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A B S T R A C T   

Polymer nanocomposites (PNCs) are now widely used in various fields. It is modified by adding fillers to improve its various properties during processing and 
application. In this work, we investigated the viscoelasticity of PNCs respectively filled with nanoparticles, nanorods and nanosheets and compared the effects of filler 
shape and filler size. It is found that the nanorod has the most outstanding ability to increase the modulus of PNCs among the three, followed by the nanosheet. The 
increase of filler size can increase the modulus of the system and has little effect on Payne effect. The source of modulus enhancement of PNCs respectively filled with 
nanorods and nanosheets changes with increasing volume fraction from Rouse dynamics of the polymer chains to the binding force of the filler on the polymer chains 
and eventually to the filler network. Increasing the filler size makes the Rouse dynamics region and chain confinement region narrower and the permeation threshold 
lower. However, the source of modulus enhancement of PNCs filled with nanoparticles is mainly the Rouse dynamics of polymer chains, which only conforms to the 
above mechanism at a high interface degree of nanoparticles.   

1. Introduction 

The incorporation of different fillers can significantly improve the 
mechanical properties [1–4], thermal properties [5–9], flame retardant 
and fire resistance [10–12], magnetic properties [13–15], electrical 
properties [16–19], dielectric properties [20] and barrier properties [21, 
22] of polymer nanocomposites (PNCs). The shape and size [23–26], 
amount and dispersion, distribution [10,21,27,28], orientation [29,30] 
of nanofillers may affect the material properties of PNCs, as well as the 
interaction between fillers and polymers [31–33]. Fillers can also be 
modified [34,35] to improve their dispersion or enhance their interac-
tion with polymers, and then added to the matrix to enhance the 
properties of the composite. 

From the aspect of material processing process, it is required that the 
material has suitable viscous and elastic properties. For example, in 
powder injection molding process, the filler size and shape are impor-
tant influencing factors for material processing [26,36], and when the 
filler amount is high, the viscosity of the composite is more sensitive to 
small changes in the filler properties; the higher filling density and lower 
mixing viscosity possessed by the spherical filler can well improve the 
material properties for injection molding process [37]. After the filler 
enters the polymer matrix, it hinders the flow of the altered continuous 

phase and restricts the movement of the polymer chains [38,39]. It is 
therefore easy to see that when nanofillers are added, additional 
geometrical constraints are added to the polymer chains, which changes 
the viscosity and elasticity of the composite [40], and the viscoelastic 
mechanism of the PNCs is immediately altered. It was shown that the 
energy storage modulus (G′) and the loss modulus (G′′) of the PNCs in-
crease significantly after the addition of the filler [36,41,42], with the 
energy storage modulus indicating the elasticity of the system, while the 
increase in the loss modulus can be attributed to the presence of more 
energy dissipation processes after the increase in filler amount. And the 
higher the amount of the filler, the shorter the linear viscoelastic region 
of the PNCs [38,40,43]. Much research has been conducted on the 
theory of mechanical enhancement of PNCs. Li et al. [44], investigated 
the effect of adding five shapes of fillers to polyethylene on the prop-
erties of the composites. The results show that the surface area to volume 
ratio of the filler can influence the interaction between the filler and the 
polymer, playing a dominant role in the structure, dynamics and adhe-
sion of the material. Zhao et al. [45], investigated the effect of three 
different silica fillers on the properties of PNCs, and the results showed 
that the shape and connectivity of the fillers play an important role in 
the mechanical enhancement of PNCs. Cui et al. [46], investigated the 
modulus enhancement mechanism in the glassy and rubbery states. The 
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results show that the number of contacts between polymer segments and 
fillers and the degree of chain stretching in the glassy state affect the 
modulus; while the modulus magnitude in the rubbery state depends on 
the total surface area of the fillers. Gao et al. [47], investigated the 
mechanism of interaction of different fillers on polymers at the interface. 
It was found that different shapes of fillers exert different forms of force 
on the polymer and that the mobility of the polymer at the interface is 
determined by the total force exerted by the filler. Grant D. Smith et al. 
[48] investigated the effect of filler-polymer interface on viscoelasticity 
by molecular dynamics simulations and found that the interaction at the 
interface of the two substances and the interface size greatly affect the 
viscoelasticity of the composites. Similarly, different shapes of fillers 
have different aspect ratios, which means that their effective volumes 
are different, and fillers with high effective volumes have certain ad-
vantages over low ones, which can reduce the permeation threshold of 
the fillers. When the filler volume fraction reaches a high value, the 
fillers are packed closely together and even form a filler network [49]. 
This drives the interaction between fillers to be greater than the inter-
action between the filler and the polymer [43]. And it is noteworthy that 
at low shear frequencies, the filler-filler interaction has a greater effect 
on the composite, while at high shear frequencies, the filler-polymer 
interaction has a greater effect on the composite [37]. The phenome-
non of nonlinear variation of modulus of PNCs with strain amplitude 
after the addition of fillers is called Payne effect [40]. Several studies 
have demonstrated [41,50] that when the strain amplitude exceeds a 
certain value, the energy storage modulus decreases sharply while the 
loss modulus appears as a peak, a phenomenon that indicates the 
disruption of the formed filler network in the system, the disintegration 
of the filler clusters or other energy loss processes. 

There is still a lack of theories to explain the viscoelasticity 
enhancement due to the addition of fillers, and this part is also less 
studied in simulation experiments, especially the different effects and 
mechanisms of modulus enhancement for different geometries of fillers. 
In this work, we investigated the viscoelasticity of PNCs respectively 
with spherical nanofillers (nanoparticles), rod nanofillers (nanorods) 
and sheet nanofillers (nanosheets) by molecular dynamics simulations, 
and investigated the effect of filler shape and filler size on the modulus 
enhancement of PNCs. Also, we discussed the modulus enhancement 
mechanism, which was compared with that proposed by Wei Hong et al. 
[51]. The study serves as a guide and explanation for relevant experi-
ments, and provides ideas and insights for further fine quantification of 
theoretical work. 

2. Models and methods 

2.1. Models 

In this project, a coarse-grained model [52] was chosen to build 
polymer nanocomposites filled with nanofillers. The system consists of 
polymer chains as well as different shapes of nanofillers. Each system 
has 1400 polymer chains and each polymer chain contains 30 beads. 
Each bead has a mass of m = 1 and a diameter of σ = 1. Compared to real 
polymer chains, the polymer chains in the coarse-grained model are 
already sufficient to display the static and dynamic characteristic 
behavior of long chains [53]. Our aim is not to study specific polymer 
chains, and the model setup falls within the range of parameters in the 
experiment that can capture typical polymer systems and all parameters 
are simplified by setting ε and σ equal to unit. A nanoparticle is a rigid 
ball consisting of 1 central bead and 6 vertex beads, with the vertex 
beads evenly spaced on the surface of the central bead; a nanorod is a 
rigid rod consisting of L beads; and a nanosheet is a rigid sheet consisting 
of N × N beads. When discussing the effects of filler shape and volume 
fraction (φ), we keep the individual filler masses of the three fillers as m 
= 9. A nanoparticle has a central bead of m = 3 and surface beads of m =
1 each. A nanorod is a rigid rod of 9 beads and a nanosheet is a rigid 
sheet of 3 × 3 beads, each set to m = 1. Snapshots of these three filler 

models are shown in Fig. 1. When discussing the effect of filler size, the 
volume fraction of the filler was fixed at φ = 10%. The nanoparticle is set 
to three sizes of m = 4, 9 and 16; for a mass of m = 4, the central bead is 
set as m = 1 and each surface bead is set as m = 0.5; for a mass of m = 16, 
the central bead is set as m = 4 and each surface bead is set as m = 2. The 
nanorod size is set as L = 4, 6 and 9, and each bead is m = 1. The 
nanosheet size is set as 3× 3, 4 × 4 and 5× 5, and each bead is m = 1. 
The model visualization can be seen in Fig. S6. 

Dimensionless units are used in the simulation, where m is the unit of 
mass, σ the unit of length, and ε the unit of energy, and other physical 
quantities are derived from these three, such as time τ = σ

̅̅̅̅̅̅̅̅̅
m/ε

√
、 

temperature T = ε/kb, etc. 
The inter-molecular and intra-molecular action potential functions 

are expressed using the Lennard-Jones (LJ) potential function with the 
following expressions: 

Eij(r)=

⎧
⎨

⎩

4εij

[( σ
r − Δ

)12
−
( σ

r − Δ

)6
]

r < rcutoff + Δ

0 r ≥ rcutoff + Δ
(1)  

where rcutoff represents the distance r − △ at which the interaction is 
truncated and shifted at the rcutoff cutoff; and r is the distance between 
two interaction points. We set the polymer-polymer interaction to εpp =

1.0, the polymer-filler interaction to εpn = 3.0 and the filler-filler 
interaction to εnn = 1.0. The purpose of this setting is to construct a 
model for long-range attraction. 

We use the FENE potential to describe the bonding interactions be-
tween the polymer chain beads: 

Epolymer− bond = − 0.5k1R0
2 ln

[

1 −
(

r
R0

)2
]

(2)  

where k1 = 30.0(ε /σ2), R0 = 1.5σ. Description of bonding interactions 
between filler beads in terms of rigid harmonic potential.: 

Efiller− bond = k2(r − r0)
2 (3)  

where k2 = 10000(ε /σ2), r0 = 1σ. 
The bond angle interactions between filler beads are expressed using 

the rigid harmonic potential: 

Eangle =K[cos(θ) − cos(θ0)]
2 (4)  

where K = 10000ε, the nanorod is set to θ0 = 180◦, and the nanosheet is 
set to θ0 = 90◦ and θ0 = 180◦ to ensure that the filler can keep the same 
shape. 

2.2. Methods 

After obtaining the initial models of polymer chains and fillers, the 
simulated systems were equilibrated using NPT and NVT systems at T∗

= 1 (Tg ≈ 0.5) [54] and P∗ = 0.0 in simulated time steps of 0.001 τ. 
Periodic boundary conditions were used during the simulations. The 
dynamic equilibrium of different systems at high and low temperatures 
was carried out, and the equilibrium simulation time was 20000 τ. The 
homogeneous simulation system with uniform dispersion and stable 
density was finally obtained, the volume of the simulate box was about 
40*40*40 σ3 and the number density was about 0.85. After determining 
the equilibrium of the system and the homogeneity of the filler disper-
sion by calculating the density and the radial distribution function 
(RDF), we used the non-equilibrium molecular dynamics (NEMD) 
method to simulate the dynamic oscillation of the material during pro-
cessing. The shear velocity gradient in oscillatory shear is in the Y-di-
rection, and the XZ-plane undergoes a periodic tilt deformation with a 
fixed shear frequency of υ = 0.01 τ− 1. The shear stress during oscillatory 
shear can be expressed as 
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σxy = γ0[G
′ sin(2πυt)+G˝cos(2πυt)] (5)  

where G′ denotes the energy storage modulus of the system and G′′ de-
notes the loss modulus of the system. All of our simulation experiments 
are performed using LAMMPS, a large-scale atomic-molecular inte-
grated parallel simulation software. 

3. Results and discussion 

3.1. Influence of filler shape and filler size on the viscoelasticity of PNCs 

Firstly, we investigated the effect of filler shapes of nanoparticles, 
nanorods and nanosheets on the viscoelasticity of PNCs systems. 

It has been shown that the dispersion effect of fillers can seriously 
affect the material properties of PNCs [11,55,56]. We demonstrated the 
uniform dispersion of the filler in the composite by characterizing the 
radial distribution function (RDF) of the filler, as shown in Fig. S1. 
Fig. S2 demonstrates the energy storage modulus and loss modulus 
versus shear strain amplitude for PNCs with different shapes of fillers, 
and all PNCs have a distinct low-strain energy storage modulus plateau, 
that is, a linear viscoelastic region. With the increase of filler amount, 
the plateau region becomes narrower and the energy storage modulus 
increases. Comparing the effects of the shape of three fillers on the 
viscoelasticity of PNCs at the same volume fraction, Fig. 2(a), it can be 
seen that nanorods have the best effect on the modulus enhancement of 
PNCs, which is slightly better than nanosheets, and nanoparticles play 
the weakest role in the modulus enhancement. According to the reports 
[47], it is known that both nanorods and nanosheets have strong 
adsorption force on polymer chains. In this work, it is ensured that the 
aspect ratio of nanorods is larger than that of nanosheets when the mass 
of individual filler is the same; therefore, at the same volume fraction, 
the adsorption force of nanorods is greater than that of nanosheets and 
then the nanorod is more restrictive to polymer chain movement [57], 
which largely enhances the modulus of PNCs. When the filler reaches the 
permeation threshold [58,59] then the effect of further increase in filler 

on modulus enhancement is diminished. As shown in Fig. 2(b), the loss 
modulus of PNCs respectively filled with the three shapes of fillers fol-
lows the same trend as the energy storage modulus. From Fig. S2, it can 
be seen that the nanorod has the lowest permeation threshold and is the 
easiest to form a filler network, followed by the nanosheet, and the 
nanoparticle is less likely to form a filler network. At low strain, the 
energy losses of PNCs respectively filled with nanorods and nanosheets 
at high filler amount are even lower than those at low filler amount, 
which can be attributed to the fact that filler networks formed by 
increased filler greatly shackles the polymer chains and makes the sys-
tem form a solid-like phase, which enhances the modulus and also 
relatively reduces the slip loss of polymer chains on the filler surface. 

The effect of filler size (model visualization is shown in Fig. S6) on 
the viscoelasticity of PNCs is shown in Fig. 3. The energy storage 
modulus of PNCs filled with nanoparticles decreases with increasing 
filler size, which can be attributed to the decrease in the number of fillers 
at the same volume fraction. The reduction in the total effective specific 
surface area of the filler reduces its interaction area with the polymer, 
while the nanoparticle itself has a weaker ability to confine the polymer 
chains, which reduces the strength of the filler-polymer network formed 
by the adsorption of polymer chains by the filler and ultimately leads to 
a decrease in modulus. The energy storage modulus is almost constant 
with the filler size for PNCs respectively filled with nanorods and 
nanosheets. However, the increase of the filler size makes the number of 
fillers smaller, and in this case the energy storage modulus of the PNCs 
system can still be maintained about the same, which means that the 
increase of the filler size of nanorods and nanosheets has the same effect 
on the strength of the adsorption of polymer chains in the PNCs system 
to form the filler-polymer network as the increase of the filler volume 
fraction. In other words, when the filler volume fraction is the same, 
increasing the filler size can enhance the modulus of PNCs to some 
extent. Comparing the three fillers, the nanorod always has the strongest 
effect on the modulus enhancement, which is due to the fact that the 
nanorod has the largest aspect ratio and the largest effective area of 
interaction with the polymer chains in the model construction in this 

Fig. 1. Model visualization of (a) nanoparticles (b) nanorods and (c) nanosheets.  

Fig. 2. Plots of (a) energy storage modulus and (b) loss modulus as a function of shear amplitude for PNCs respectively filled with nanoparticles, nanorods and 
nanosheets, atφ = 5%, υ = 0.01 τ− 1. 
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work. The loss modulus has a similar trend to the storage modulus. 
In order to compare the Payne effect appearing in each system, we 

quantified the Payne effect [60]. 

G* =
(
G′

5% − G′

100%

) /
G′

5% (6)  

where G′

5% and G′

100% denote the energy storage modulus at shear am-

Fig. 3. Variation of energy storage modulus with shear amplitude for PNCs respectively filled with different sizes of (a) nanoparticles, (b) nanorods and (c) 
nanosheets; variation of loss modulus with shear amplitude for PNCs respectively filled with different sizes of (d) nanoparticles, (e) nanorods and (f) nanosheets. υ =
0.01 τ− 1. 

Fig. 4. Quantified Payne effect of PNCs filled with different shapes of fillers as a function of (a) volume fraction and (b) the size of the filler.  
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plitudes of 5% and 100%, respectively; G* denotes the quantified Payne 
effect. According to Equation (6), we obtain the quantified Payne effect 
as a function of filler volume fraction and filler size as shown in Fig. 4. It 
can be seen from the Fig. 4(a) that the Payne effects of PNCs respectively 
filled with nanorods and nanosheets are both most sensitive to the filler 
amount (PNCs filled with nanorods is slightly more sensitive than PNCs 
filled with nanosheets), and the Payne effect is already significant at 
smaller filler amounts. In contrast, the Payne effect for PNCs filled with 
nanoparticles requires a higher filler amount before a significant Payne 
effect occurs. Also from Fig. 4(b), it can be seen that the Payne effect of 
PNCs filled with nanoparticles decreases with increasing filler size. The 
Payne effects of PNCs respectively filled with nanorods and nanosheets 
do not vary much with filler size and are only affected by size to a small 
extent. The trend of the quantified Payne effect G* is consistent with the 
change in modulus. 

3.2. Modulus enhancement mechanism 

The first step was to calculate the relaxation times of polymer chains 
in pure polymers and PNCs, using the method of Rouse dynamics 
analysis. Here the simple positive mode analysis of polymer chains was 
first performed [61], 

Xp(t)=
̅̅̅
2
L

√
∑L

i=1
cos

(

pπ i − 1/2
L

)

ri(t) (7) 

In Equation (7), Xp(t) is the pth simple positive mode function of the 
polymer chain. The p is the mode number, and its maximum value 
cannot exceed the number of chain lengths. The L denotes the polymer 
chain length, which is the total number of beads in a polymer chain; in 
this work, L = 30. The ri(t) denotes the coordinates of the polymer beads 
in the three-dimensional space. By the simple positive mode analysis, we 
further calculate to give the autocorrelation function Ap(t) of the simple 
positive mode function that, 

Ap(t)=
〈Xp(t)⋅Xp(0)〉
〈Xp(0)⋅Xp(0)〉

(8)  

where the pointed brackets <> denote the average value of the coeffi-
cient of integration for all polymer chains and fillers. We can obtain the 
relaxation time by fitting the autocorrelation function Ap(t) as a decay 
exponential function. We use the modified equation proposed by pre-
vious researchers [48,62] to fit the autocorrelation function Ap(t) for 
PNCs in different modes: 

Ap(t)=C ⋅ exp

[

−

(
t

τp

)β
]

+(1 − C)⋅exp
[

−
t

τ1

]

(9)  

where τp is the relaxation time of the sought pth mode, β is the fitting 
parameter; C and τ1 are additional fitting parameters indicating the 
decay of two classes of exponential functions. 

Fig. 5 gives a plot of the Ap(t) function calculated for different sys-
tems with 5% volume fraction, which can be seen that the three fillers 
can affect the relaxation of polymer chains to different extent. It is worth 
noting that the relaxation time of PNCs with higher filler amount is too 
long, so the relaxation process cannot be fully observed. And Fig. S7 
shows the time dependent function of the whole chain relaxation in 
PNCs filled with different size fillers, which is, the autocorrelation 
function Ap(t) at p = 1. It can be seen that the degree of whole-chain 
motion restriction of polymer chains in different PNCs systems de-
creases and then increases with increasing filler size. This can be 
attributed to the fact that at the same filler volume fraction, the increase 
in filler size decreases the number of fillers and reduces the strength of 
the limiting effect on polymer chain motion, which is similar to the ef-
fect of decreasing the volume fraction of fillers. However, with the 
further increase in filler size, the limiting effect of filler geometrical 
constraints on polymer chains is much greater than the limiting effect of 
increasing the volume fraction of fillers. Therefore, despite the decrease 
in the number of fillers due to the increase in size, the restriction of 
polymer chain motion can still be increased. 

Fig. 5. Plots of Ap(t) functions for the four modes (a) p = 1 (b) p = 2 (c) p = 3 (d) p = 4 of the PNCs filled with different shape fillers at φ = 5%.  
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We compared the values of relaxation time and energy storage 
modulus for pure polymer and PNCs filled with 5% volume fraction of 
filler, as shown in Fig. 6(a). The results show that the relaxation times of 
PNCs respectively filled with nanoparticles, nanorods and nanosheets at 
φ = 5% are 2.6, 7.4 and 5.6 times higher than those of the pure polymer 
system, respectively; and their moduli in the plateau region are 2.56, 
7.18 and 5.48 times higher than those of the pure polymer system, 
respectively. These data are consistent with the results predicted by 
Rouse dynamics theory. Subsequently, we also performed the fitting of 
exponential relationship between relaxation time and mode number p. 
According to the Rouse dynamics theory, the relaxation time and the 
mode number show an exponential relationship with a power of − 2, that 
is, τp ∼ p− 2. As shown in Fig. 6(b), the fitted exponents for the pure 
polymer system are all around − 2. Meanwhile, when φ = 10%, the 
deviation of the fitted exponents from − 2 becomes large for PNCs 
respectively filled with nanorods and nanosheets, indicating that the 
Rouse motion of polymer chains in the system contributes less to the 
enhancement of the modulus; while the fitted exponents of PNCs filled 
with nanoparticles are closest to − 2. 

Further, we list the fitted exponents in Tables 1 and 2, respectively. 
From Table 1, we can clearly see that all the fitted exponents of PNCs 
respectively filled with three shapes of fillers at low filler amount fit the 
analytical category of the Rouse model. PNCs filled with nanorods 
deviating the most from − 2, indicates that nanorods have the greatest 
restriction on the Rouse motion of the polymer chains, followed by 
nanosheets. The relaxation of the polymer chains in the PNCs respec-
tively filled with nanorods and nanosheets no longer fits the scope of the 
Rouse dynamics model analysis with the increase of the filler amount 
(the circled parts in Table 1). The above analysis shows that the polymer 
chains in PNCs respectively filled with nanorods and nanosheets usually 
follow Rouse dynamics at lower filler amount, while the polymer chains 
in PNCs filled with nanoparticles are always more consistent with the 
Rouse dynamics model. It is clear from Table 2 that the results of the 
Rouse analysis are consistent with the enhancement of the dynamic 
modulus, except for the PNCs filled with nanoparticles; the larger the 
size the longer its relaxation time and the farther it deviates from the 
fitted exponent − 2 in the Rouse theoretical model. The polymer chains 
within the PNCs filled with nanoparticles always fit the Rouse dynamics 
analysis category, and the fitted exponents hardly deviate with filler 
size, indicating that the nanoparticle hardly hinders the relaxation and 
the Rouse motion of the polymer chains in the system. 

The significant increase in relaxation time due to increased filler 
amount can be attributed to the increased binding of the filler to the 
polymer chains, and we calculated the mean square radius of gyration 〈 
R2

g 〉 and mean square end distance 〈R2
ee〉 of the polymer chains. As shown 

in Fig. 7, the stretching of the polymer chains shows that the nanorod 
has the strongest constraint on the polymer chains at moderate amount, 
while the nanosheet has the strongest constraint when the permeation 
threshold is exceeded. PNCs respectively filled with nanorods and 

nanosheets are consistent with the Rouse dynamics analysis, where the 
modulus enhancement originates from the polymer chain Rouse dy-
namics at lower filler amount, the constraint of the polymer chains by 
the filler at moderate filler amount; and at high filler amount the 
enhancement of modulus is attributed to filler network [63]. For this 
theory, PNCs respectively filled with nanorods and nanosheets fit it very 
well, but PNCs filled with nanoparticles cannot be explained using this 
theory. It can be seen from the Fig. 7 that the polymer chains in PNCs 
filled with nanoparticles become more stretched with the increase of 
filler volume fraction. We calculated the average number of polymer 
chains associated with each nanofiller and the average number of 
nanofillers associated with each polymer chain, as shown in Fig. S11. It 
can be seen that as the volume fraction increases, the number of polymer 
chains adsorbed by each nanoparticle decreases while each polymer 
chain is adsorbed by more nanoparticles. It indicates that in the system 
of PNCs filled with nanoparticles, the polymer chains are absorbed and 
stretched by more fillers due to the uniform dispersion of the fillers. The 
opposite is true in the PNCs systems respectively filled with nanorods 
and nanosheets. We also give the mean square displacement (MSD) plots 
for the different systems at 5% and 15% volume fraction in Fig. S12 in 
the supporting information file. 

As shown in Fig. 8, it is found that the effect of filler size on the 
polymer chains is consistent with the enhancement of dynamic modulus 
within a certain range, that is, the larger the size the more restrictive the 
polymer chains are. Both the mean square end distances and the mean 
square radius of gyration of polymer chains in PNCs filled with nano-
particles became smaller with increasing filler size due to the decrease in 
the number of fillers and the weaker geometrical constraint imposed on 

Fig. 6. (a) Ratio of relaxation time τp and energy storage modulus G′ of PNCs filled with different shape fillers to that of pure polymer at φ = 5%, where τ*
p = τp(i)/

τp(polymer), G′* = G′

(i)/G′

(polymer), i means nanoparticles, nanorods, nanosheets. (b) Fitting relaxation time of PNCs filled with different shape fillers at φ = 10%. 

Table 1 
Values of exponential -k between relaxation time τp and mode number p for 
PNCs respectively filled with different shape fillers (τp ∼ p− k).  

φ (%) Nanoparticles Nanorods Nanosheets 

0 1.99 ± 0.02 1.99 ± 0.02 1.99 ± 0.02 
5 2.00 ± 0.02 2.02 ± 0.03 2.01 ± 0.02 
10 2.00 ± 0.02 2.04 ± 0.03 2.02 ± 0.05 
15 2.01 ± 0.01 2.18 ± 0.04 2.16 ± 0.03 
20 2.03 ± 0.03 2.27 ± 0.07 2.23 ± 0.06  

Table 2 
Values of exponential -k between relaxation time τp and mode number p for 
PNCs respectively filled with different size fillers (τp ∼ p− k).  

Nanofiller Size Nanoparticles Nanorods Nanosheets 

0 1.99 ± 0.02 1.99 ± 0.02 1.99 ± 0.02 
4 2.00 + 0.01 2.01 + 0.02 2.01 + 0.03 
6 – 2.02 ± 0.02 – 
9 2.00 ± 0.02 2.04 ± 0.03 2.02 ± 0.05 
16 2.00 + 0.01 2.08 + 0.02 2.06 + 0.04 
25 – – 2.08 ± 0.05  
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the polymer chains by nanoparticles. The mean square end distances and 
mean square radii of gyration of polymer chains in PNCs respectively 
filled with nanorods and nanosheets first become smaller and then larger 
with the increase of filler size. The two distances first become smaller 
because the geometrical constraint of the polymer chains is enhanced by 
the increase in size of the nanorod and the nanosheet, and then become 
larger because the number of fillers is reduced too much and the fillers 
are dispersed further apart, weakening the restraint of the polymer 
chains. Therefore, the effect of filler size on the modulus of PNCs is to 
narrow the Rouse dynamics region and the system will enter the chain 
bound region at a smaller volume fraction. 

The above theory is proposed based on the analysis of equilibrium 
polymer dynamics, and we further analyze the interaction energy fluc-
tuates under oscillatory shear. The difference between the highest and 
lowest interaction energy in one cycle is taken to characterize the energy 
loss of the system during dynamic oscillatory shear, as shown in Fig. 9. 
We calculated the interaction energy differences of polymer-filler, 
polymer-polymer and filler-filler during oscillatory shear. The 
polymer-polymer interaction energy differences (Fig. S3) of the three 
PNCs did not vary significantly with the volume fraction of the filler, 
indicating that the increase of the filler had little effect on the friction 
loss between the polymers. In addition, the polymer-filler interaction 
energy difference (Fig. S4) and the filler-filler interaction energy dif-
ference (Fig. S5) become larger with increasing shear amplitude, indi-
cating that increasing shear amplitude makes the friction between the 
filler and the polymer increase, so the system’s energy loss increases and 
the modulus decreases [13,36,43,64]. The interaction energy difference 
diagram confirms that the friction loss between the particles in the 
system leads to the Payne effect and that the polymer-filler friction loss 
is the dominant one. From Fig. 4(a), it is known that the Payne effect is 

evident for all three types of fillers at φ = 20%. Comparing the inter-
action energy difference of PNCs respectively filled with the three shape 
fillers at this time, it can be seen that the friction losses of PNCs 
respectively filled with nanorods and nanosheets mainly come from the 
polymer-filler interactions because of the formation of filler network; 
while the nanoparticle is difficult to form a filler network to shackle the 
polymer chains, which makes the friction loss between polymer chains 
become more, as shown in Fig. 10. 

After exploring the influence and mechanism of the shape and size of 

Fig. 7. Variation of (a) mean square radius of gyration 〈R2
g 〉 and (b) mean square end distance 〈R2

ee〉 with filler volume fraction for PNCs respectively filled with 
different shape fillers. 

Fig. 8. Variation of (a) mean square end distance 〈R2
ee〉 and (b) mean square radius of gyration 〈R2

g 〉 with filler size for PNCs respectively filled with different 
shape fillers. 

Fig. 9. Schematic diagram of the filler-polymer interaction energy of the sys-
tem during oscillatory shear. 
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three types of fillers, namely nanoparticles, nanorods and nanosheets, 
on the viscoelasticity of PNCs, it can be found that for PNCs respectively 
filled with nanorods and nanosheets: at low amount, the contribution of 
the modulus of PNCs is mainly due to the relaxation of polymer chains in 
the Rouse dynamics mode; when moderate amount are reached, the 
main contribution of the modulus enhancement comes from the 
adsorption of the filler to the polymer chains, which limits the polymer 
chain movement; the system no longer has a large increase in modulus 
when the filler amount increases to a certain amount because fillers are 
in contact with each other and form a filler network that can directly 
transfer stress. This is in agreement with the work of Wei Hong et al. 
[63]. In contrast, the Rouse dynamics region as well as the chain 
confinement region of both PNCs filled with nanorods and PNCs filled 
with nanosheets become narrower as the filler size increases. For PNCs 
filled with nanoparticles, the modulus enhancement is always the Rouse 
dynamics of polymer chains as the main source. 

3.3. Viscoelasticity of PNCs filled with nanoparticles of different 
interfacial degrees 

In the above results, the viscoelastic variation of the PNCs filled with 
nanoparticles is consistently inconsistent with the PNCs respectively 
filled with nanorods and the nanosheets. We redesigned two types of 
cluster-type nanoparticles with different degrees of interface. One is a 
cluster spherical type with the number of surface beads increased to 12, 
called Multi-interface Nanoparticles (MNPs); the other is directly set as a 
single large sphere without surface beads, called Uni-interface Nano-
particles (UNPs). The nanoparticle we originally used is called Olig- 
interface Nanoparticles (ONPs). The model is visualized in Fig. S6, the 
center bead mass of MNPs is set to m = 3 and the surface bead mass is set 
to m = 0.5 to ensure a total mass of 9; ONPs are set to a large bead with a 
mass of 9. 

The energy storage modulus and loss modulus were calculated for 
the PNCs respectively filled with three types of nanoparticles (Fig. S8). 
As shown in Fig. 11, the improvement of modulus by MNPs is much 

higher than that by ONPs. When the filler amount is increased until the 
modulus does not change much, the modulus of energy storage of PNCs 
filled with MNPs in the platform region can reach about twice of that of 
PNCs respectively filled with nanorods and nanosheets with the same 
volume fraction at this time. At the same time, it can be found that the 
improvement of modulus by UNPs is inferior to that of the original 
ONPs, and the dynamic modulus does not even increase to a relatively 
stable value with the increase of filler amount. It can also be seen that at 
high volume fractions, the enhancement of nanosheets is better than 
that of nanorods. Meanwhile, the energy storage modulus of PNCs filled 
with nanorods slightly decreases, which can be attributed to the fact that 

Fig. 10. Variation of (a) polymer-filler (b) filler-filler (c) polymer-polymer interaction energy difference with shear amplitude for PNCs respectively filled with three 
shape fillers during oscillatory shear, φ = 20%. 

Fig. 11. Variation of energy storage modulus with volume fraction at γ = 5% 
for PNCs respectively filled with different interfacial degrees nanoparticles. 
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the increase in the degree of connection between the fillers when the 
volume fraction of nanorods increases (this can be observed from the 
RDF diagram of nanorods in Fig. S1, where the peak at 1 σ at higher 
volume fractions of filler exceeds 1, indicating that each nanorod is in 
contact with another nanorod), resulting in a decrease in the effective 
interaction area of nanorods, thus the stress transfer efficiency between 
the filler and the polymer matrix decreases; the contribution of the 
polymer matrix in the modulus decreases and the filler-filler interaction 
in the system setup is lower than the filler-polymer interaction, so the 
modulus enhancement is gradually weakened. 

As shown in Fig. S9, the autocorrelation function Ap(t) calculated in 
the Rouse model analysis shows that the whole chain motion of poly-
mers in PNCs filled with MPNs at mode number p = 1 becomes signif-
icantly slower and its relaxation time increases greatly. When the degree 
of interface increases, the interfacial interaction between nanoparticles 
and polymer chains becomes stronger, making nanoparticles more 
capable of adsorbing polymer chains, and therefore the relaxation time 
of polymer chains increases substantially. The effect of MNPs is consis-
tent with the effect of nanorods and nanosheets, both of which gradually 
deviate from the Rouse dynamics mode analysis after the amount is 
increased for the system. What can also be seen in Table 3 is that the 
amount of UNPs increases up to 20% and the PNCs still conform to the 
Rouse dynamics mode analysis. 

The motion of the polymer chains is a good indication of the con-
straining effect of the filler on the polymer, so we calculated the mean 
square displacement (MSD) of the polymer. It can be seen from Fig. 12 
that the MSD of the MNPs system is lower than that of the other two 
systems, indicating that the enhanced interfacial interaction limits the 
polymer chain motion well, but the chain structure is still stretched 
(Fig. S10). From the above analysis, it can be seen that with the increase 
of the filler volume fraction, the main source of the modulus enhance-
ment of the PNCs filled with MNPs gradually changes from the Rouse 
dynamics motion of the polymer chains to the constraining effect of the 
filler on the polymer chains. 

4. Conclusions 

In this work, we investigated the viscoelasticity of PNCs respectively 
filled with nanoparticles, nanorods and nanosheets and compared the 
effects of filler shape and filler size. The nanorod has the most 
outstanding ability to increase the modulus of PNCs among the three, 
followed by the nanosheet. These two shapes of fillers have high specific 
surface area and can restrict polymer chain movement well, thus 
increasing the modulus. Nanorods and nanosheets have a lower 
permeation threshold than nanoparticles and can form the packing 
network faster. The increase of filler size can increase the modulus of the 
system and has little effect on Payne effect. 

Through the analysis of Rouse dynamics, polymer chain dynamics 
and energy loss during shear for different systems, the investigation 
revealed that the modulus enhancement mechanism of PNCs respec-
tively filled with nanorods and nanosheets can be divided into three 
parts: Rouse dynamics at low filler amount, chain confinement of the 
filler at medium filler amount, and filler network at high filler amount 
[63]. And increasing the filler size also increases the modulus of the 
system to some extent, but makes the Rouse dynamics region and chain 
confinement region narrower and the permeation threshold lower. The 
nanoparticle can have a good modulus enhancement rapidly with 
increasing filler amount only when its interfacial effect is strong. In 
contrast, Rouse dynamics of polymer chains has been the main source of 
modulus enhancement of PNCs filled with nanoparticles of low inter-
facial interactions. 
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