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A B S T R A C T   

Nanoparticle-reinforced composites have caught attention due to their enhanced properties and wide potential 
use. However, the uncertainty in the distribution of nanoparticles during the manufacturing poses several 
challenges when deterministic numerical methods are used to model their mechanical behavior, following a 
macro homogeneous approach. In this work, a stochastic numerical method based on finite element modeling is 
proposed to simulate the inhomogeneous distribution of nanoparticles inside the composite, focusing on low- 
velocity impact. Each element in the finite element model is regarded as a unit cell with a constant weight 
fraction of nanoparticles, while the random distribution of nanoparticles is described by a variable weight 
fraction among elements following a Gaussian distribution. This distribution is related to the mechanical 
behavior of the unit cell inside the model and it was defined based on material characterization tests for different 
nanoparticles weight fractions. To validate the proposed model, experimental low-velocity impact tests, at 
different energy levels, on composites reinforced with nanoparticles (0.5 wt.%) were carried out. The numerical 
method was assessed by comparing experimental results in terms of mechanical response and damage phe
nomena. The current numerical methodology was found to contribute to uncertainty investigation based on a 
mixed experimental-numerical analysis.   

1. Introduction 

Fiber-reinforced polymers filled with nanoparticles have been 
attracted great attention due to their enhanced properties and a varied 
potential use, such as in structural health monitoring via electrical 
conductivity. However, the random and inhomogeneous distribution of 
nanoparticles inside the composite poses a challenge for optimal design 
based on predictive numerical modeling especially when a macro- 
homogenous approach is considered. 

Finite Element (FE) modeling of such materials tackles several issues, 
including large variability in mechanical properties, time-consuming 
calculation and complex model generation, as widely mentioned in 
the literature [1–3]. Indeed, the presence of nanoparticles increases 
complexity of a damage model conceived involving multiscale evalua
tion, especially for structural analysis, and a massive computational cost 
may arise for complex loading conditions (e.g., impact cases). Thus, 
investigation of reliable and efficient modeling strategies for assessing 

the effect of an inhomogeneous distribution of nanoparticles that allow 
application into a larger modeling scale with reasonable accuracy is a 
key aspect to advance the understanding of damage behavior of nano
composites for a wider application. 

The inhomogeneous distribution of nanoparticles inside composites 
have been investigated in many experimental works. Transmission 
electron microscopy has been used to show that nanoparticles do not 
spread uniformly during manufacturing, but their distribution follows a 
Gaussian distribution [4]. This may lead to defects inside composites, 
such as agglomeration and voids, resulting in unpredictable mechanical 
behavior [5–7]. Larger scatter in both strength and modulus of 
nanoparticle-reinforced polymers was noticed for higher weight frac
tions [8], a reflection of the effect of inhomogeneous distribution of 
nanoparticles [9]. Besides, the distribution of nanoparticles has a sig
nificant effect on the failure phenomena, as concluded from the obser
vation of inner defects [5,10]. Most of the cited research used 
coupon-level samples under simple loading conditions, which allows 
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observation of nanoparticles distribution inside the samples before and 
after testing [11]. However, analysis of their effect for more complex 
loading conditions, like impact cases, is limited. 

Numerical modeling of nanocomposites taking into account uncer
tainty has been reported [12–14]. Their uniaxial mechanical behavior 
can be simulated by representative volume elements using finite element 
methods [9,15,16], while molecular dynamics methods can be applied 
for an accurate prediction by detailing the structure of nanocomposites, 
although demanding long calculation times [17,6]. Besides, with refined 
finite element modeling on a large scale, the effect of reinforcement 
waviness and agglomeration of nanoparticles on mechanical parameters 
can be analyzed, although time and calculation costs are high [18]. 
Compared with these numerical methods, multiscale modeling ap
proaches may be preferable for the modeling of large structures, or even 
at components and subcomponents level under complex loading con
ditions [19–21], where mechanical parameters obtained from 
smaller-scale modeling can be used for simulations at a larger scale [22, 
23]. This approach is regarded as an effective way to fill the size gap 
between microfibers and nanoparticles. 

Advanced numerical methods allow the modeling of nanoparticles 
inside composites at coupon scale, like the application of the modified 
peridynamic method for capturing their fracture behavior [24], while 
the random field can be introduced into typical finite element method to 
generate randomness in the composite. These methods are feasible to 
account for nanoparticles distribution [25], but uncertainty in
vestigations mostly focused on a limited scale due to the complexity of 
the numerical algorithm and the massive calculational cost for modeling 
uncertainty features. Even at nano-scale and/or micro-scale, the use of 
this method is not straightforward, leading to rare applications for 
complex loading conditions as impacts. Besides, for an uncertainty study 
by modeling, specific material parameters need to be calibrated from 
experiments for quantitative validation [7,26]. But considering the ho
mogeneous method applied in such methods, it is difficult to introduce 
the effect of nanoparticles distribution. Besides, the experimental effort 
may not cover all possible mechanical/damage phenomena, and the 
quantification of uncertainty is not straightforward considering the 
non-uniform distribution of nanoparticles. All this emphasizes the dif
ficulties in correlating numerical modeling and experimental tests for 
uncertainty studies in nanocomposites. 

In this work, a novel method based on finite element modeling is 
proposed to characterize the inhomogeneous distribution of nano
particles using a macroscale modeling approach but with a statistically 
discrete distribution of mechanical properties. The method was applied 
to an aramid/epoxy composite with 0.5 wt.% nanoparticles tested under 
low-velocity impact at two different energies to analyze its effect on 
damage morphology of the composite with either uniform or non- 
uniform distributions of nanoparticles. Material properties, calibrated 
from tensile, compressive and shear tests were determined on aramid- 
epoxy composites with 0, 0.5, 1.0 or 2.0 wt.% of nanoparticles and 
assigned to each element to create a random distribution of nano
particles based on statistical analysis to capture the inhomogeneity ef
fect on the mechanical response. 

2. Experimental activities 

2.1. Material preparation 

The nanofillers used in the present study were multi-walled carbon 
nanotubes (CNTs) from Chengdu Organic Chemicals Co. (diameter 
range: 10–30 nm, length: ≈30 μm and 85% purity), and graphene 
nanoplatelets (GNPs) from Strem Chemicals Co. (thickness: 6–8 nm, 
width: 25 μm). Kevlar™ 29 plain-weave fabric from DuPont was used 
(density: 1440 kg/m3, thickness: 0.50 mm). A DGEBA resin named 
Ampreg 26, with a high glass-transition temperature hardener, from 
Barracuda Composites was used. 

Regarding the manufacturing process, the two nanoparticles (weight 

ratio of 1:1) were dispersed in a solution of 60% acetone and 40% 
ethanol using an ultrasonic sonicator mixer VibraCell VCX750 (fre
quency: 20 kHz) with an amplitude of 250 W for 45 min, repeatedly 
vibrating for 25 s followed by a 10 s pause. The resulting mixture was 
evenly spread over both sides of a dried fabric to obtain a random dis
tribution of nanofillers. Four different weight fractions of nanoparticles 
were studied, i.e., 0, 0.5, 1.0 and 2.0 wt.%. Eight layers of nanoparticle- 
impregnated fabrics were positioned and sealed for the vacuum infusion 
process. The epoxy was later cured for 24 h at room temperature and 
post-cured for 6 h at 80  ◦C, as recommended by the resin manufacturer. 
A schematic of the process can be found in Fig. 1. Specimens were cut 
from the cured laminate using a Waterjet Cutter machine. 

2.2. Material characterization 

In order to obtain the material properties of the composites, material 
tests including tensile, compressive and shear were carried out on the 
samples with 0, 0.5, 1.0 and 2.0 wt.% hybrid nanofillers. All tests were 
performed on thin samples (thickness: 2.5 mm). Tensile tests were car
ried out on (250 × 25) mm specimens according to ASTM D3039 at a 
loading rate of 2 mm/min with extensometers monitoring strain in 
orthogonal directions. Compressive tests were conducted according to 
ASTM D6641 on (13 × 2.5) mm specimens at a loading rate of 1.3 mm/ 
min. And V-notched rail shear tests were carried out at 2 mm/min 
following ASTM D7078 to obtain in-plane shear properties. Five samples 
were tested in each case. Moreover, short-beam tests according to ASTM 
D2344 were carried out for the composite with 0.5 wt.% nanoparticles 
to assess the interfacial property useful to the impact simulation. 
Detailed experimental data can be found in [26]. The average values of 
experimental results in each group, as listed in Table 1, were used in the 
numerical model. 

2.3. Low-velocity impact tests 

Low-velocity impact (LVI) tests were conducted according to ASTM 
D7136. The impact load was recorded with a Quartz Force Link Type 
9331B load-cell, and the impact velocity was collected with a two-flag- 
prong photoelectric sensor model E3FALP21 from OMRON. The mass of 
the impactor was 2.303 kg and two energy levels were used, 15 J and 30 
J. The samples were completely fixed on a rigid frame to prevent 
movement during impact. The obtained experimental data was filtered 
based also on ASTM D7136, as described in [27]. More details of the LVI 
tests with respect to failure phenomena and load-displacement curves 
can be found in [26]. 

3. Numerical method 

3.1. Overview 

An experiment-based stochastic numerical method considering the 
random distribution of nanoparticles inside the composites was pro
posed to investigate their effect on the mechanical response under 
impact loading. An overview of the method can be found in Fig. 2. 
Starting from the material tests, the basic mechanical properties (tensile, 
compressive and shear) of the nanocomposites were obtained, helping 
the determination of material models considering different weight 
fractions. The samples used for that are smaller than those for the impact 
tests and, in the former, the nanoparticles were assumed to be uniformly 
distributed, focusing on the effect of nanoparticle distribution on the 
impact structural level. 

To efficiently describe the distribution of nanofillers, each element in 
the model was regarded as a unit cell, with a varying weight fraction 
(and therefore mechanical properties) from element to element, but the 
content of nanoparticles is considered constant within the volume of 
each element during the simulation. Therefore, the distribution of 
nanoparticles can be described based on different material models with 
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varying weight fractions being assigned to each element, where different 
mechanical parameters for both elastic behavior and damage process 
were applied according to the weight fractions. Besides, the Monte-Carlo 

method was applied to randomly generate and run the calculation for 
different models for a comprehensive understanding of the effect of the 
stochastic distribution of nanoparticles. 

Fig. 1. Manufacture process of nanoparticle-reinforced composites.  

Table 1 
Mechanical properties for the composites with different weight fractions of nanoparticles.  

Mechanical properties 0.0 0.5% 1.0% 2.0% Note 
0◦ 90◦ 0◦ 90◦ 0◦ 90◦ 0◦ 90◦

Tensile Modulus (GPa) 15.2 19.6 16.8 19.7 20.1 19.2 17.0 17.3  
Strength (MPa) 380.6 496.7 384.3 497.9 513.7 486.8 411.0 396.9 Applied as Xt=Yt in Eqs. (1,2) 

Compressive Strength (MPa) 94.4 112.6 97.2 108.3 106.1 116.3 102.9 110.4 Applied as Xc=Yc in Eqs. (3,4) 
In-plane shear Modulus (GPa) 1.56 1.65 1.65 1.50  

Strength (MPa) 30.2 38.0 32.5 32.4 Applied as Sc in Eqs. (1, 2, 5)  

Fig. 2. Overview of the stochastic numerical method.  
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3.2. Material damage model 

Each layer of the composite was modeled as an orthotropic material 
using the MAT_ENHANCED_COMPOSITE_DAMAGE (MAT_054/055) 
material damage model, which is based on the Chang-Chang [28] failure 
criteria (MAT_054). This damage model has been successfully applied in 
the simulation of impact events [29]. For the fiber damage, in-plane 
failure criterion under tension was applied, shown in Eqs. (1) and (2), 
while the compressive failure criteria is described in Eqs. (3) and (4). 
The failure criterion for the matrix is shown in Eq. (5) [32]. 
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where Xt and Yt are the in-plane tensile strengths of the composite, Xc 
and Yc are the compressive strengths, and Sc is the in-plane shear 
strength. The parameter β is used to describe shear behavior during 
loading, and β=0 is recommended for a more precise comparison with 
the experiments [32]. After the failure criterion is met, damage appears 
in the related elements, and the strength drops to a specific value until 
the element is deleted by meeting the strain threshold in MAT_054. 

The properties obtained with the material characterization tests for 
the material models are compiled in Table 1, with 0 to 2.0 wt.% nano
particle weight fraction. Considering the variation in experimental data, 
the average values were used, which have been calibrated numerically 
and employed in the related simulations [26]. 

As for interlaminar damage, the tiebreak contact was applied among 
layers of the composite to allow modelling of delamination through the 
failure of contact when the strength of the interface is reached [30]. That 
strength was set as 62.8 MPa in the normal direction and 28.3 MPa in 
shear, based on short beam test results. 

3.3. Stochastic modeling 

Based on experimental observations, the distribution of nano
particles inside the composite has been reported to obey a Gaussian 
distribution [4], whose probability density function is shown as Eq. (6), 

f (x) =
1

σ
̅̅̅̅̅
2π

√ e
− 1
2

(
x− μ

σ

)2

(6)  

where σ is the standard deviation and μ is the mean value for the 
distribution. 

Based on that, a stochastic model for nanoparticles was built in the 
finite element model where each element has a constant weight fraction. 
The weight fraction of nanoparticles varies from 0.0 to 2.0 wt.% (see 
Fig. 3a) in the elements following the Gaussian distribution presented in 
Fig. 3a. The parameter μ in Eq. (6) can be determined by the designed 
weight fraction of the impact target, which was set to 0.5 wt.%. The 
standard deviation can be determined according to the range of weight 
fractions in the tested materials. 

Following this methodology, the local inhomogeneous distribution 
can be replicated while the global weight fraction is guaranteed. And 
since all material parameters for composites with different nanoparticles 
content were obtained from tests, like the current case according to 
Table 1, reliability of the simulation increases. Besides, the variation in 
spatial distribution was considered in this work to cover more possi
bilities in the stochastic model for the investigation of the nanoparticles 
effect, which varies from Cases 1–6 in the model for the same weight 
fraction. Furthermore, a uniform model with uniform material param
eters for the 0.5 wt.% nanofillers was built as a reference, which is 
named as Case 0. For the calculation of the proposed method, it takes 50 
min for each case to run with 15 CPUs (E5–2630 2.40 GHz 15 cores/30 
threads – 128 GB RAM). 

3.4. Numerical setup 

In the numerical model, a rigid body was used for the impactor 
considering no deformation during impact. The initial velocity of the 
impactor was assigned to replicate the impact loading with an energy of 
15 and 30 J. Regarding boundary conditions, the red region in Fig. 3b 
was fully fixed to simulate the frame fixture in the impact. Besides, the 
automatic surface-to-surface contact behavior was used for simulating 
the contact between impactor and target. Definition of the mesh size is 
critical for the simulation with the finite element method, especially for 
stochastic modeling. Therefore, a mesh sensitivity study was performed 
prior to modeling the composites with nanoparticles based on the 
experimental data for impact tests at 15 J. The 1.0-mm-side-mesh was 

Fig. 3. Stochastic modeling with finite element method.  
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selected for the current work, allowing reliable results with acceptable 
calculation time. 

4. Results and discussions 

The comparison of experimental and numerical results with respect 
to both load history and force-displacement curves at 15 J impact energy 
can be found in Fig. 4. The spatial distribution influences the impact 
results, i.e., contact time, residual displacement and peak load, espe
cially the latter, for which a significant variation was obtained for the 
different cases (about 20%). On the other hand, only a small difference 
in slope of loading was observed among the cases. 

Regarding the comparison between stochastic (Cases 1–6) and uni
form (Case 0) models, average simulation curves (see the dark line) are 
used in Fig. 4. The peak load is higher for the uniform model than for the 
average one from the stochastic model, although Case 1 and Case 3 also 
reached such high loads. Furthermore, some features of the curves were 
captured by the stochastic model. A significant drop in load after the 
peak found in the experimental data is not seen on either average or 
uniform curves, but it is noticed in Case 4. As shows Fig. 5, where the 
distribution of nanoparticles near the impact center has been magnified, 
some elements without nanoparticles (0 wt.%, blue-colored) are 
grouped (highlighted in the figure) near the impact point in Case 4, 
which reduces local material properties, compared with other regions 
with a denser distribution of nanoparticles, and may lead to premature 
local failure. Indeed, a sudden drop in loading can be identified in Fig. 4, 
indicating that the distribution of nanoparticles can influence the me
chanical performance of the nanocomposites, especially near the impact 
center. Overall, the change in mechanical response due to the difference 
in distribution, especially at/near the impact point, is significant, which 
indicates the capability of stochastic modeling to address nano
composites uncertainty issues. 

The indentation that occurred after impact is shown in Fig. 6. That 
region was divided into four parts in relation to the impact center, as 
displayed in Fig. 6a, to assess damage. Besides, indentation in the 
damage zone was also measured to estimate the damage volume, which 
is considered as a cone (see Fig. 6b). This allows to quantitatively assess 
the deformation near the impact region and to compare experimental 
and numerical results. 

Damage characterization for an impact energy of 15 J is reported in 
Table 2. From the experimental results, the damage/deformation of the 
target indeed shows a deviation from the impact center. Such a deviation 
cannot be replicated by a uniform model, but stochastic models can 
capture this phenomenon in different cases. The obtained range of 
experimental deviations was 0 - 3.2 mm, which covers the difference in 
damage length from the impact center, i.e., the difference between a and 
b, and/or c and d in Fig. 6a. 

The correlation between absorbed energy and damage volume can be 
found in Fig. 7. For a small variation in absorbed energy, the damage 
volume can significantly vary, as highlighted in Fig. 7 (see Case 5), 
which ratifies the effect of the nanoparticle distribution. 

At higher impact energy (30 J), penetration occurred in the tests, as 
indicated in Fig. 8. The loading history with respect to both slope and 
peak load is similar for all stochastic models, which show a significant 
reduction in peak load compared to the uniform model. In addition, the 
experimental data are located between the uniform and the stochastic 
models. 

Regarding damage characterization for the impact at 30 J, for which 
penetration occurred, the damage dimension along the longitudinal 
direction was measured based on the total crack length along the 
transverse direction. The deviations of all model cases in relation to the 
experiment is compiled in Table 3, which shows a reduction in per
centage deviations compared to those found for 15 J. For Case 0 and Case 
6, the damage along the length direction is less affected by the distri
bution of nanoparticles, while the range of deformation from the sto
chastic models can still cover the experimental results. However, based 
on both loading history and deviations of the damage region, the effect 
of nanoparticles distribution is less significant when the energy in
creases from 15 to 30 J. 

Based on the proposed numerical method, the effect of the nano
particles on strength is less significant than that on modulus (as listed in 
Table 1). As the impact energy is low, the number of failed elements is 
limited and most elements retain an elastic behavior, indicating the 
importance of the elastic modulus in describing the mechanical 
behavior. However, as energy increases, more elements fail, therefore, 
strength grows in importance and the relevance of the fabric architec
ture and fiber content increases. However, the effect of the nanoparticles 
distribution is mainly on the matrix and the interface between fiber and 
matrix, and this effect is reduced as the energy increases. 

Fig. 9 shows the correlation between absorbed energy and damage 
volume for the 30 J impact. The height of the damage cone was obtained 
from the tests, i.e., the maximum displacement of the impactor when 
penetration occurred. In this figure, different damage volume values can 
be noticed for similar absorbed energy levels, as previously observed for 
the 15 J impact. 

The penetration history with respect to different layers was also 
investigated, as shown in Fig. 10. The contact period between target and 
impactor before the peak was divided into three regions together with 
the peak load point, as presented in Fig. 10 (right). Region A represents 
the elastic response of the target, region B starts in the first drop in load, 
and region C contains the further reduction of the contact load before 
reaching the peak. The gray color in Fig. 10 represents the non-cracked 
region. 

According to Fig. 10, the stochastic models can provide a longer 

Fig. 4. Mechanical response of the composite for 15 J impact energy; the dark line (Cases 1–6) represents the average curve of simulations.  
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propagation history, from the failure of the first layer to the last one, as 
shown by the different colors, i.e., an earlier initiation of the crack on the 
back-side layer starting from region A for most cases in the stochastic 
model compared to the uniform model, which begins in region C. The 
accelerated crack initiation is due to the non-uniform distribution of 
nanoparticles, causing stress concentrations coupled with low local 
strength, while failure of the composite can be slowed down with 
varying material properties along the loading direction, i.e., the crack tip 
along the thickness direction covering multiple layers, leading to a long 
propagation history. Besides, layer cracking can cause changes to the 
loading curves, while full penetration occurs at the onset of the peak 
load for all cases. 

5. Conclusions 

In the current work, a stochastic model was proposed to describe the 
inhomogeneous distribution of nanoparticles in composites, being 
considered an efficient methodology for uncertainty investigations. In 
the finite element model, each element is regarded as one unit cell with a 
constant weight fraction of nanoparticles. Weight fractions are related to 
the mechanical behavior of the unit cell inside the model. As a result, the 
model can simulate the inhomogeneous distribution with different filler 
contents at different regions of the impacted panel. A Gaussian distri
bution was used to describe the distribution of nanoparticles, and a 
uniform material model was used as reference. The stochastic model 

Fig. 5. Distribution of nanofillers in the numerical model near the impact region (Case 4).  

Fig. 6. Damage characterization after the low-velocity impact.  

Table 2 
Damage characterization from numerical and experimental results for an impact energy of 15 J.  

Length (mm) Experiment Case 0 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Cases 1–6 

a 4.0 4.0 3.3 7.0 4.4 7.3 6.1 6.3 5.7 
b 5.5 4.1 6.4 7.4 5.4 7.4 7.6 7.5 7.0 
c 2.0 1.0 0.5 0.2 1.2 0.0 0.1 0.0 0.3 
d 2.6 1.0 2.8 3.4 1.7 2.8 3.3 2.7 2.8 
Longitudinal deviation 1.5 0.1 3.1 0.4 1.0 0.1 1.5 1.2 1.3 

(16%) (1%) (32%) (3%) (10%) (1%) (11%) (9%) (10%) 
Transverse deviation 0.6 0 2.3 3.2 0.5 2.8 3.2 2.7 2.5 

(13%) (0) (70%) (89%) (17%) (96%) (94%) (100%) (81%)  
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utilized material data from characterization tests as input, providing an 
effective numerical-experimental mixed methodology for the analysis. 

Both mechanical response and damage phenomena of the impacted 
nanocomposites were analyzed and a comparison between experimental 
and numerical results at different impact energies is reported. The main 
conclusions can be summarized as: 

• As energy increases from 15 to 30 J, the importance of the nano
particles distribution decreases. The variation in loading history due 
to nanoparticles distribution reduced from 20% to 10%, and the 
deviation in damage from 81 to 4%.  

• The stochastic model can replicate the deviation/uncertainty of 
deformation and damage of the impacted panel at different local 

regions observed in the experiments, which is not feasible for a 
model with uniform material properties.  

• Application of the stochastic model can help determining the range 
of damage tolerance under impact loading for the design of nano
composites. The damage volume can display up to 50% variation 
when considering the distribution of nanoparticles. 
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