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Mechanisms of reinforcement in polymer
nanocomposites†

N. Molinari, a A. P. Suttona and A. A. Mostofi *ab

Coarse-grained molecular dynamics simulations are used to elucidate molecular mechanisms responsible

for different mechanical behaviours of elastomers containing spherical particles with different volume

fractions. We observe that different filler volume fractions result in qualitatively different responses of the

polymer nanocomposite to tensile strain. At relatively low filler volume fraction a yield drop appears in the

stress–strain curve. As the filler volume fraction increases there is a reduction in the rate of plastic hardening,

becoming plastic softening at sufficiently high filler volume fraction. We demonstrate that these behaviours

are a result of the network formed by the polymer chains and filler particles. We identify three distinct

molecular structural motifs between polymer and filler particles whose relative prevalence varies with the

filler volume fraction and as the system is dynamically strained. We show how this evolution in molecular

structure is directly linked to the observed mechanical response.

Introduction

In effectively all practical applications, the mechanical, rheo-

logical and chemical properties of polymers are modified and

enhanced by the inclusion of nanoparticle (NP) fillers. The wide

range of shapes, dimensions and chemistries of NPs enables

various properties to be tailored, including flammability,1,2 erosion

resistance,3,4 stiffness5–7 and glass transition temperature.8–10 A

deeper understanding of the molecular mechanisms underlying

the improved properties induced by fillers is both of scientific

interest and may enable the design and development of higher

performance polymer formulations that better meet the require-

ments of their intended use. Computer simulations provide a

framework to develop such an understanding, and in this paper

we focus on the mechanical response of NP-filled polymer

nanocomposites.

The mechanical properties of polymers without fillers

have been studied with both all-atom11 and coarse-grained (CG)

models.12–20 Whilst an all-atom approach is essential for under-

standing and predicting properties that depend on specific

chemical interactions,21 it is computationally impractical for

realistic models of filled polymers because of the typical

volume fractions, the sizes of nanoparticle fillers (10 nm to

100 nm), and the time-scales associated with the dynamics of

such complex systems. As a result, there have been many

computational studies of filled polymers using different levels

of coarse-graining, as highlighted in recent reviews.22–25 Since

its first use by Kremer and Grest to study the dynamics of

entangled linear polymer melts,26 the bead-spring model has

been widely adopted in both its basic formulation and with

various extensions and generalisations. This model reproduces

generic behaviour in good agreement with both theoretical

predictions, such as the Rouse and reptation models,26,27 and

experimental measurements while having a relatively simple

formulation. Bead-spring models have been extensively used to

study the mechanical properties of filled polymers. For example:

Raos et al.28,29 used a coarse-grained dissipative particle dynamics

approach to study the viscoelastic properties of rubber filled with

spherical particles at constant filler loading under oscillatory

shear deformations; Shen et al.30,31 investigated the strain-

induced non-linear mechanical behaviour of a polymer filled

with spherical and grafted nanoparticles, showing that there

exists an optimal grafting density and grafted chain length that

helps to improve the dispersion of the grafted NPs; and Liu

et al.32 studied the effect of filler volume fraction (FVF) and

polymer–filler interaction parameters on the mechanical

response of reinforced elastomers and identified the existence

of an optimal FVF for mechanical reinforcement in the

presence of strong polymer–filler interactions.

Despite the aforementioned work, key aspects of the relation

between polymer–filler network and mechanical reinforcement
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remain unanswered: what is the role played by the molecular

structural motifs of the polymer–filler network on reinforce-

ment? How does the polymer–filler network evolve during the

straining, and with what consequences for the mechanical

reinforcement? Is the appearance of a yield drop limited to

very strong polymer–filler interactions, or can it stem from

structural modifications of the polymer–filler network at high

filler loadings?

In this paper, we use molecular dynamics simulations and a

coarse-grained bead-spring model to elucidate the molecular

mechanism of mechanical reinforcement in nanoparticle-filled

polymer nanocomposites under uniaxial strain. These simula-

tions are all performed above the glass transition temperature.

We find that the stress–strain relation undergoes qualitative

changes as a function of FVF, including the appearance of a

yield drop. In ref. 32, this yield drop was attributed to strong

filler–polymer interactions. In contrast, we observe that a yield

drop begins to appear at relatively low FVF (31%) and even

when the polymer–filler interaction strength is less than half

that of ref. 32. The central result of this work is that we find

these and other variations in the stress–strain relations with

FVF are all directly attributable to changes in the polymer–filler

network, which we identify and quantify in both equilibrium

configurations and dynamically during uniaxial straining. We

identify three distinct local structural motifs, sketched in Fig. 1,

the relative abundances of which vary systematically with FVF

and strain. We show how this evolution in molecular structure

is directly linked to the observed mechanical response.

Model and simulation methods

The coarse-grained model of the polymer used in this work is a

development32 of the model proposed by Kremer and Grest26 to

take account of filler particles. The total number of polymer

chains in the system is set to 1000, each comprising 30 beads of

diameter s and mass m, unless otherwise specified. The bonds

within a chain are represented by a combination of the finite

extensible nonlinear elastic (FENE) potential and a Lennard-

Jones (LJ) potential, as in previous studies.26,32 The analytic

form of this bonded part of the potential is given by,

UB(r) = UFENE(r) + ULJ(r) (1)

¼ �1

2
kRB

2
ln 1� r

RB

� �2
" #

þ 4e
s

r

� �12

� s

r

� �6
� �

; (2)

where r is the separation of two bonded beads and we choose

RB = 1.5s and k = 30e/s2 to avoid chain-crossing and high

frequency modes.26,33 An average cross-link density of one

cross-link per chain is used throughout this work and cross-

link bonds have the same potential as in-chain bonds. Filler

particles are represented by additional spheres with radius

RF = 2s. Polymer beads and filler particles are assumed to have

the same mass density, therefore the mass of a filler particle is

64 times the mass of a polymer bead. Different filler volume

fractions, or filler loadings, are simulated by generating systems

which contain different numbers of filler particles in the struc-

ture, from unfilled to 1500 filler particles. For each filler loading,

an ensemble of eight independently generated simulation boxes

are created (as described later) and all computed quantities are

averaged over the ensemble. As elsewhere in the literature,34,35

the bead–bead, bead–filler and filler–filler non-bonded inter-

actions are modelled with a truncated and shifted Lennard-

Jones potential (TSLJ):
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(3)

where i represents the type of non-bonded interaction (bead–

bead, bead–filler or filler–filler), each with its own set of values

for ai, Di and rci , as summarised in Table 1. ai controls the

strength of the interaction, Di shifts the interaction to take into

account the excluded volume effects, and rci is the distance at

which the interaction is truncated and shifted so that the force

and energy are zero. As filler particles are often made of silica,

clay, and carbon black, they are assumed to exhibit negligible

attraction to each other. Therefore, as in previous studies,32

fillers interact with other fillers as hard spheres, making their

TSLJ potential equivalent to a repulsive WCA potential.36

Fig. 1 (a)–(c) Sketch of the three predominant motifs observed at all filler

loadings investigated. In (a) two filler particles are in direct contact, in (b)

and (c) their interaction is mediated by one and two polymer chains,

respectively.

Table 1 Summary of potential parameters used in this work for the non-

bonded interaction potential, where ai, Di and r
c
i are defined in the main

text. RF is the radius of the filler particles, and it is kept fixed at RF = 2s

throughout this work

i ai/e Di rci /s

Bead–bead 1.0 0 2
ffiffiffi

2
6
p

Bead–filler 5.0 RF � s/2 2
ffiffiffi

2
6
p

Filler–filler 1.0 2RF � s
ffiffiffi

2
6
p
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Previous studies, e.g., ref. 32, have investigated the effect of

varying the bead–filler interaction and have shown that an

interaction strength of at least twice the bead–bead interaction

is necessary for the polymer chains to wet the filler surface and

provide mechanical reinforcement. We chose the (attractive)

bead–filler interaction strength to be five times the bead–bead

interaction strength so that the system is clearly within the

region in which fillers result in mechanical reinforcement, and

with the aim of modelling relatively strong polymer–filler inter-

facial interactions that would result from, for instance, function-

alisation of the filler particles. The shift used to account for the

excluded volume of the fillers is chosen such that Di = R1 + R2 � s,

where R1 and R2 are the radii of the two particles taking part in the

interaction. With this choice, the zero of the TSLJ is shifted at a

distance equal to that of the sum of the two radii.

We work with LJ units throughout, in which the massm, and

LJ parameters s and e are set to unity. All molecular dynamics

simulations are performed using the Large-scale Atomic/

Molecular Massively Parallel Simulator (LAMMPS) package.37

A velocity-Verlet integrator with a timestep of dt = 10�3 was used

to evolve the equations of motion. The reduced temperature

was set to T = 1.0 (well above the glass transition temperature

for the system38) and the pressure to P = 0.0 using a Nosé–

Hoover thermostat and barostat, respectively. The choice of tem-

perature allows the system to undergo long-range co-ordinated

motions and relaxations typical of a real elastomer above its glass

transition, while the pressure is set to mimic the low ambient

pressure.

The structures used in this investigation are created as in an

earlier work,39 here we present a brief summary. First, the filler

particles are randomly positioned one at a time in a large

periodic box. If a filler particle overlaps with any of the

previously placed ones, a new trial position is generated and

tested. The dimension of the box is chosen so that, once all the

components are inserted, the resulting density is equal to

roughly 30% of the equilibrium density for the unfilled system,

which is r E 0.85.26 Then the chains are added one bead at a

time in a self-avoiding fashion in the remaining available

space. Once the first bead of a new chain is successfully placed,

the next suggested bead placement is done randomly on a

sphere of radius 0.96s (minimum of UB, eqn (2)) centred on the

previous bead. If the trial location does not overlap with any

previously placed element, it is accepted and the neighbour

lists are updated. The process is repeated until the desired

number of beads per chain is reached. The whole procedure is

then repeated for 1000 chains. The large initial volume of the

simulation cell ensures that the process of generating the

initial configuration of fillers and beads is computationally

efficient and does not stagnate as a result of packing constraints.

The structures then undergo an equilibration procedure com-

prising energy minimisation, compression, decompression,

and annealing stages that is based on approaches adopted in

previous studies.39–41 A detailed description is provided in the

ESI,† Section 1. The minimisation and compression stages of the

equilibration procedure are expected to take the structures from

low to melt density.

Once these initial structures are equilibrated, cross-links are

introduced between polymer chains. Bonds are added dynami-

cally during a simulation with a constant number of particles,

pressure and temperature (NPT) that automatically stops when

the total number of added bonds is equal to 1000, i.e., to the set

target of one cross-link per chain on average. Pairs of mono-

mers within a distance of 1.25s are flagged as potential cross-

link sites if they do not already share a bond. If the condition is

satisfied, the probability to create a cross-link bond is set to

0.03%. This choice of the probability of cross-linking avoids

inserting too many new bonds at the same timestep, but it also

prevents stagnation of the cross-linking procedure. Due to the

stochastic nature of the cross-linking of the structures, it is

important to verify that no bias is introduced among structures

with different numbers of inserted nanoparticles. To this end,

we computed the distribution of added bonds (i.e. cross-linking

bonds) per chain for all eight structures at each filler loading.

We observed no significant difference among the distributions

of new bonds at different filler loadings. The full results

are shown in the ESI,† Section 3. To relax the new bonds,

and any structural modifications introduced, the systems are

re-equilibrated following the same procedure as before. The

FVF reported for each system is calculated at this stage with a

100 000 timesteps NPT simulation (T = 1.0 and P = 0.0), where

the density is recorded every 100 timesteps. Within the ensemble

of structures sharing the same number of inserted filler particles,

the variations in the average FVFs are very small compared to the

standard deviations, and are therefore neglected. As a result, the

eight structures with the same number of fillers are treated as

having the same, mean FVF and used to compute ensemble

averages at constant FVF throughout this work. A plot of the FVF

as a function of the number of inserted filler particles can be

found in the ESI,† Section 2.

The polymer–filler systems, prepared as described above, are

uniaxially strained along the z-axis within the NTLzsxxsyy
ensemble, in which the total number N of particles and

temperature T are kept constant, and normal stresses

(sxx and syy) perpendicular to the straining direction are kept

zero.42 During the straining procedure Lz, the length of the

simulation box along the straining axis, is increased at a

uniform strain rate _Z, such that LzðtÞ ¼ Lzð0Þð1þ _ZtÞ, whilst
the lateral stresses sxx and syy are kept zero. This mimics the

usual boundary conditions on an experimental tensile test at a

constant strain rate. As in previous studies with similar

models32,39,43,44 we apply a strain increment of 3.27% every

t ¼ 1

dt
¼ 10

3 timesteps; i.e. the simulation box is strained

along z by 0.00327% every timestep dt. The straining is

performed for a time of 100 t, resulting in a final strain

on the system of 327%. The stress along the straining direc-

tion, szz, is given by the negative of the pressure along

the z axis, Pzz. At each FVF, the reported stress at a given

strain is averaged over eight independently generated systems.

The width of the shading of the stress–strain curves below

signifies �1sS, where sS is the standard deviation of the

calculated stresses.
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Results and discussion
Stress–strain response as a function of filler loading

Stress–strain curves corresponding to 0.0%, 27% and 47% FVFs

are shown in Fig. 2(a), (b), (c), respectively, and Fig. 2(d) and (e)

show examples of structures at the beginning and end of the

straining procedure for 0.0% and 47% FVF, respectively.

Fig. 2(a) serves as a reference point for the mechanical effects

of fillers embedded in the polymer matrix since this corre-

sponds to the unfilled case. In the stress–strain relation at 27%

FVF, Fig. 2(b), quasi-elastic (up to 5% strain) and plastic (for

strains greater than 5%) regions are clearly distinguished. At

47% FVF, Fig. 2(c), there is a yield drop following the initial

quasi-elastic rise, as indicated by the appearance of a peak in

the stress. A yield drop has been observed in earlier work, but

only in the limit of very strong polymer–filler interactions

(corresponding to a value of aBead–filler = 12.0).32 At strains

between 100% and 250%, the stress is almost independent of

strain, in contrast to the case of 27% FVF where the stress

increases with strain throughout the plastic region. At strains

exceeding 250% there is the onset of necking eventually leading

to fracture, as shown in Fig. 2(e). The standard deviation in the

mechanical response among the eight structures at all FVFs is

generally small, indicating a weak dependence of the stress–

strain curve on the initial structures with the same FVF. This

observation, which holds true throughout this study, gives us

confidence that the number of independently-generated structures

at every filler volume fraction is sufficiently representative, and the

results statistically robust.

For FVF up to 27%, the filled polymer is progressively strength-

ened by the inclusion of more particles, Fig. 3. The quasi-elastic

region exhibits both a progressively higher modulus and higher

peak before the onset of the plastic region (see the ESI,† Section 4,

for an enlarged stress–strain plot up to 25% strain). There is

no substantial change in the range of strain over which the

stress–strain curve is quasi-elastic, and there is no substantial

change in the slope of the plastic region. At larger FVF the

stress–strain relation is merely displaced to higher stresses for

the same strain. A different picture emerges with FVFs larger

than 27%. In Fig. 4, the stress–strain curves for 27%, 31%, and

35% FVF are presented. At 31% FVF a yield drop appears,

which is a new feature in the stress–strain relation. This

yielding phenomenon appears in all the stress–strain relations

with FVF larger than 31%, and becomes increasingly promi-

nent with increasing FVF. Recalling that the strength of the

polymer–filler interaction is the same at all FVFs, the presence

of a threshold in the FVF before a yield drop appears suggests

it is related to a change in the molecular structure of the

nanocomposite at a critical FVF.

The smaller slope of the plastic region for 35% FVF, seen in

Fig. 4, suggests the existence of an optimal FVF for mechanical

reinforcement, where the peak of the quasi-elastic region is

maximized before a reduction in the rate of hardening in the

plastic region occurs. In this work the optimum is somewhere

between 31% and 35% FVF. There are similar results reported

elsewhere in the literature.32 To understand the origin of the

variation of mechanical properties as a function of filler load-

ing we investigate the molecular environments of filler particles

in the next section.

Fig. 2 Mechanical responses of elastomer nanocomposites with different

FVF. (a–c) show stress–strain curves for three FVFs exhibiting different

responses to the loading. (d) and (e) are examples of structures at the

beginning and end of the straining procedure. (d) is a structure with no

filler loading while (e) has a 47% FVF. In the latter necking can be observed.

Note red spheres are filler particles, while the blue spheres represent the

polymer beads.

Fig. 3 Stress–strain curves for four FVFs, corresponding to 0.0% (black),

8.8% (green), 22% (red), and 27% (blue).

Fig. 4 Stress–strain curves for three FVFs of 27%, 31%, and 35%. Up to

27% FVF (blue) the mechanical response does not exhibit a yield drop. At

31% FVF (red) a peak appears between the quasi-elastic and plastic regions.

At 35% FVF (green) the peak is clearly present and the slope of the plastic

region becomes smaller compared with that of lower FVFs.
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Polymer–filler network at equilibrium (0% strain)

The radial distribution functions (RDF) between filler particles

are calculated in all structures at all FVFs. The RDFs are

computed after the structures are equilibrated, but before

being strained. For each equilibrated structure, a total of

50 snapshots separated by 100dt = 0.1t are recorded and used

to compute the average RDF of a single structure. Fig. 5 shows

examples of the RDF for one representative structure for the

cases of 27% and 40% FVF. The distributions show peaks

corresponding to three molecular structural motifs: (1) fillers

in direct contact with each other, Fig. 1(a), with corresponding

peak at 2RF = 4s; (2) fillers separated by one layer of polymer

beads, Fig. 1(b), with corresponding peak at 2RF + s = 5s;

and (3) fillers separated by two layers of beads Fig. 1(c), with

corresponding peak at 2RF + 2s = 6s. These findings are in good

agreement with the classification of the dispersion state of

nanoparticles by Hooper and Schweizer.45 In particular, the

structural motifs found in Fig. 1(a)–(c) can be interpreted as

contacts of type: (i) direct contact, (iii) segmental level tight

particle bridging, and (iv) ‘‘tele-bridging’’, respectively. The

area under each peak is a measure of the prevalence of the

corresponding molecular structural motif (or MSM), and it is

calculated as in eqn (4):

A ¼ 4pNF

V

ðr2

r1

r2gðrÞdr; (4)

where r1 and r2 are two consecutive minima of g(r), or RDF, V is

the box volume, and NF the number of filler particles. In Fig. 6,

we show this quantity as a function of the FVF, where the value

reported for each FVF is an average over an ensemble of eight

independently generated structures. The label BB, which stands

for ‘‘bridging beads’’, denotes the number of polymer bead

layers between two fillers and is used to distinguish the

different molecular structural motifs henceforth. Three main

regions are identified:

� Up to 27% FVF: the filler–filler interactions are almost

entirely mediated by either one (BB = 1) or two (BB = 2) bridging

polymer bead layers. As the FVF increases up to 27%, the

prevalence of both BB = 1 and BB = 2 increase. A negligible

fraction of filler particles are in direct contact (BB = 0) and there

is no discernible peak corresponding to BBZ 3. Polymer beads

are attracted to filler particles because the strength of their

interaction is five times that of the bead–bead interaction,

see Table 1.

� Between 27% and 35% FVF: BB = 2 peak falls rapidly. The

relative abundance of BB = 1 continues to increase through this

range of FVFs, reaching a maximum at 35% FVF, while BB = 0

starts to appear at 35% FVF.

� Above 35% FVF: BB = 0 rises and BB = 1 falls, and they

almost meet at 50% FVF. BB = 2 remains approximately constant

and small throughout this range.

As shown above, the network formed by the polymer chains

and the filler particles at equilibrium (0% strain) varies as a

function of FVF. This variation correlates qualitatively with the

mechanical response for different FVFs, as determined by

the stress–strain curves (Fig. 2–4). As the BB = 2 molecular

structural motif falls rapidly, a peak in the stress–strain

response appears. BB = 1 reaches a maximum at approximately

35% FVF, while BB = 0 remains absent but starts to appear at

35% FVF, which coincides with the observed weakening of the

plastic regime. This observation indicates the mechanical

response at large strains is optimised at this filler loading.

In other words, as the slope of the plastic region is decreased

beyond 35% FVF, for optimal reinforcement at high strains the

filler loading should be lower than 35%. These observations

indicate that the static picture provided by a snapshot of the

organisation of the filler–polymer network at equilibrium

Fig. 5 Examples of RDFs: black corresponds to a 27% FVF structure, and

blue to a 40% FVF structure. The former shows peaks at 5s and 6s that

correspond to fillers separated by one and two layers of polymer beads,

respectively. The RDF for the 40% FVF structure shows a peak at 4s, which

relates to fillers in direct contact with each other, a peak at 5s and a very

small bump at 6s.

Fig. 6 Prevalence of the different peaks in the filler–filler RDF as a

function of FVF. The three curves correspond to the first three peaks in

the distribution that indicate: (green) fillers touching directly (BB = 0),

(purple) fillers with one intervening layer of polymer beads (BB = 1) and

(red) fillers with two intervening layers of polymer beads (BB = 2). The error

bars are the standard deviations among eight independently generated

structures.
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(0% strain) determines to a large extent the nature of the

dynamic stress–strain relation. However, for a more detailed

understanding of the molecular mechanisms of mechanical

deformation, it is necessary to study explicitly the dynamical

evolution of the polymer–filler network as it undergoes strain.

Coordination changes during straining

The calculation of the RDF is performed similarly to the static

case, but adapted to be computed dynamically during the

straining of the structures. The only difference with the static

case is that the averaging at a given strain is performed on a

single snapshot in eight dynamically evolving structures at that

strain, rather than over 50 snapshots. This is done to capture

the instantaneous distribution of polymer chains and filler

particles. As in the static case, the integrals of the peaks of

the RDF are averaged over eight structures from independent

runs of the straining process. The larger number of beads in

our model, as compared with previous work in the literature,32

results in a higher number of filler particles at a given FVF. This

translates into well-converged RDFs even without averaging

over multiple snapshots.‡ As a result, the instantaneous RDF,

and hence the filler–polymer network structure, can be captured

dynamically during the straining process. Fig. 7 shows the dis-

tribution of the molecular structural motifs in the system up to

100% strain, and for different FVFs. It is seen that at strains up to

about B5% the prevalences of the molecular structural motifs

remain approximately, but not exactly, constant. This is why we

call the initial increase of stress from zero quasi-elastic: there are a

few coordination changes happening, which are presumably irre-

versible. The principal features in the mechanical response, i.e.,

the appearance of a yield drop and the weakening of the plastic

region observed in Fig. 4, are now discussed in the light of the

dynamical evolution of the coordination motifs.

Yield drop. As previously observed in Fig. 4, a yield drop is

absent in structures with FVF r 27%, but it appears in all the

stress–strain relations for structures with FVF 4 31%. The condi-

tion for a yield drop to arise is that there is a mechanism to enable

stretching of the polymer–filler network at lower stresses once the

plastic region has been entered. In Fig. 7 at 16% FVF all three

molecular structural motifs change little. But at 31% FVF, BB = 1

decreases with strain as seen in Fig. 7(c). For BB = 1 a polymer chain

is sandwiched between two filler particles and it experiences

enhanced attraction to both fillers. This restricts the movement of

the polymer. Upon straining, stress builds up until the polymer

molecule detaches from one of the filler particles, remaining

attached to the second. The polymer molecule is then less con-

strained and further deformation can take place at lower stresses. At

the same time in nanocomposites with FVFsZ 31% theMSMs BB =

0, 2 tend to increase, which further reduces the constraints on the

polymer network. To summarise, it is the decline of the constrained

BB = 1 population and the growth of the BB = 0 and/or 2 populations

during straining that results in the yield drop.

Plastic weakening. For FVFs greater than 31%, the strength

of the nanocomposite tends to decline with increasing strain in

the plastic region as observed in Fig. 4. The depletion of the

BB = 1 MSM during the straining process results in an increased

number of fillers in direct contact, as seen by the increase in the

BB = 0 MSM in Fig. 7(d). As the volume fraction of the

energetically weakest MSM, BB = 0, increases with strain so

the slope of the stress–strain curve declines. This explains the

observed decline in the strength of the nanocomposites with

increasing strain in the plastic regions for FVFs exceeding 31%.

Average and total filler coordination

Further insight into the molecular mechanisms behind the

evolution of the stress–strain behaviour as a function of FVF

can be obtained by considering the average and total coordina-

tion of filler particles by polymer beads. The evolution during

straining of the average and standard deviation of the number

of polymer beads coordinating a filler particle are plotted in

Fig. 8 for a range of FVFs. At 8.8% and 16% FVFs the number of

beads coordinating a filler particle stays approximately con-

stant at 75. At higher FVFs the average number of beads

coordinating a filler particle initially declines quite rapidly,

but the rate of decrease diminishes with further strain, until it

is almost constant, amounting in each FVF to a loss of

approximately eight coordinating beads by 100% strain. A key

change occurs between 31% and 35% FVF: the average coordi-

nation is lower in 35% FVF at zero strain and remains smaller

than in 31% FVF at all subsequent strains. A lower average

coordination signifies a weakened network, consistent with the

declining strength of the nanocomposites with increasing

strain in the plastic region observed for structures with FVF

greater than 35%. This observation is also consistent with the

increasing prevalence of BB = 0 for FVFs greater than 31%

observed in Fig. 6. A higher number of filler particles in direct

contact results in a smaller fraction of the total filler surface

area available to interact with polymer beads.

To elucidate why the highest stress attained in the quasi-

elastic region continues to increase with increasing FVF, the

stress at 10% strain is shown in Fig. 9 as a function of the total

number of filler–polymer interactions. We see that despite the

abundance of the BB = 0 molecular structural motif in the range

35% to 47% FVF, and the concomitant lower average coordina-

tion per filler particle observed in Fig. 8, the total number of

polymer beads coordinating with fillers continues to increase

with increasing FVF because there are more filler particles,

resulting in an increasing stress at 10% strain with increasing

FVF. It is also apparent that for FVFs up to 35% the maximum

stress increases linearly with the total number of coordinating

beads. The deviation from the linear relationship observed for

47% FVF can be correlated with the relatively high fraction of the

BB = 0 MSM present at this FVF, which weakens the network.

Persistence and average coordination

Whilst answering important questions, the average and total

general coordination of the fillers by the polymer beads does

not elucidate the evolution of the specific polymer beads

coordinating the filler particles. In this section we investigate

the dynamical nature of changes in the coordination of a filler‡ With the only exception being the lowest FVF (8.8%, 100 filler particles).
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particle by polymer beads as a function of strain. We define

‘‘persistence’’ as the fraction of beads coordinating a filler that

remains the same between snapshots of the structure taken

every 0.1t. If the persistence is equal to one then the same

polymer beads are coordinating the filler particles in the two

snapshots. If the persistence is equal to zero then completely

Fig. 7 Prevalence of the molecular structural motifs obtained by integration of the filler–filler RDF at different FVFs and straining. The error bars are the

standard deviations among eight independently generated structures. The stress–strain relations are also plotted (magenta) for ease of reference.

Fig. 8 Evolution during straining of the average total number of beads

coordinating filler particles in a range of FVFs. The shading indicates the

standard deviation.

Fig. 9 Stress at 10% strain versus total bead coordination of all fillers in the

simulation box, as obtained by averaging over eight independently gen-

erated structures for each FVF. The error bars indicate the standard

deviation in each set of eight structures.
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different sets of polymer beads are coordinating the filler

particles in the two snapshots. Since the two snapshots are

0.1t apart, we expect the persistence to be unity or only slightly

less than unity. If a bead is within RF + s = 3s from the centre of

a filler, it is defined as coordinating. The distance of 3s is

chosen because it corresponds to the first minimum of the

filler-bead RDF. Let Gi
n and Gi

n+1 be the sets containing the

indices of the beads coordinating filler i at straining steps n and

n + 1, respectively. Then the persistence for filler i at straining

step n + 1, Pi
nþ1

, is defined as follows:

Pi
nþ1

¼ Gi
n \ Gi

nþ1

Gi
n

�

�

�

�

: (5)

Fig. 10 shows the evolution of the persistence as a function

of strain for each of the 1200 fillers in a representative structure

with 47% FVF. The corresponding plots for the other seven 47%

FVF structures can be found in the ESI,† Section 5.

There are two important features observed in Fig. 10. First,

although rare, there are regions with a persistence B91% at

strains less than 5%. This confirms our earlier statements that

in the quasi-elastic region there are fillers that undergo changes

in their coordinations with polymer beads, which imply this

region cannot be truly elastic, i.e., reversible. At strains greater

than 5% changes in the coordination of filler particles are more

frequent and are experienced by all filler particles.

Second, close inspection of Fig. 10 reveals that changes in

the local coordination environments of a given filler particle do

not last longer than a few straining steps. Once the local

coordination of a filler is reduced, stress is transferred to other

fillers that may then undergo similar transitions, while the

coordination environment of the first filler is temporarily

constant. And so the cycle of disrupting and conserving the

coordination environment of each filler particle continues.

In Fig. 11 we show for each FVF the value of the persistence

averaged over all filler particles as a function of strain.

The average persistence for 8.8% and 16% FVF stays almost

constant at around 97%, indicating small changes in the specific

beads coordinating the fillers. The persistence at strains less

than 5% increases with increasing FVF because the network is

stabilised by the increasing number of the BB = 1 molecular

structural motif, as seen in Fig. 6. For FVF of 31% and above, the

average persistence decreases sharply in the strain range 0% to

20% and recovers somewhat at larger strains. It is interesting

that the disruption of the network at strains less than 20% and

its increasing stabilisation at larger strains coincides with the

appearance of the yield drop.

Conclusions

In this work we have used coarse-grained molecular dynamics

to simulate tensile tests of polymer nanocomposites containing

spherical filler particles for a range of filler volume fractions

(FVFs) from 0% to B50%. We have assumed the interaction

between polymer beads and filler particles is five times stronger

than that between polymer beads to model nanocomposites

where the surfaces of filler particles have been modified to

enhance adhesion to the polymer.

At all finite FVFs we find the stress–strain relation comprises

an initial quasi-elastic region, characterised by a steep slope,

followed by a plastic region where the slope is significantly

smaller. There is not a sharp transition between these two

regions but in all cases the extent of the quasi-elastic region is

no more than the first 10% of strain. As seen in Fig. 7 the

maximum stress reached in the quasi-elastic region increases

with increasing FVF. This is a result of the monotonic increase

of the total number of interactions between polymer beads and

filler particles with increasing FVF, shown in Fig. 9. The term

quasi-elastic is used because there are changes in the coordina-

tion environments of fillers at strains up to 10% (Fig. 10). These

changes are infrequent compared to those taking place in the

Fig. 10 Persistence of each of the 1200 fillers in a 47% FVF structure as a

function of strain. Similar plots for the other seven 47% FVF structures, are

presented in the ESI† Section 5, where it is seen they display the same

general features as seen in this plot.

Fig. 11 Average value of the persistence for all filler particles at a given FVF

as a function of strain. The standard deviations are shown by the shading.
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plastic region, but their existence indicates a small but finite

degree of irreversibility and hence plasticity.

In the plastic region there is no yield drop for FVFs up to 27%.

The slope of the stress–strain relation remains positive (Fig. 3).

At 31% FVF a yield drop appears which becomes more pro-

nounced with increasing FVF. At 35% FVF the slope of the

stress–strain curve in the plastic region begins to decrease with

increasing FVF, becoming negative at all strains in the plastic

region at 47% FVF (Fig. 7). We attribute both the yield drop and

the weakening of the plastic region to the decline in the

population of adjacent fillers mediated by one polymer layer

(BB = 1), and the growth in the population of adjacent fillers with

no (BB = 0) or two intervening polymer layers (BB = 2) (Fig. 7). All

these changes reduce the constraints on the polymer network. As

seen in Fig. 11, the appearance of the yield drop also coincides

with a marked disruption of the network of polymer molecules

attached to filler particles at strains up to B20%, followed by a

gradual stabilisation of the network at higher strains.

This study has highlighted the crucial role of the dispersion of

filler particles in the polymermatrix which directly affects the relative

populations of the molecular structural motifs (BB = 0, 1, 2) of filler

particles, and which in turn determine the mechanical properties of

the nanocomposite. Whilst it is widely accepted that higher surface-

to-volume ratio of the filler particles, for a given FVF, improves the

mechanical properties of polymer nanocomposites,46–48 the influ-

ence of the shape of the filler particles on the structural motifs is less

obvious, and it requires further research.
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