b) h/r as r}%ﬁh: 2éﬁaﬁ (the };otential minitl)num) with ?ero bafrier height
such that all types of interactions become purely repulsive. It can
Lox Speed 1x speed be seen from the normalized load-displacement curve and the
surface morphology of the nanoparticle (as in Fig. 2) that the origi-
nal plate (with adhesion) and the repulsion-only plate behave quite
similarly. For simplicity, the original plate with adhesion was used
throughout this work.

5x speed Repulsive-only wall C. Effect of nanoparticle size

To investigate how the size of the nanoparticle affects the
deformation behavior under compression, we have prepared AQ
glassy nanoparticles with radius ranging from 13.5 to 54 nm. ;
Figure 3 shows the deformation morphologies for h/r ranging from

FIG. 2. (a) Normalized load-displacement curves for a nanoparticle with

13.5nm radius under three different loading speeds of 5.4 (1/5x speed, green), : ‘ ‘ I I

27 (1x speed, red), and 135m/s (5x speed, blue). The normalized load—dis-

placement for compression using the repulsion-only plate is the orange line. The

Hertzian elastic solution is the black dotted line. (b) Deformation morphologies -

of AQ-NP compressed under four different conditions at Alr of 0.8. ‘ D
is calculated to be 106.7 GPa. Figure 2(a) shows that all normalized - - - - I T
load-displacement curves from MD simulations show excellent
agreement with the Hertzian solution of Eq. (3) up to around h/r . - - -
of 0.25, after which plastic deformation and/or fracture may occur. - D

40.5nm 33.8nm ” 27.0nm 20.3nm 13.5nm 6.8 nm
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0.4

h/r

0.60

compression test of the same glassy sample. The plate is rigid, thus,
has infinite Young’s modulus. Therefore, the reduced modulus E*

0.70

0.80

B. Effect of loading rate and nanoparticle-plate

interaction FIG. 3. Deformation morphologies of AQ-NPs with different radii as labeled with
increasing hir from top to bottom. All images are consistent in the spatial scale

It is important to examine the effect of the compression rate, except for the smallest nanoparticle (magnified twice to show details).

as shown in Fig. 2. Here, 1x speed denotes the default upper plate
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(b)

0.0
r Shear Strain

FIG. 4. (a) Normalized load-displacement curves for the AQ-NP with different radii as shown in Fig. 3. (b) Deformation morphology shown on the cross sections through
the AQ-NP center during compression for three particle radii of 40.5, 27, and 13.5nm, and at h/r of 0.4, 0.6, and 0.8. The atoms are colored according to the accumulative

shear strain in reference to the initial uncompressed nanoparticle.

0.4 to 0.8. As the nanoparticle size becomes smaller, the fracture
commences at a higher h/r. For the two smallest nanoparticles,
surface fracture is hardly visible until about h/r of 0.8. Figure 4(a)
shows the normalized load-displacement curves for nanoparticles
with different radii. Deviation from the Hertzian solution appears
around h/r of 0.25 regardless of the nanoparticle size. For small
nanoparticles, the serration in the normalized load-displacement
curve is minor. However, dramatic drops in the normalized load-
displacement occur for large nanoparticles, indicating large shear
banding or fracture events. Such size-dependency is consistent with
the deformation morphology shown in Fig. 3.

Figure 4(b) shows the accumulative local shear deformation
distribution for a middle slice of the nanoparticle during compres-
sion. The shear strain is calculated using OVITO following earlier
formulations.">"> Regardless of the nanoparticle size, deformation
starts with shear band formation axially symmetric around the
loading direction. The shear bands seem to generally cross at the
center of the nanoparticle as well. This very initial deformation of
the nanoparticle under flat-punch compression is somewhat similar
to uniaxial compression albeit with elevated stress near the contact,
as well as the non-contacting buttressing materials around the
middle core. The buttressing region would later develop tensile
stress [as shown in Fig. 6] despite under overwhelming compres-
sion from the flat punch, which eventually forms cracks. In addi-
tion, the shear band direction is around 34° (off the loading
direction), which is likely due to the fact that the yield criterion is
normal-stress dependent.”® For large nanoparticles, crack formation
seems to be following the shear band, which indicates that cavita-
tion is likely to be shear-assisted.”® For small nanoparticles, the
plastic flow appears to continue from the initial shear bands
without creating cracks.

D. Effect of surface stress for tempered nanoparticles

Tempered glass has been widely used in everyday life, yet how
the compressive surface layer affects deformation at the atomic

level is not well understood. Here, using the compression of tem-
pered nanoparticles, we could examine how the surface stress state
affects deformation on otherwise identical nanoparticles. We have
also included tempered nanoparticle with tensile surface stress for
comparison purposes. Figure 5(a) shows that the strength of the
TC-NP (with compressive surface stress) is considerably stronger
than both the AQ-NP (no surface stress) and TT-NP (with tensile
surface stress), with the latter two behaving similarly. As shown in
Fig. 5(b), similar surface cracks appear in the AQ-NP and TT-NP,
while no cracks appear in the TC-NP. In addition, we have exam-
ined how the surface stress state affects notch sensitivity by intro-
ducing a disk-shaped crack inside the nanoparticles as shown in
Fig. 5(a), inset. Although all three nanoparticles suffer noticeable
reduction in strength, the surface morphology differs considerably.
The surface crack grows significantly in the TT-NP under compres-
sion, while it is almost invisible in the TC-NP under the same
loading condition. The AQ-NP behaves somewhat in the middle.

The stress distribution of the middle slice of pristine AQ-NP,
TC-NP, and TT-NP during compression can be seen from Fig. 6.
For the AQ-NP, there is no initial stress distribution. Under com-
pression, only compressive stress initially develops, and it is con-
centrated near the contact. Finally, tensile stress develops near the
surface in the buttressing region (to a lesser extent, at the particle
center), which then leads to surface crack formation. For the
TC-NP, there is an initial compressive stress in the surface region
from our sample preparation, which leads to delayed tensile stress
development in the buttressing regions, thus delayed surface crack
formation. It is also interesting to note that the initial stress in the
core region of the TC-NP is slightly tensile to maintain mechanical
equilibrium, which becomes compressive as the loading proceeds.
For the TT-NP, the initial stress distribution is a compressive core
with a tensile surface layer, which is exactly opposite to the TC-NP.
The core region of the TT-NP, which is similar to the AQ-NP,
turns from compressive to slightly tensile in the intermediate com-
pression stage, before becoming overwhelmingly compressive in the
later stage.
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FIG. 5. (a) Normalized load-displacement curves for AQ-NP, TC-NP, and TT-NP with or without a notch. The radius is about 13.5 nm. The inset shows the diagram of the
notch. The notch is disk-shaped with a thickness of 2.7 nm and a radius of 2.7 nm. The distance between the right edge of the notch and the closest surface is also
2.7 nm. (b) Deformation morphologies of the three NPs under compression at the same hir of 0.8.

To further investigate the differences in mechanical responses
of nanoparticles as a result of the initial stress distribution, defor-
mation events in terms of either shear or local crack formation are
analyzed at the atomic level as shown in Fig. 7. The shear events
are characterized by the number of atoms experiencing local instan-
taneous shear strain higher than 10% compared to the preceding
system snapshot (the difference is 0.05 in terms of h/r). The inter-
nal crack formation is tracked by counting the atoms in the core
region (excluding 2.7 nm thickness of the surface) with less than 6
nearest neighbor atoms (12 is roughly the average). The identifica-
tion of nearest neighbor pairs is based on cutoff distances of 0.27,
0.22, and 0.25nm for the L-L, S-S, and L-S pairs, respectively.
For the AQ-NP, shear deformation occurs around h/r of 0.25,
which is similar to the deviation from the elastic solution as shown
in the normalized load-displacement curve in Fig. 2. Only after a
significant amount of shear banding, internal fracture occurs
around h/r of 0.62, which corresponds to the largest dip in the

- =4
AQ-NP s luE I:!
- da 48
- ’ 15
TC-NP : : el Eﬁ_ E“:e 20
0
- 2
TT-NP ] » !! g
: o ; b 0t -10
- s s qe
0.0 0.2 0.4 0.6 0.8 Pressure (GPa)

h/r

FIG. 6. Local pressure distribution in AQ-NP, TC-NP, and TT-NP with a radius
of 13.5nm during compression with increasing hir (0.2 increments). The local
pressure is coarse-grained using the atomic stress tensor over a grid size of
0.32 by 0.32 by 2.7 nm.

normalized load-displacement curve. This observation also justifies
our structural criterion in terms of nearest neighbor atoms to iden-
tify the internal crack. For the TC-NP, shear events occur much
earlier than the AQ-NP, probably due to the initial inhomogeneous
stress distribution. Shear events, instead of fracture, seem to cause
the first dip in the normalized load-displacement curve. Internal
crack formation only occurs around h/r of 0.70, causing the second
dip in the normalized load-displacement curve. For the TT-NP,
shear events are more prevalent than the TC-NP, and the internal
fracture occurs slightly earlier with more internal surface formed.
Thus, the tensile surface promotes both shear and fracture as in the

TT-NP, while the compressive surface promotes shear and inhibits ;
fracture as in the TC-NP. Our MD results show that although the :

fracture is delayed in the TC-NP, irreversible damage in terms of
shear occurs much earlier than in the AQ-NP, which could compro-
mise the mechanical performance for instance under cyclic loading.

E. Critical size of nanoparticle for the BTD transition

We have presented so far the size-dependent mechanical
response of glassy nanoparticles in Fig. 3, the stress distribution in
Fig. 6, and shear/fracture competition in Fig. 7. To further quantify
the size-dependent deformation of the nanoparticle in compres-
sion, we have developed a simple Griffith’s type fracture model as
detailed below.

Similar to Griffith’s energy consideration for brittle fracture,
one can calculate both the elastic energy stored in the nanoparticle
and the energy penalty for creating new surfaces upon fracture. Let
us assume perfect elastic deformation up to h,,,, of compression,
which is equivalent to both plates, each displaces h,,,,,/2. Therefore,
the maximum elastic energy stored can be calculated from the
work done by both plates using Eq. (2),

3

hmax

o 16 . 1 (hax\?

AEejastic = ZJ Fyd}/ — _Enr ( max) . 5)
0 15 2
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FIG. 7. Normalized load (red line), shear activities (blue bar), and fracture activities (green line) as a function of h/r for AQ-NP, TC-NP, and TT-NP. Thus, the alternative
vertical axis “activities” represent both the shear activities and fracture activities. The blue bar represents instantaneous shear activities, which is the fraction of atoms expe-
riencing local shear strain larger than 10%. The instantaneous shear strain is calculated with reference to the system’s previous snapshot with a Dh/r of 0.05. The green
line represents the fracture activities, which is the fraction of non-surface atoms with fewer than six nearest neighbors. This fraction for fracture activities is magnified by

200 for clarity.

Based on the normalized load-displacement in Fig. 4, we can
estimate h,,,,/r to be roughly twice the elastic limit in uniaxial
compression (€,; is around 0.11). Thus,

16 . 5 3
AE astic = 1_5E 7'36;1« (6)

To estimate the new surface creation during fracture, one can
consider a simple cleavage at the center (I" is the surface energy),

AEfructure = 27[r2r- (7)

As the elastic energy increases with a higher exponent than
the fracture energy, a critical radius can be derived when the elastic
energy stored equals that of the energy penalty for surface creation,

1571

T (8)
8E'e,

Teritical =

The surface energy can be calculated by creating two surfaces
from bulk glass and measuring the potential energy increase
(without any relaxation) per surface area created. The unrelaxed
surface energy for this model glass is measured to be around
2.3 J/m?, and together with the reduced modulus of 106.7 GPa, the
critical radius for BTD transition is calculated to be ~30nm.
Therefore, nanoparticles with radius lower than 30nm do not
possess a sufficient amount of elastic energy (when compressed to
the point of yield) to drive the formation of ideal cleavage, and vice
versa. It should be noted that Griffith’s energy argument is only a
necessary condition; thus, Eq. (8) serves as a crude estimate for the
BTD transition for brittle nanoparticles.

As an example, one can estimate the critical radius for silica
nanoparticle (surface energy estimated to be half the fracture

energy of ~4J/m?"” Young’s modulus of 70 GPa, Poisson’s ratio of
0.15, and compressive yield stress of 7 GPa;*® thus, elastic strain
limit of 0.10) to be about 52 nm. On a last note, the above model
considers the BTD transition in an ideal spherical nanoparticle
under compression, which is different from Kendall’s earlier
model’ that considered the BTD transition in a wedged-shaped
plate-like particle, and more importantly, with a crack inside.

IV. CONCLUSIONS

In this study, we conducted a systematic investigation of glassy
nanoparticles under compression using flat punches. Our findings
show that the elastic deformation of the nanoparticles can be accu-
rately described by the Hertzian solution. Subsequently, extensive
shear banding occurs, followed by the formation of cracks around
the tensile buttressing region of the nanoparticles. Importantly, we
found that the formation of cracks is highly dependent on the nano-
particle size, and we derived a critical size for the brittle-to-ductile
transition analytically. Furthermore, we examined the deformation
behavior of tempered nanoparticles with surface stress. We observed
that nanoparticles with compressive surface stress exhibited
enhanced strength and reduced defect sensitivity, which can be
attributed to the promotion of shear and the delayed emergence of
the tensile region. In contrast, nanoparticles with tensile surface
stress had enhanced defect sensitivity, mainly due to the promotion
of the tensile region, even with increased shear activities. The insights
gained from our study on the deformation behavior of single nano-
particles can serve as a foundation for understanding the behavior of
more complex nanoparticles with compositional or stress gradients,
under both shear and compression, in the presence of lubricants or
smaller debris particles, as well as multiple nanoparticles interacting
with each other. We believe that compression tests of nanoparticles,
being the “inverse nanoindentation,” could serve as a standard
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protocol for measuring material mechanical properties, particularly
plasticity and fracture in confined spaces.
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