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The cross sections of blended natural/styrene-butadiene (NSBR) composites filled with different volume fractions of carbon
particles were observed using a Quanta 250 scanning electron microscope. In addition, the sizes and distributions of the carbon
particles were analyzed using Nano Measurer. A two-dimensional representative volume element model (RVE) for a rubber
composite reinforced with circular carbon particles was established, and the uniaxial tensile behaviors of polymer
nanocomposites with different particle size distribution patterns were simulated using the ABAQUS software. The results
showed the following. (1) For the random models, if the difference of particle size was larger and particle distance was closer,
stress distribution would be denser as well as the stress concentration would become greater. However, if the difference of
particle size was small, for the case of same particle volume fraction, the particle size has little influence on the macromechanical
properties whether the average size is large or small. (2) The correlation between the volume fraction and distribution of the
carbon particles revealed that when the volume fraction of carbon black particles was larger than 12%, clusters between carbon
particles in the polymer nanocomposites could not be avoided and the modulus of the composites increased with an increase in
the cluster number.

1. Introduction

As a nanoparticle enhancer, carbon black has been widely
used to improve the strength and toughness of polymer
nanocomposites [1, 2]. The reinforcing effect mainly depends
on the size, shape, and dispersion degree of the particles in
the matrix, as well as the interface adhesion between the par-
ticle and matrix. The mixing process for carbon black-filled
rubber includes four stages: mixing, dispersing, blending,
and plasticizing. After the mixing process, the carbon black
particles are fully mixed and then dispersed to form new
polycarbon particles with a size of 0.2μm. The size of the
carbon black particles is changed by the mixing process.
The bonding and adsorption degree between the carbon
black particles and matrix depend on the new size of the car-
bon particles [3]. Additionally, because of the limited techno-
logical conditions and interaction of the particles’ Van der
Waals forces, carbon black particles will form a large number

of aggregates with the nonuniform structure filler. The shear
modulus and elastic modulus of the rubber will be greatly
changed according to the differences in the concentration
and number of carbon black particles. When the distribution
of the carbon black in the composition is bad, the aggregates
will increase and the rubber modulus will decrease, which is
the Payne effect [4].

Finite element modeling can be used to explain the
mechanical properties of the polymer composites. These
models are used to reveal the concrete features of the nano-
structure, enhancer-matrix interactions, and debonding on
the macro- and microstructure. Because of the complexity
of the calculations, finite element modeling provides a
geometry-based periodic unit cell model called a represen-
tative volume element (RVE) to analyze relatively small
volumes and deformations, instead of large deformations
and complex boundary conditions. The single particle model
[5–7] and multiparticle model [8, 9] have been widely used to
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analyze the mechanical behaviors of polymer composites.
The particle random model [10] and random sequential
adsorption model [11] are often used for particle-filled
composites. They can effectively embody the macroscopic
mechanical properties but ignore the effect of the real mesos-
tructure particle distribution. The new size of the carbon
black particles and the number and size of the aggregates in
polymer nanocomposites have a great impact on the
mechanical properties of the composites.

In the present work, scanning electron microscope
(SEM) observations of natural/styrene-butadiene blend
rubber (NSBR) composites filled with different volume frac-
tions of carbon particles were performed, as reported in the
next section. The distribution of the carbon black particles
and whether they are clustered in the polymer nanocompos-
ites were investigated using Nano Measurer, as discussed in
Section 3. Structural Modeling presents the results of a
numerical simulation using the ABAQUS software, where
the results for different carbon structure RVE models are dis-
cussed and compared. At the same time, the mechanical

properties of the blends were studied. The final section pre-
sents the conclusions.

2. SEM Analysis

2.1. Rubber Ingredient. In order to investigate the mixing of
rubber composites with different carbon black volume
fractions, four kinds of specimens were prepared according
to the GB528-2009 standard. The ingredients listed in
Table 1 show the use of 0, 20, 30, and 50 phr of carbon
black in the composites, corresponding to filler volume
fractions of 0%, 8.37%, 12.05%, and 18.59%, respectively.

2.2. SEM Analysis. A morphological study was carried out
using the Quanta 250 SEM. The test specimens came from
the same batch of rubber. First, they were cooled down to
the glass transition temperature by liquid nitrogen. They
were then cut into two parts with smooth surfaces in the
frozen state, and the fracture surface morphological struc-
tures were observed after the application of special spray

Table 1: Ingredients of carbon black-filled NSBR composites.

Rubber NR SBR N220 ZnO Octadecanoic acid Age resister 4020 Brim stone Accelerant

NSBR1 80 20 0 5 2 0.7 2.6 1.3

NSBR3 80 20 20 5 2 0.7 2.6 1.3

NSBR4 80 20 30 5 2 0.7 2.6 1.3

NSBR6 80 20 50 5 2 0.7 2.6 1.3
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Figure 1: SEM photos of rubber composites with different carbon black volume fractions.
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gold craft paint. In addition, the shape and morphological
distribution of the carbon black and whether defects such
as holes or cracks existed were observed. The results of the
SEM observations of the four kinds of rubber composites
with different carbon black volume fractions are shown
in Figure 1.

As seen in the SEM image in Figure 1, the two kinds
of rubber matrixes, the natural rubber and styrene-
butadiene rubber with no carbon black particles filled,
are well mixed. The white particles in Figure 1 (V f = 0%)
are ZnO, which had an average size of 200nm. When the
filler volume fraction is approximately 8.37%, the added
carbon black (N220) is uniformly dispersed and the parti-
cle size is consistent, except for the ZnO. When the filler
volume fraction is approximately 12.05%, the carbon black
particles are uniformly dispersed, while a small amount of
carbon black particles is aggregated. When the filler
volume fraction is approximately 18.59%, aggregation
appears, with most of the aggregates are small clusters
or multiparticle agglomerations. This is a result of the
increase in the carbon black volume fraction. In order to
discuss the effects of the carbon black morphological dis-
tribution and shape on the macroscopic mechanical

properties of rubber composites, the particle size distribu-
tion will be investigated statistically.

3. Particle Size and Distribution Statistics

Figure 2 shows the particle size and distribution of the carbon
black particles of NSBR6 found using Nano Measurer. The
statistical results for all the particles except clusters are given
in Figure 2(a), with those for the clusters are provided in
Figure 2(b). As shown in Figure 3 and Table 2, the average
particle size of all the carbon black particles in the SEM pic-
ture is 75.88 nm and it is composed of 662 different particles.
To investigate the influence of different diameters on the
structure, different diameters were counted in ten segments
with various sizes and numbers in the range of 17.45–
182.15 nm. The average particle sizes of the clusters are
250–460 nm.

4. Structural Modeling

4.1. RVE Size Determination and Boundary Conditions. The
particle-filled composite was approximately regarded as a
periodic set of RVEs, and the mesomechanical properties of
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Figure 2: Particle size and number analysis of NSBR6 rubber.
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Figure 3: Particle size and diameter statistics of NSBR6 rubber.
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the composite were studied by applying periodic boundary
conditions to the RVE models. A large number of studies
have been effectively performed on the macroscopic proper-
ties of composite materials [12–14]. A 3D model is the best
choice for numerical simulations. However, because of
computational limitations, the 3D multiparticle RVE model
could only converge in a very small strain. Therefore, a 2D
RVE model was adopted. Because the area fraction used in
the model represented the volume fraction of the composite,
the results calculated with the 2D RVE model in ABAQUS
deviated from the experimental results. However, the simula-
tion results could be used for a qualitative discussion when
the particle size distribution was the same. The size of the
RVE elements and the choice of boundary conditions have
previously been discussed [9, 15].

During the simulation process, the physical properties of
the material, elastic modulus, and Poisson’s ratio were related
to the ratio L/R, in which L was the side length of the RVE
and R was the radius of a particle. In other words, the particle
and RVE sizes determined the reliability of the simulation.
When L/R was very small, the numerical solution greatly
deviated from the test value. In contrast, when L/R was large
enough, the solution was more stable. The two-dimensional
RVE model is shown in Figure 4. In order to verify the stabil-
ity of the model, RVE models with different L/R values were
established, with a volume fraction V f of carbon black parti-
cles in NSBR of 10%. The equivalent elastic modulus values

of the composite materials <E> [5] in the RVE with different
L/R values were calculated.

Figure 5 shows the equivalent elastic modulus <E> values
of the NSBR rubber composites with different L/R ratios at
V f = 10%. It was found that when the value of L/R was small,
the equivalent elastic modulus had a range of 3.15–3.35.
When L/R reached to 25, the equivalent elastic modulus
tended to be stable. According to the statistical results, RVE

Table 2: Statistics results for particle size.

Diameter
range (nm)

17–33.6 33.6–50.2 50.2–66.8 66.8–83.4 83.4–100 100–116.6 116.6–133.2 133.2–149.8 149.8–166.4 166.4–183

Average particle
size (SEM) (nm)

25.3 41.9 58.5 75.1 91.7 108.3 124.9 141.5 158.1 174.7

Particle number
(SEM)

16 100 164 156 113 57 29 16 5 6

Percentage 2.4% 15.1% 24.8% 23.6% 17.1% 8.6% 4.4% 2.4% 0.8% 0.9%

Total number 662

Total average
particle size (nm)

75.88
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Figure 4: Schematic of the 2D RVE model.
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Figure 5: Equivalent elastic modulus <E> values of NSBR rubber
composites (V f = 10%) with different L/R ratios.
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side length L was on the micrometer scale and L/R had a
value greater than 25.

The periodic boundary conditions must be applied to the
RVE model [16]. The nodes on the borders repeat those on
the opposite side borders, and the displacements and defor-
mations of the corresponding nodes on two opposite bound-
aries remain the same. For this purpose, the boundary
displacement constraint is considered as follows:

u x1, L = u x1, 0 + uA2
− uA0

,

u L, x2 = u 0, x2 + uA1
− uA0

,
1

where uAi
are the displacement vectors of Ai, i = 0,1,2.

Respectively, l1, l2, l3, and l4 are the borders of x1 = 0, x1 = L,
x2 = 0, and x2 = L, as shown in Figure 4. The displacement
vector of the points in li are uli , which satisfy the follow-
ing conditions:

ul4 = ul3 + uA2
− uA0

,

ul2 = ul1 + uA1
− uA0

2

4.2. Structural Modeling

4.2.1. Modeling. The geometric model of the 2D RVE of the
composite material was established according to the statisti-
cal results for the carbon black in the NSBR6 rubber pre-
sented in Figure 3 and Table 2. The side length of the RVE
L = 2 μm, because the sizes of RVE unit and SEM unit are dif-
ferent; in order to ensure the number of particles is integer,
the average diameter of particles is slightly different from that

of SEM but make sure that the area fraction is the same and
the numerical results are not affected. For the same volume
fraction V f = 18 59%, the numbers of particles with different
diameters in the RVE are calculated and listed in Table 2. To
improve the convergence and accuracy, the maximum and
minimum particle diameters are deleted. The average particle
diameter of each segment is set for the different diameters in
the RVE, and the ratio L/R≥ 26.7 for RVE side length L = 2
μm, maximum particle size D = 150 nm, and R = 75 nm.
The solution is stable. Two kinds of RVE random adsorption
sequence models are shown in Figure 6. For the random
adsorption sequence model of the carbon particle diameter
segment, the average particle diameter of each segment is
listed in Table 3. The average diameter of all particles is
75.88 nm, while the number of particles is 168 when the side
length of the RVE is L = 2 μm and the volume fraction is
18.59%. The number of particles and mesh generation of
the two kinds of models is shown in Table 4.

The main mechanical parameters used in the model are
as follows. Carbon black was supposed to be a linear and elas-
tic material. Its elastic modulus E f = 500 MPa, and Poisson’s
ratio μf = 0 3 [5]. The parameters of the experimental data
are fitted based on the multistep relaxation stretching cyclic

Figure 6: Two kinds of RVE random adsorption sequence models.

Table 3: Results for particle size and diameter in RVE (V f = 18 59%).

Diameter range (mm) 33.6–50.2 50.2–66.8 66.8–83.4 83.4–100 100–116.6 116.6–133.2 133.2–149.8 149.8–166.4

Average particle size (SEM) (nm) 41.9 58.5 75.1 91.7 108.3 124.9 141.5 158.1

Particle number (SEM) 100 164 156 113 57 29 16 5

Average particle size (RVE) (nm) 40 50 75 90 110 120 140 150

Particle number (RVE) 23 40 36 28 13 7 4 2

Table 4: Comparison of two kinds of models.

Number of
particles

Number of
grids

Same particle size model 168 52683

Different particle size
model

153 52995
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loading and unloading test of the NSBR blends at room tem-
perature using the automatic control testing machine of SHI-
MADZU AG-plus 50 kN, with the results shown in Figure 7.
The Yeoh constitutive model is adopted for the matrix mate-
rial, and the material parameters are summarized in Table 5.
The Yeoh strain energy function under uniaxial extension is
given by (3). The adaptive grid type is the quadratic complete
integral of the plane strain eight-node quadrilateral hybrid
unit CPE8H for the matrix and CPE8 for the carbon. Simu-
lated uniaxial tension tests are performed using the periodic
boundary conditions.

WYeoh = C10 I1 − 3 + C20 I1 − 3 2 + C30 I1 − 3 3 3

In order to investigate these different random causes, the
same analysis of the different random models was performed
for a volume fraction of 18.59%. All of the stress-strain curves
of the composites (Figures 8 and 9) show that these results
are almost coincident and the random error is small.

4.2.2. Results. Figures 10(a) and 10(b) show the distribution
of the Mises stress isolines with the different particle size ran-
dom model and same particle size random model in the case
of the uniaxial tensile test with displacement x = 2 μm;
models are created with four RVEs in the x and y directions
in an RVE array. As seen in Figure 9, the stress isoline at
the joint boundary of two adjacent RVEs is continuous and
closed in the loading process. In other words, the stress iso-
line of the boundary in the RVE is continuous, which satisfies
the uniform stress in the boundary of the corresponding
node of the RVE and conforms to the stress continuity of
the periodical structure.

Figures 11(a) and 11(b) show the deformations and
Mises stress isolines with the different particle size random
model and same particle size random model in uniaxial ten-
sile with displacement x = 2 μm. By comparison with
Figure 6, it can be found that the Mises stress distributions
of the two kinds of models are not uniform. In the dense par-
ticle distribution area, the stress concentration is more obvi-
ous and the stress isolines are denser when the particle
positions are closer. Because of the different particle sizes,
the stress concentration is very serious in the dense region
of the large particles. Smaller particles show more diversity
in the particle size difference and a smaller stress gradient.
In the same particle size random model, the stress isolines
are sparse, which indicates that the stress concentration of
the different particle size stochastic models is more obvious
than that of the same particle size random models.
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Figure 7: Fitting results of some constitutive models for tensile
experimental data of NSBR1.

Table 5: Material parameters of Yeoh models (NSBR1).

Rubber C10 (MPa) C20 (MPa) C30 (MPa)

NSBR1 0.652 −0.0119 0.001367
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Figure 8: Stress-strain curves of different stochastic models with
same particle size for NSBR6 in case of uniaxial tensile.
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Figure 9: Stress-strain curves of different stochastic models with
different particle sizes for NSBR6 in case of uniaxial tensile.
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Figure 11(a) plots the deformation in the uniaxial tensile
state. The stress-deformation relationship between the
matrix and particles is complex because of the influence of
the distance between the particles and the particle size. It is
not difficult to find that a series of shear bands [17] is formed
when the x direction is in uniaxial tensile. In the continuous

shear zone, the stress isolines in the particles and matrix are
dense and the maximum stress lies in it. At the same time,
when the dense shear zone appears, the stress concentration
will also occur here. When the differences in particle size
are greater or a close particle has a larger particle size, the
stress shear zone will appear, the stress gradient becomes
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Figure 10: Distribution of Mises stress in two kinds of RVE models: (a) different particle size random model and (b) same particle size
random model.
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Figure 11: Deformation and distribution of Mises stress in two kinds of RVE models: (ε = 1) (a) different particle size random model and (b)
same particle size random model.
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larger, and the stress concentration is obvious. This indicates
that the stress concentration is mainly determined by the dif-
ferences in the positions and sizes of the particles in the ten-
sile direction and also influenced by the distribution of the
particles in the vertical direction.

The deformation is displayed in Figure 11(b). A similar
shear band between the particles is formed, but it is not obvi-
ous. This is because there is no difference in particle size. In
addition, the maximum stress is 151.3MPa in the different
particle size random model, which is located between two
similar large particles in the shear band. However, the maxi-
mum stress is 201MPa in the same particle size random
model, which is located between the two nearest particles
with x direction distance x = 0 0108 μm. Therefore, it
can be concluded that the complex stress-deformation
relationship between the matrix and particles mainly
depends on the distance between the particles in the
stretching direction, the relative position, and the particle
size. When the particle distance in the tensile direction is
closer, it is easier to form the shear zone in the tensile
direction and the larger difference in the particle size will
lead to an obvious stress concentration.

The nominal stress-strain curves of the two kinds of
models are shown in Figure 12. The macroscopic stress-
strain curves of the different random models are basically
coincident in the case with the same numbers of meshes
and particles. The results show that the particle size differ-
ence for the rubber specimen prepared in this study will
not have a great influence on the macroscopic tensile proper-
ties, but interfacial debonding occurs between the matrix and
carbon particles during the tensile process and the stress con-
centration has a significant effect on the stress-strain after
this interfacial debonding.

4.3. Effects of Different Particle Clusters

4.3.1. Modeling. Based on the above analysis, the distance
between the particles has a great influence on the stress

concentration of the composites. Here, the random sequence
adsorption (RSA) algorithm [18] is adopted to discuss the
distribution pattern of the particles instead of the ordinary
random model in the mesomodel because the RSA ensures
that the shortest distance between the particles is ≥0.07R
and the convergence of the calculation is faster. Taking into
account the spacing of the particles when they aggregate,
the spacing between any two particles in the clusters is set
to be the shortest distance 0.07R. The average particle size
of the clusters is 250–460nm (Figure 2), and 19 particles
form a cluster. Figure 13 presents the random models of
different numbers of clusters. The numbers of clusters and
grids of the different cluster models are listed in Table 6.
The tensile behaviors of the filled rubber with different num-
bers of clusters will be discussed.

4.3.2. Result. Figure 14 shows the deformation and von Mises
stress isoline (same particle size) of the NSBR6 for a nominal
strain ε = 0 4. The von Mises stress contour in Figure 14
shows that the stress concentrations in composites with clus-
ters are more dramatic than that with no clustered particles
in uniaxial tensile. The maximum von Mises stress values
are different for different numbers of clusters. Specifically,
the maximum stress is 47.82MPa in the RVE model with
no clustered particles, and the maximum stress values are
52.58MPa, 53.94MPa, 55.97MPa, 54.61MPa, 58.56MPa,
and 101.7MPa in the RVE models with 1, 2, 3, 4, 5, and 6
clusters, respectively. The maximum stress increases with
the number of clusters. The contour density of the other par-
ticles is much smaller than that of the clusters. At the same
time, the stress distribution of particles near the clusters is
also affected. The contour distribution of the other particles
is narrower when the number of clusters is greater. The stress
in the tensile direction of the thin layer rubber matrix
between the particles in the clusters is relatively larger, and
it is possible for interfacial debonding or cracking to appear.

Figure 15 shows the nominal stress-strain curves of
NSBR6 with different numbers of clusters. The curves show
that the elastic modulus of the filled rubber slightly
increases when the number of clusters is greater. There-
fore, for the same strain, the nominal stress increases with
the number of clusters. For example, at nominal strain ε = 0 4,
the nominal stress is 1.026MPa in the RVE model with no
clustered particles and the nominal stress values are
1.035MPa, 1.048MPa, 1.093MPa, 1.128MPa, 1.133MPa,
and 1.230MPa in the RVE models with 1, 2, 3, 4, 5, and
6 clusters, respectively. Comparing Figures 13 and 14, it
can be concluded that the macroscopic properties of the
composites have a meaningful relationship to whether
the particles cluster in the material and to the number of
clusters. A significant stress concentration in the compos-
ites will cause the material to generate microscopic and
macroscopic defects, and the convergence will be reduced.
Because the results calculated with the 2D RVE model in
ABAQUS were deviated from the experimental results as
we discussed before, the simulation results were used for
a qualitative discussion. The modulus of the calculated
curve increased as the number of clusters increased, and
experimental results were more close to those from the
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Figure 12: Nominal stress-strain curves for two kinds of RVE
models.
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Figure 13: Different carbon cluster numbers in same particle size models.

Table 6: Grid numbers of different cluster models.

Size Same particle size

Cluster number 0 1 2 3 4 5 6

Grid number 52683 52818 52714 52948 52930 53182 53366

S, Mises
(Avg: 75%)

+5.258e+01+5.039e+01
+4.820e+01
+4.601e+01
+4.382e+01
+4.163e+01
+3.943e+01
+3.724e+01
+3.505e+01
+3.286e+01
+3.067e+01
+2.848e+01
+2.629e+01
+2.410e+01+2.191e+01
+1.972e+01+1.753e+01
+1.534e+01
+1.315e+01
+1.096e+01
+8.767e+00
+6.577e+00
+4.986e+00
+2.196e+00
+5.359e−03

(a)

S, Mises
(Avg: 75%)

+5.394e+01+5.169e+01
+4.945e+01+4.720e+01
+4.495e+01
+4.270e+01
+4.046e+01
+3.821e+01 
+3.596e+01
+3.371e+01
+3.147e+01
+2.922e+01
+2.697e+01
+2.472e+01+2.248e+01+2.023e+01
+1.798e+01+1.573e+01+1.394e+01
+1.124e+01
+8.993e+00
+6.745e+00
+4.498e+00
+2.251e+00
+3.221e−03

(b)

S, Mises
(Avg: 75%)

+5.597e+01
+5.364e+01
+5.131e+01
+4.898e+01
+4.655e+01
+4.432e+01
+4.198e+01
+3.965e+01
+3.732e+01
+3.499e+01
+3.266e+01
+3.032e+01
+2.799e+01
+2.566e+01
+2.333e+01
+2.100e+01+1.866e+01
+1.633e+01
+1.400e+01
+1.167e+01
+9.366e+00
+7.004e+00
+4.673e+00
+2.341e+00
+8.757e−03

(c)

S, Mises
(Avg: 75%)

+5.461e+01
+5.234e+01
+5.006e+01
+4.779e+01
+4.551e+01
+4.324e+01
+4.096e+01
+3.869e+01
+3.641e+01
+3.414e+01
+3.186e+01
+2.958e+01
+2.731e+01
+2.503e+01
+2.276e+01
+2.048e+01+1.821e+01
+1.593e+01
+1.366e+01
+1.138e+01
+9.106e+00
+6.831e+00
+4.555e+00
+2.280e+00
+4.478e−03

(d)

S, Mises
(Avg: 75%)

+5.856e+01
+5.612e+01
+5.368e+01
+5.124e+01
+4.880e+01
+4.636e+01
+4.392e+01
+4.148e+01
+3.904e+01
+3.660e+01
+3.416e+01
+3.172e+01
+2.928e+01
+2.684e+01
+2.440e+01
+2.196e+01
+1.952e+01
+1.708e+01
+1.464e+01
+1.220e+01
+9.765e+00
+7.325e+00
+4.885e+00
+2.445e+00
+4.675e−03

(e)

S, Mises
(Avg: 75%)

+1.017e+02
+9.744e+01
+9.320e+01
+8.897e+01
+8.473e+01
+8.049e+01
+7.626e+01
+7.202e+01
+6.779e+01
+6.355e+01
+5.931e+01
+5.508e+01
+5.084e+01
+4.660e+01
+4.237e+01
+3.813e+01+3.389e+01
+2.966e+01
+2.542e+01
+2.119e+01
+1.695e+01
+1.271e+01
+8.477e+00
+4.241e+00
+4.412e−03

(f)

Figure 14: Deformation and distribution of Mises stress in the RVE model with different numbers of clusters (ε = 0 4) (same size): (a) one
cluster, (b) two clusters, (c) three clusters, (d) four clusters, (e) five clusters, and (f) six clusters.
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simulations, which took into account clusters with a
smaller deviation.

5. Conclusions

The SEM results for NSBR composites showed that the
carbon black is dispersed more and more unevenly in
the mixing process with an increase in the carbon black
content. Therefore, the agglomeration phenomenon cannot
be neglected when the carbon black N220 particle volume
fraction reaches 12%.

For this reason, a combined statistical-numerical
approach was adopted to determine the RVE size. When L
/R reaches a certain value, the equivalent elastic modulus
tends to be stable. In addition, the stress distribution and
stress concentration are related to the size, spacing, and rela-
tive positions of particles on the mesoscale. However, there is
no difference in the macroscopic stress-strain curve.

This is caused by the fact that the material with local-
ized cluster particles loses homogeneity. The simulated
results indicated that the elastic modulus of a composite
increased slightly when the clusters were taken into
account. The macroscopic properties of the composites
have a meaningful relationship to the size and amount of
the particle clusters. A significant stress concentration
would lead to inner defects.
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