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Probing the Linear-to-Plastic Transition in Polymer
Nanocomposites via Atomistic Simulations: The Role of

Interphases

Hilal Reda,* Panayiota Katsamba, Anthony Chazirakis, and Vagelis Harmandaris*

Polymer nanocomposites have found ubiquitous use across diverse
industries, attributable to their distinctive properties and enhanced
mechanical performance compared to conventional materials. Elucidating the
elastic-to-plastic transition in polymer nanocomposites under diverse
mechanical loads is paramount for the bespoke design of materials with
desired mechanical attributes. In the current work, the elastic-to-plastic
transition is probed in model systems of polyethylene oxide (PEO) and silica,
SiO,, nanoparticles, through detailed atomistic molecular dynamics
simulations. This comprehensive, multi-scale analysis unveils pivotal markers
of the elastic-to-plastic transition, highlighting the quintessential role of
microstructural and regional heterogeneities in density, strain, and stress
fields, featuring the polymer-nanoparticle interphase region. At the atomic
level, the behavior of polymer chains interacting with nanoparticle surfaces is
traced, differentiating between free and adsorbed chains, and identifying the
microscopic origins of the linear-to-plastic transition. The mechanical
behavior of subregions are characterized within the PEO/SiO,
nanocomposites, focusing on the interphase and bulk-like polymer areas,
probing stress heterogeneities and their decomposition into various force
contributions. At the inception of plasticity, a disruption is discerned in
isotropy of the polymeric density field, the emergence of low-density regions,
and microscopic voids/cavities within the polymer matrix concomitant with a
transition of adsorbed chains to free. The yield strain also emerges as an
inflection point in the local versus global strain diagram, demarcating the
elastic limit, and the plastic regime shows pronounced strain heterogeneities.
The decomposition of the atomic Virial stress into bonded and non-bonded
interactions indicates that the rigidity of the material is primarily governed by
non-bonded interactions, significantly influenced by the volume fraction of the
nanoparticle. These findings emphasize the importance of the microstructural
and micromechanical environment at the polymer-nanopatrticle interface on
the linear-to-plastic transition, which is of great importance in the design of
nanocomposite materials with advanced mechanical properties.
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1. Introduction

Polymer nanocomposites have been widely
adopted in various industrial sectors, such
as automotive, aerospace, electronics, and
packaging, due to their improved mechani-
cal, thermal, and electrical properties. The
mechanical and dynamical properties of
glassy polymer nanocomposites (PNC), in
particular, have been intensively studied
over the last few decades, due to their scien-
tific and technological importance.['5] Ex-
perimentally, insights into the mechanical
properties of PNC, focusing on the elas-
tic and plastic behavior, emphasizing the
role of nanoparticle-matrix interactions and
the influence of nanoparticle dispersion
have been presented in the literature.l*!
In addition to experiments, the mechani-
cal properties of glassy polymer nanocom-
posites have been studied by molecular
dynamics (MD) simulations in the linear
elastic regime,['15] as well as under large
deformation.!*18] Glassy PNC exhibit a
maximum in the stress-strain curves (yield-
ing point) at a strain value of a few per-
cent and a typical yield stress value of a
few GPa,l”] followed by the so-called stress
softening regime corresponding to a de-
crease of stress, depending on the thermo-
mechanical history of the structures.?!
This regime is followed by a stress plateau
corresponding to plastic flow or perfectly
plastic behavior. The strain hardening may
then occur at even larger strain values. This
regime corresponds to an approximately
linear increase in stress as a function of
strain. Strain hardening, which is enhanced
in PNCs with high molecular weights,[*1-3]
is essential to improve rigidity, as it prevents
strain localization, and crack propagation.

The elastic-to-plastic transition transition of glassy bulk poly-
mers has been investigated by MD simulations mostly via generic
bead spring coarse-grained models. Robbins and co-workers pro-
vided new information on mechanisms related to strain harden-
ing that focuses on large-scale chain relaxation without invok-
ing entanglements.[*?] MD simulations also report rapid seg-
mental dynamics!?-32 during mechanical plastic deformation
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that has elevated the potential energy landscape.3*34! In addition,
various models have been proposed to incorporate orientation-
induced hardening behavior, usually employing the Lee—Kréner
decomposition.[3>3¢]

A great deal of research has been carried out to investigate
the mechanisms of yield during the deformation of glassy PNCs.
Many experimental techniques, including mechanical tests, 7]
NMR,*!I positron annihilation lifetime spectroscopy!*?! and di-
electric spectroscopy,***] have been applied to acquire knowl-
edge about molecular processes associated with the deformation
and production of glassy polymers. These experiments indicate
that segmental mobility can be considerably higher during exter-
nal deformation beyond the yield point.

Furthermore, complementary to experimental studies, differ-
ent theoretical models have been developed to explain yield-
ing behavior and plasticity phenomena in PNCs.[?!] Recently, a
comprehensive force-level microscopic theory based on the non-
linear Langevin equation (NLE) has been developed.[*-¢] Most
of the theoretical work is based on the common idea that stress
would lower the potential barrier and that plastic regimes can be
reached through activation of vitreous segments. It is well known
thatyielding occurs when the segmental a relaxation time has be-
come comparable to the experimental time scale, i.e., the recip-
rocal of the deformation rate. The Eyring-like idea of activation
attempts to explain how plasticity emerges and cannot itself be
seen to know when this mechanism ceases to work.[*’]

In addition to the above work, unraveling the processes in-
volved in the transition from elastic-to-plastic transition regions
in PNCs by molecular dynamics simulations remains elusive,
mainly for multi-component polymeric nanostructured mate-
rials. Computational approaches have been extensively used
for predicting the mechanical behavior of PNCs, traditionally
through continuum simulations and micromechanical models,
but refer mostly to the linear regime.'34%-54] Despite the fact that
the aforementioned continuum models do not include informa-
tion at the molecular scale and do not always predict the desired
global properties with accuracy, they highlight the importance of
many fundamental factors affecting macroscopic properties in
PNCs, such as the polymer/nanoparticle interphase region and
the importance of well-dispersed nanofillers.!>>-0]

The polymer/nanofiller interface has received significant at-
tention in the literature.>7°861-63] It is recognized that the prop-
erties of polymer chains in this regime could differ substantially
from those of chains far from the nanofillers.586264-661 T gen-
eral, polymer chains as the vicinity of interphases can be ad-
sorbed, attached or depleted from the surfaces, and often exhibit
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significantly different properties from their bulk polymer coun-
terparts, depending on the strength of the polymer/substrate, or
polymer/nanofiller, interaction and the distance from the bound-
ary surface of the nanofiller.>*¢+6567-78] In general, it is well
known that the width of the interphase depends on the property
under study.[”®) Typically the interfacial regions is defined via the
mass density distribution of polymer chains in the vicinity of the
nanofiller,[®-#3] while the deviation of the local stress distribution
and the gas solubility from the bulk behavior has been also used
in the literature.®*l In this work, we examine the microscopic
and atomistic origins of the elastic-to-plastic transition of amor-
phous polymer nanocomposites undergoing tensile deformation
using a methodology centered on detailed atomistic molecular
dynamics simulations, described in Section §2. In Section §3 we
investigate markers across sub-region and atom/chain levels of
description, analyzing the evolution of specific properties dur-
ing deformation at various scales. In more detail, in Sections §3.2
and §3.1, we examine the evolution of the polymeric density pro-
file with increasing tensile strain, probing the 3D microstructural
details, and investigating emerging anisotropies and low-density
regions at the transition. We connect the decrease in interphase
region’s density to the significant decrease of adsorbed chains,
as these become free during the elastic-to-plastic transition. We
further probe the conformational changes of polymer chains dur-
ing deformation by computing the distribution of the vector con-
necting two consecutive monomers along the PEO chains, that
is about the size of the Kuhn segment, focusing on changes in
the elastic-to-plastic transition region. In Section §3.3, we exam-
ine the manifestations of the elastic-to-plastic transition in the
local strain and stress fields of the interphase and matrix (bulk-
like) sub-regions. At the onset of the elastic to plastic transition,
the local (non-affine) strain field of local regions (interphase and
matrix) deviates from its linear regime, as a result of the break-
down of the compatible deformation condition. This manifests
itself as an inflection point in the local versus global strain di-
agram, which emerges as a marker of the yield point and the
elastic-to-plastic transition. We further investigate the origin of
the local stress in the interphase and matrix regions by comput-
ing its non-bonded and bonded contributions, and highlight their
dependence on the volume fraction. We finish with conclusions
and perspectives in Section §4.

2. Methods: Atomistic Model and Simulations

2.1. Generation and Equilibration of Model Systems

We have performed atomistic molecular dynamics (MD) simu-
lations on PEO/SiO, model nanocomposites with varying vol-
ume percentages of silica nanoparticles (5wt% (¢ = 1.9vol%),
12wt% (¢ = 4.5vol%), 33 wt% (¢ = 12.7 vol%)). The primary fo-
cus of our results will be on the system with a volume fraction of
(¢ = 12.7vol%), as the qualitative properties observed are consis-
tent across a wide range of volume fractions of nanoparticles. For
properties where comparative analysis is crucial, we will include
data from other volume fractions to provide a comprehensive un-
derstanding. The silica nanoparticles are amorphous, with an al-
most spherical shape and a radius of about 2 nm. The PEO chains
are monodisperse, each one consisting of 50 monomers, that is,
their molecular weight is about 2.2kDa, being in the Rouse-like
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Figure 1. a) Snapshot of the atomistic PEO/SiO, model nanocomposite with ¢ = 12.7 vol%, replicated along each direction taking into account the
periodic boundary condition. The polymer/nanoparticle interphase is shown in blue, the polymer matrix region is shown in orange, and the silica
nanoparticle is shown in yellow. b) Representative volume element of the model nanocomposite system consisting of one nanoparticle. c) A slice of
thickness 6 A passing through the center of NP is also shown with the relative distribution of atoms through the slice.

regime. More details on the molecular model of PEO and the
Si0, nanoparticle can be found elsewhere.®! For integrating the
equations of motion, in all MD simulations a time step of 1fs
is used. Non-bonded interaction forces are truncated after a cut-
off radius r,,, = 1 nm. Dispersion tail corrections are applied for
the global energy and pressure, whereas periodic boundary con-
ditions are applied in all directions.

The model glassy PEO/SiO, systems are obtained via the
following procedure: 1) First, several (here five) independent,
uncorrelated, and well-equilibrated atomistic configurations are
obtained at a high temperature (T = 400 K) via long (a few ps)
atomistic MD simulations.[®] To prepare the high-temperature
configurations, we first inserted the polymer chains into a large
simulation box containing one silica nanoparticle. After energy
minimization, a long NPT equilibration run was performed to
compress the box and then equilibrate the density and conforma-
tions of the polymer chains in the sample. To ensure reaching an
equilibrated structure, the length of the equilibration run (after
compression of the box) was longer than the average relaxation
time of the end-to-end vector of the chains in the sample; 2)
Atomistic model systems are then cooled well below T,, with a
cooling rate of 10 Kns™' to 150K, noting that the experimental
T, of the bulk PEO is around 220K®; 3) After cooling, we
finally perform additional MD runs on the system with many
NPs for about 1ns in order to allow for small-scale relaxation,
before applying the deformation to the entire simulation box.
The current size of the simulation boxes will be reported and
then the volume fraction is calculated (Figure 1).

2.2. Atomistic Simulations of the Systems

After preparing the glassy PNC samples, we apply uniaxial de-
formation with a constant strain rate ¢, = 5 x 10~ fs~'. Due to
the isotropic behavior of the PNCs, a single applied deforma-
tion is sufficient to determine its overall mechanical properties.
The deformation was performed using LAMMPS with the Nosé—
Hoover thermostat and Parinello-Rahman barostat. We should
also note that, in principle, the mechanical properties of the poly-
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mer nanocomposite depend on the arrangement of NPs within
the polymer matrix. Here, we assume a scenario of well-dispersed
NPs in which silica NPs are in a simple, cubic-like arrangement
within the polymer matrix, i.e., there is no aggregation of the
nanoparticles. The overall applied deformation considered was
up to 0.6, but, in the current work, we focus primarily on the
linear elastic regime. Here we note that the applied uniaxial de-
formation of the box respects the periodic boundary conditions
along the axis of deformation; i.e., for each time the box size or
shape is changed, the atom positions are remapped to the new
box via the periodic boundary conditions.

2.3. Calculation of Local Strain and Stress Field

To investigate the spatial distribution of the (local) mechanical
properties of the model polymer nanocomposite systems, we cal-
culated the stress and strain at the atomic level resolution. For
this, we compute the value of the stress per atom (local stress)
given by the atomic Virial formalism. Concerning the local strain,
we utilize a recently proposed methodology to directly probe
the strain field in model polymer nanocomposites at the atomic
level.®] At the initial stage, the deformation gradient for each
atom is calculated through a minimization problem related to the
position of the atom of interest to its neighboring atoms within
the cutoff radius r,,,, thus allowing probing the distribution of the
(local) strain fields in the atomistic model using the definition of
the Lagrange Green strain tensor with respect to the reference
coordinates. More information on the computation of the local
strain can be found in our previous work.[1>3%87]

3. Results and Discussion

3.1. Evolution of Adsorbed and Free Polymer Chain Populations
During Deformation

We start by investigation the behavior of the various conforma-
tions of PEO chains in the vicinity of the silica nanoparticle in
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Figure 2. a)Global stress (c)—strain (€) curve for PNC, b) Number of adsorbed and free chains as a function of tensile deformation.

the elastic-to-plastic transition region. We classify chains or seg-
ments as free or adsorbed chains, the latter defined as chains hav-
ing at least one atom within the interphase region (details about
the width of the interphase are given in Figure 4a).

We first investigate the influence of strain on the number of
adsorbed chains within the PNC system (Figure 2). For this anal-
ysis, we compare the global/macroscopic manifestations of the
mechanical response given by the global stress (o) — strain (€) di-
agram in Figure 2a, with the atomistic/chain level description,
plotting the evolution of the number of adsorbed/free chains as
a function of strain, plotted in Figure 2b. The stress versus strain
diagram in Figure 2a, shows an initial increase almost linear as
expected in the elastic regime, followed by a drop occurring at
yield strain of approximately e, = 0.13, which is a clear indication
of the plastic transition. The region after this peak is referred to
as strain softening of the material due to the much-reduced stress
response of the material at these larger strains.

In Figure 2b, we highlight the significant reduction in the
number of adsorbed chains and the concurrent significant in-
crease in the number of free chains, both of which occur at
strain 0.13. Thus, plasticity at the polymer/nanofiller interphases
is strongly correlated with the decrease in the number of ad-
sorbed chains.

During the elastic regime, the stable behavior of the polymer
chains is reflected by the number of adsorbed chains remain-
ing constant until a critical strain e = 0.13 (Figure 2). The crit-
ical value of the yield strain upon which the number of adsorbed
chains changes is in excellent agreement with the classic marker
of the elastic-to-plastic transition, which is the yield point shown
as the peak of the global stress-strain diagram for the entire ma-
terial in Figure 2a. Beyond the yield-strain (e > €,), in the plastic
deformation regime, the number of adsorbed chains decreases,
leading to an increase in the number of free chains. Thus, per-

manent deformation occurs when the conformation of the poly-
mer chains changes. The above data signify the number of ad-
sorbed chains as a definite marker of the elastic-to-plastic transi-
tion, which also allows us to attribute these plasticity structural
changes to the de-adsorption of chains from the NP, i.e., adsorbed
chains becoming free.

The discussion above emphasizes the important role of the mi-
crostructure and polymer chain behavior in the mechanical be-
havior of PNCs during the elastic-to-plastic transition. We further
examine the importance of the chain microstructure by analyz-
ing the distribution of the length of Kuhn segments. Given that
for PEO the Kuhn segment is about /, & 1nm, and the monomers
have an approximate length of 4.5 A, we compute the distribution
of the length of vectors connecting two consecutive monomers
along the PEO chains (2-mer length), P(},), and how it changes
during deformation in Figure 3). Figure 3 presents the stan-
dard deviation of the 2-mer length and its probability distribution
function P(l,) for a wide range of global strain values (inset). It is
interesting that as the applied global strain increases, the stan-
dard deviation of the 2-mer length manifests transitions between
different behaviors, which also coincide with the critical values
observed using the strain value markers discussed above (¢, =
0.1).

3.2. Evolution of the Atomic Mass Density Profile During
Deformation

Central to our analysis of the model PEO/SiO, nanocomposites,
is the interphase region between the polymer (PEO) and the
nanofiller (SiO,) phases. We define the width of the PEO/SiO,
interphase by computing the mass polymer density as a function
of the distance from the center of the SiO, nanoparticle, Py at
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Figure 3. Standard deviation of the 2-mer length changes during deforma-
tion. (Inset) Probability distribution of the 2-mer length for strain values
in the elastic-to-plastic transition. We quantify the lengths of the segments
as multiples of the Kuhn length, I, Noting that in our case the Kuhn length
I, ® 1nm, and the monomers have an approximate length of 4.5 A, means
that one Kuhn length includes approximately two monomers.

equilibrium, i.e., before applying any tensile strain. Data about
the p,; are shown in Figure 4a. We calculate the width of the
interphase region as the distance from the outer surface of the
SiO, nanoparticle up to the first minimum of the density profile,
which is about I, = 5.5 A.

Figure 4a shows the evolution of the polymer density profile
Pefp under deformation, at different strain values between 0.06
and 0.18. The simulation results are analyzed as a function of
the radial distance from the center of mass of the silica NP, us-
ing a binning of 0.6 A. Regimes of high and low polymeric mass
densities are observed at small distances (around 5 A from the
outer surface of the nanoparticle) similar to the equilibrium pro-
file discussed above.

It is of interest that the width of the interphase does not vary
much with the imposed strain. At the same time, the first peak in
the density profile corresponds to atoms belonging to the inter-
phase region next to the surface of the NP, while the secondary
peak in the density profile is attributed to atoms belonging to
polymer chains in the matrix region.

As the strain increases, the first peak of the density profiles is
kept approximately constant for strains within the elastic region;
however, once the strain increases beyond the point of plastic be-
havior, this first peak in the density profile drops significantly, as
expected, because of the exit of atoms from this interphase region
as atoms detach from the surface of the NP. The decrease in the
effective mass density of the polymer region after the first peak in
Figure 4a is naturally related to the increase in the corresponding
volume of the simulation box.

Figure 4b shows the angular distribution of the density within
the the interphase region, demonstrating the initial axisymmetry
at equilibrium and the anisotropy induced by the tensile strain
along the prescribed axis. When the system is in equilibrium e
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=0, the density in the interphase region is almost axisymmetric;
that is, the distribution of polymer chains is uniform and inde-
pendent of angular position 6. During elastic (e = 0.1) or plastic
deformation (e = 0.3), the density profile gradually loses its ax-
isymmetry and becomes dependent on the direction of the ap-
plied load. The description of the density profile being symmet-
ric around 8 = 90 is indicative of how the material deforms un-
der stress. In the § = 0 and 6 = 180 directions, corresponding to
the axis of the applied deformation, the density decreases with
increasing strain, due to local tensile stretching. Under tensile
deformation, the local density is maximized at § = 90, that is, the
direction perpendicular to the applied deformation. This is due
to the Poisson’s effect, as the material is stretched in the § = 0,
180 direction, and it contracts in the perpendicular, 8 = 90, direc-
tion. This lateral contraction results in a local increase in density
since the system is being compressed because of the effect of the
Poisson’s ratio. The observed asymmetry in the density profile in
the matrix region for (€ = 0.3) in Figure 4c, attributed to the de-
crease in the average density and the void formation during plas-
tic deformation, highlights the different behaviors between the
interphase and matrix regions during the transition from elastic
to plastic regions.

During deformation, the imposed uni-axial tensile strain is ex-
pected to disrupt the isotropic, spherical symmetry of the poly-
mer density that was present at equilibrium as observed in
Figure 4. In order to further investigate the distribution of the 3D
local density throughout the simulation box, we plot heat maps of
the local polymeric density within slices of the simulation box in
Figure 5. We do so for a slice that passes through the center of the
NP (top sub-plots), and one through the polymer matrix region
(bottom-sub-plots), at a distance of about 22.5 A from the center
of the silica nanoparticle. We present the evolution of the poly-
meric density in these two slices at equilibrium (left sub-plots),
at a strain e = 0.06 of elastic deformation (middle sub-plots) and
at a higher strain € = 0.3 of plastic deformation (right sub-plots).

As expected, in regions close to the corners of the (cubic)
simulation box, which are further away from the surface of the
nanoparticle, the polymeric density is nearly identical to that of a
pure homogeneous, neat polymer (without silica) system.

The disruption of spherical symmetry in the polymeric density
becomes apparent only in the plastic regime, with the emergence
of a new low-density region and microscopic voids or cavities
within the polymer matrix. We attribute this emergent anisotropy
primarily to the development of non-affine deformation patterns
within the PNC, and resulting localized changes in the density
distribution which disrupt the spherical symmetry of the den-
sity profile observed in the elastic region. The emergence of mi-
croscopic cavities and/or voids within the polymer matrix during
plastic deformation contributes to local density reductions and
can significantly affect the mechanical properties of the material.

3.3. Local Strain and Stress in the Interphase and Matrix
Sub-Regions

We now turn to a regional-level characterization of the spatial
distribution of stress-strain properties in these heterogeneous
PEOQ/SiO, systems. We investigate how the elastic-to-plastic tran-
sition manifests at this “local” level, within specific domains, by
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Figure 4. a) Evolution of the PEO atomic mass density profile as a function of the radial distance from the center of SiO, NP, for different strain values.
b) Angular distribution of the density in the interphase region for three different deformations. c) Angular distribution of the density in the matrix region

for three different deformations. Angles are given in degrees.

making a distinction between the polymer chains within the poly-
mer/nanoparticle interphase region (defined in Section §3.2 as
having thickness 5.5 A based on the first peak of the density pro-
file) and in the matrix region, i.e., the remaining polymer region
considered as bulky.

Figure 6a shows the local deformation (strain), averaged within
the interfacial and matrix regions, as functions of the applied
deformation steps (global deformation), throughout the applied
tensile deformation.

We first note that the local deformation does not exactly follow
global deformation, i.e., the deformation occurring is non-affine
due to the heterogeneity of the PNC, with less deformation in the
interphase region than in the polymer matrix, as expected by the
interaction of the interphase with the rigid silica nanoparticle.
We highlight the emergence of an inflection point in the aver-
age of local strain observed in both sub-regions, beyond which
the material exits the linear elastic regime of low strain. The in-
flection point emerges as a novel marker of the elastic-to-plastic
transition, representing the yield strain (limit of elastic regime)
for each region connected with the breakdown of the compatible
deformation condition. We note that to locate the inflection point,
the local strain data in each region were fitted linearly (indicated

by the dashed lines in Figure 6a) in two windows € € (0, 0.15) and
€ € (0.17, 0.4) for the matrix region while € € (0, 0.18) and € €
(0.15, 0.4) for the interphase region.

As is clear from Figure 6a in the elastic region of the bulk sys-
tem (€ < €y = 0.1), the average local deformation matches exactly
the global deformation, indicating that the deformation of the
material is almost affine. We highlight the emergence of a critical
strain ey = 0.12 beyond which the average local strain within the
bulk system departs from this linear behavior, and we associate
this with the exit of the material from the low-strain linear elastic
regime and the entry into the strain softening regime.

The corresponding stress—strain data for both sub-regions
shown in Figure 6b exhibit an initial linear elastic behavior
for low strains followed by a departure from the linear elas-
tic regime manifested by a significant drop and strain soften-
ing behavior that is characteristic of the elastic-to-plastic defor-
mation. As expected, the interphase, being much stiffer than
the matrix region, presents a higher gradient in its stress-strain
diagram in the linear regime. We highlight the values of the
local yield strain for the interphase region, as extracted from
the inflection point of the local regional versus global strain in
Figure 6a.
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Figure 5. 3D mass density profile of PEO chains within a plane (disk) passing through the center of the silica nanoparticle (top) and at distance 22.5 A
from the center of nanoparticle at equilibrium, during elastic deformation (e = 0.06) and plastic deformation (¢ = 0.3) respectively.
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Figure 6. a) Evolution of the average local strain in interphase and matrix region during deformation, b) Stress—Strain diagram for both regions with the
corresponding yield strain.
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Figure 7. Standard deviation of local strain within the Matrix and Inter-
phase region. (Inset) Probability distribution of local deformation for r
strain values in the elastic-to-plastic transition.

In Figure 7 we present the probability distribution functions
(inset) and the associated standard deviations of the local strain,
P(e), in the interphase and matrix regions, for a wide range of
global strain values in the elastic and plastic regimes. We observe
that the distributions for the local strain are symmetric (resem-
bling Gaussian ones), starting off as narrow peaks in the linear
regime and becoming progressively broader at higher strains,
thus marking a more heterogeneous strain field as strain in-
creases for both regions; interphase and matrix. The standard
deviation of P(e) reflects the strong heterogeneities of the local
strain. We highlight the onsets of different trends observed at
the transition strain values of around 0.1 for both regions, in re-
markable agreement with the previous markers of the elastic-to-
plastic transition discussed above. In addition, the standard de-
viation of P(e) in the matrix region is slightly higher than in the
interphase.

3.3.1. Decomposition into Bonded versus Non-Bonded Interactions

Next, we investigate the role of different potential terms in the
stress field during deformation. In Figure 8 we compute both
the bonded (bond, angle, and dihedral) and non-bonded inter-
action contributions in the atomic Virial part of the stress ten-
sor. We observe that the general trend of the stress-strain dia-
grams for the non-bonded and bonded contributions follows a
profile similar to that for the previous plots in Figure 8b, and
the corresponding yield points are in approximate agreement.
We also note that the non-bonded contribution in the interphase
region is higher than the one in the matrix region because of
the interaction between the nanoparticle and the adsorbed poly-
mer atoms. On the contrary, the contribution of the bonded in-
teraction to stress is found to be very similar in both regions. The
presence of the non-bonded energy in the material improves its
stiffness and makes it more rigid to resist deformation. This is
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clear from the slope of the curves, where the non-bonded energy
had higher slope whereas the bonded energy had lower slope.
The slight difference between the interphase and matrix contri-
butions to the bonded energy in the low-strain region seen in
Figure 8a, can be attributed to the higher strain experienced in
the matrix region compared to the interphase (note that the con-
tribution of bonded stress is expected to be the same). In addi-
tion, it is important to highlight some key points for comparison
with the bulk system. The behavior observed in the PNC sub-
domains, mainly interphase and matrix, differs from that of the
bulk, neat polymer, system. Specifically, there is a notable de-
crease in non-bonded stress in the plastic region for the bulk
system, whereas the stress-strain curves for the interphase and
matrix subdomains of PNC are similar to the global stress-strain
curve. In the context of PEO-SiO, interactions, the differences
in behavior between bonded energies and non-bonded energies
(intermolecular forces, including interactions at interfaces) are
critical. The presence of silica can alter these energies, influenc-
ing the stress distribution and energy dissipation during defor-
mation. Non-affine deformation in PNC leads to non-uniform
stress distributions, particularly in the interphase and matrix re-
gions. This behavior significantly alters the contributions of non-
bonded and bonded stresses in comparison to bulk polymer sys-
tems. This is mainly due to the change of the distances and
angles between non-bonded atoms or molecules, affecting the
interaction energy.

The contribution of the bonded and the nonbonded interac-
tions to the atomic Virial stress within the matrix region depends
strongly on the volume percentage. As the volume percentage of
the filler decreases, the pair contribution to the Virial stress also
decreases, i.e., the interaction between atoms of SiO, and PEO
becomes less significant. For very low volume percentages, such
as ¢ = 1.9%, the pair contribution to the Virial stress is closer to
the value observed in the bulk material. This suggests that the
filler has a diminishing impact on the stress distribution at low
concentrations. The contribution of the bonded interactions to
the Virial stress remains constant regardless of the volume per-
centage of the filler. This implies that the stress arising from the
bonds between atoms belonging to the same molecules in PNC
is not affected by the amount of filler present. Consequently, the
pair contribution plays a significant role in determining the over-
all rigidity of PNC. The interactions between the polymer ma-
trix and the nanofillers, particularly the interfacial interactions
and dispersion of nanofillers, greatly influence the mechanical
properties of the PNCs, including their rigidity. By optimizing
these interactions, for example, through the functionalization of
nanofillers, the overall rigidity and other mechanical properties
of PNCs can be enhanced.

Next, we investigate in more detail the role of the bonded in-
teractions energies in the global stiffening of the polymer dur-
ing the tensile test, further decomposing the total bonded energy
into bond, angle, dihedral, and improper contributions, shown
in Figure 9. Bond stretching refers to stretching or compression
of the bonds between atoms during deformation. The energy as-
sociated with it varies as the length of the bond deviates from its
equilibrium value. By comparing the slopes of the four curves it
is clear that bond stretching tends to have the most significant
impact on the bonded energy where both interphase and matrix
contributions are almost the same.

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 8. Average local stress in interphase and matrix regions (for different volume fraction) due to non-bonded (pair contribution) and bonded

interactions during tensile deformation.

We observe that the general trend of the stress—strain diagram
for the bonded contribution in each sub-region follows a profile
similar to the data shown in Figure 6b. Bond angles describe
the angles between adjacent bonds in a molecule. Although the
bond angles contribute to the overall bonded energy, their influ-
ence is generally smaller than that of the bond stretching con-
tribution. Meanwhile, the dihedral torsion represents the rota-
tional freedom around the bond and their contribution here is
very low compared to that of the others. Furthermore, we can ob-
serve from Figure 9 that the contribution of the improper terms
is null to the global bond stress.

4. Conclusion and Perspectives

In this study, we have explored the microstructural underpin-
nings of the mechanical response of polymer nanocomposites
undergoing imposed tensile strain and transitioning from elas-
tic to the plastic response. Through detailed atomistic molecu-
lar dynamics simulations and multi-scale homogenization tech-
niques on a model PEO/SiO, system, we have uncovered various
markers signifying the elastic-to-plastic transition across differ-
ent levels of description. Our hierarchical, multi-angle investi-
gation has shed light on the critical role of microstructure and
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Figure 9. Contribution of bond, angle and dihedral interaction terms in the local stress for a PEO/SiO, system with ¢ = 12.7%.
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regional heterogeneities in the density, strain, and stress fields.
The dispersal of isotropy in the polymeric density field surround-
ing the almost spherical silica nanoparticle becomes apparent at
the onset of plasticity, with the emergence of a new low-density
region and microscopic voids or cavities within the polymer ma-
trix. The evolution of the polymeric density profile clearly shows
the exit of atoms from the interphase region once the strain is in-
creased beyond the point of plastic behavior. This is also evident
in the onset of a significant reduction in the number of adsorbed
chains and the concurrent significant increase in the number of
free chains occurring at the elastic-to-plastic transition. In the lo-
cal strain field, the emergence of an inflection point in the local
versus global strain diagram serves as a key indicator of the tran-
sition, representing the yield strain (limit of the elastic regime)
for each region connected with the breakdown of the compati-
ble deformation condition. The heterogeneities of the local strain
are pronounced in the plastic regime. Decomposing the atomic
Virial stress into bonded and pair/non-bonded interactions, for
nanocomposites with various volume percentages (loading) of
the nanoparticles allowed us to probe the influence of the mi-
cromechanical environment introduced by the NP in the differ-
ent types of stress. The rigidity of the material is mainly defined
by the non-bonded interactions, which depend strongly on the
volume percentage, the lower volume percentage being closer to
bulk-like behavior. The introduction of the nanoparticle into the
polymer matrix changes the dynamical segmental behavior of the
polymer chains, as is evident in the bond stress and the distribu-
tion of the length of the Kuhn segments (2-mer vectors).

Our findings highlight the fundamental importance of the mi-
crostructural and micromechanical environment at the polymer-
nanoparticle interface during tensile strain, offering exciting av-
enues for future research. Promising directions include explor-
ing the impact of various combinations of polymer-nanoparticle
chemistry and surface functionalization on the elastic-to-plastic
transition and probing the correlation between strain and den-
sity heterogeneities.
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