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Abstract

Carbon nanotube (CNT) polymer nanocomposites are one of the most promising materials due to their remarkable mechanical
properties as well as the electrical conductivity, which offers the capability of monitoring the deformation and damage of composite
structures by measuring the related conductivity variations. However, quantifying the distribution of CNTs inside the material
remains a challenge with respects to both experimental and numerical works. In the current study, the electrical conductivity was
used to determine the microstructure of CNT-reinforced polymer. By introducing a modified parameter related to the polar angle
of CNTs, the mechanical properties as well as the electrical conductivity change with respect to deformation of nanocomposites
can be replicated. After validation by experimental data from the multi-walled CNT/polymer nanocomposites under tensile loading,
the capability of the current method was then studied for composites with various weight fractions of nanotubes.
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1. Introduction

Carbon nanotube (CNT) based nanocomposites are one of the most promising types of advanced materials resulted
in enhancement of physical properties, such as electrical conductivity, improved strength but preserving low density.
In addition, CNTs can make the nanocomposite conductive, which offers the capability of monitoring the deformation
and damage of composite structures by measuring the relative resistance change. However, the choice of the correct
amount of CNT (weight fractions), as well as their effects on electro-mechanical properties are not straightforward.
An investigation based only on experimental tests may be not completely effective. The use of numerical methods
may help in providing an insight both into the mechanical and electrical properties of this kind of material. Numerical
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models may provide a detailed understanding and analysis on the physical mechanism of nanocomposites (Liu and
Chen 2003).

The electrical property of CNT-doped nanocomposites has been widely investigated due to the aforementioned
potentials (Coleman et al. 1998). The mechanism for electric conductivity can be attributed to the tunnelling effect
arisen from CNT networks (Danikas, n.d.): when CNTs are close enough inside the matrix, dielectric breakdown
occurs through the matrix and the tunnel, where electrons pass. Therefore, the effective current path can be established
to make the composite electrically conductive. Knowing mechanism of electrical conductivity, modelling such
phenomena focused on the electrical property of nanocomposites has drawn great attention. Li et al. (Li, Thostenson,
and Chou 2007) proposed a calculation method for electrical resistance of tunnelling effect. Coupled with the
Landauer-Buttiker (L-B) model and the Monte-Carlo method, an electrical model was built with a high efficiency
(Bao et al. 2012; Zabihi and Araghi 2016).

Molecular dynamics (MD) simulation and finite element (FE) method are the two main methods mainly used for
mechanical properties simulation. The former is able to model the nanocomposites considering their molecular
structures, which allows further investigation of the effect of CNTs on the mechanical properties (Frankland et al.
2003; Alian and Meguid 2017; Alian, El-Borgi, and Meguid 2016), but long calculation time and parameters of the
chemical bond property hindered its application (Alian and Meguid 2017, 2018a). On the other hand, FE method is
widely used on nanocomposites because of its reliability under various loading conditions for complicated structures
on different scales (X. L. Chen and Liu 2004; Ma et al. 2021).

Furthermore, monitoring the deformation using piezoresistive properties of the CNT doped epoxy nanocomposites
was investigated experimentally and analytically (Esmaeili, Sbarufatti, et al. 2020; Sanchez-Romate et al. 2018; Hu
et al. 2008). Recently, it was reported that a previous analytical model can be enhanced so that the resistance of
nanocomposites during loading can be replicated by combination with the FE method (Alian and Meguid 2018b;
Khattab and Sinapius 2019), in view that the FE model can help to obtain accurate deformation of the nanocomposites
and the orientation of CNT implanted inside composites. All these studies indicate that a numerical methodology can
replicate the current path and predict the electrical properties of nanocomposites.

Among all these studies, however, some aspects about the modelling process have yet to be explored. Only one/few
CNTs can be contained in the numerical model because of computational costs (Alian and Meguid 2017; Alian, El-
Borgi, and Meguid 2016; Alian and Meguid 2018a), or random CNT generation was employed to build the CNT
network inside nanocomposites (Bao et al. 2012, 2013, 2011; Alian and Meguid 2018b). On the other hand, the
accurate structure of the nanocomposites cannot be modelled because nanoparticles inside the polymer materials are
hard to detect experimentally without cutting the samples (Alian and Meguid 2018c; Hu et al. 2008). Besides, due to
the loss of representation of the real micro-structure, the accuracy might be affected in the modelling process.
Compared with the aligned-CNT-doped nanocomposites (Ma, Giglio, and Manes 2020b), modelling nanocomposites
with non-aligned CNTs is more difficult considering the significant effect of the waviness of CNTs (Khan, Pothnis,
and Kim 2013). Thanks to the simplified methodology for modelling of waved CNTs (X. Chen, Alian, and Meguid
2019; Shams and Soltani 2017), it paved the path for replicating the waved CNTs based on modelling strategies for
aligned CNTs.

Therefore, the present study was aimed to explore the possibility of using the electrical property to build the
mechanical model, as the scheme to present the methodology in Fig. 1. Firstly, an electrical model with the effective
CNTs, which can help to model with aligned one numerically, was used to define the microstructure of the
nanocomposite by the initial electrical conductivity, which could help to detect the inner CNT networks of
nanocomposites for mechanical modelling. Then, the representative volume element (RVE) model was built in FE
method based on the electrical model to study the mechanical property of the nanocomposite with high accuracy and
efficiency, which can be validated by the experimental data. Furthermore, the electromechanical behaviour of the
nanocomposite was replicated and assessed.
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Fig. 1 Scheme for the current modelling strategy

2.1 Electrical model

Generally, CNTs in polymer materials are randomly distributed and waved without an aligning process. However,
in order to simplify the modelling in the present study, the concept of effective CNT was introduced with start and
end points of an actual CNT, as visible in Fig. 2. Therefore, in our modelling process, the actual CNT can be described
by the effective CNT with a line segment. Considering random distribution of CNTs inside the matrix, the start point
of CNT (x;,y;,2;) is generated according to Eq.(1), where Ly is the length of the electrical representative volume
element (RVE) of nanocomposite along different directions and RAND is a uniform random number in the interval
[0,17.

0; =Ly X RAND (0 = x,y,z.i=1,2,...) 1)

For an effective CNT built as a line segment in Fig. 2, € is polar angle defined by the maximum polar angle 6,,,,
(Eq.(2)), while the azimuthal angle ¢ was generated inside [0, 2] randomly (Eq.(3)). If 8,,,, = 0, all effective CNTs
are along one single direction; if 6,,,, = m/2, the nanocomposite can be regarded as isotropic, which means the
orientation of the effective CNT has no influence anymore because of the total random generation.

cos0 = (1 — cos0,,4,) X RAND + c050,,4, 2)
¢ = 2m X RAND 3)

—— Effective CNT
y —— Actual CNT

Fig. 2 Schematic diagram for CNT inside nanocomposite

As for the length of CNTs, an average length [ was used and regarded as the effective length in the present study.
According to (Wang et al. 2006), the length of CNTs follows a Weibull distribution, based on which the average
length [ can be calculated (Bao et al. 2011). Subsequently, the end point of ith CNT can be described as (x; +
[sin®;cos¢p;, v; + [sinb;sing;, z; + [cosh;). Moreover, if the end point is located outside of the electrical RVE, the
CNT would be directly cut by the boundary. In this way, a random microstructure of nanocomposite can be built in
electrical RVE.

The overall resistance of such CNT doped nanocomposite is composed of two individual types. One is the intrinsic
resistance of CNT, Renr, and the other one is the contact resistance between two closest CNTS, Reontact. Ront can be
obtained through Eq.(4), where o.yr is the intrinsic CNT electrical conductivity and the cross section of the CNT is
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regarded as perfect circle, D is the diameter of the CNT. The contact resistance is provided by the tunnelling effect
introduced. According to the L-B model (Biittiker et al. 1985), Reontact is defined by Eq.(5), where M is the number of

tunnelling channels, / is the Planck’s contact and e is the electron charge, so % ~ 12.9054k( is equal to the

quantized resistance. Moreover, T is represented as the transmission probability to breakdown of the matrix between
two CNTs, which is determined by Eq.(6) based on the Wentzel-Kramers-Brillouin (WKB) approximation (Simmons
1963). Regarding the Pauli exclusion principle (Hertel, Walkup, and Avouris 1998), the closest distance between two
CNTs, d, should be larger than the van deer Waals separation distance, dvaw. So, if d is smaller than dqw, it should be
replaced by dvaw. When d is greater than dyaw, the real distance is equal to (d — D) considering the diameter of the
CNT. The tunneling effect can be ignored if the distance is larger than the cut-off distance, dcuwosr. Moreover, the
tunnelling characteristic length is defined by diynnet = ii/+/8MAE, diynner- In the definition of dyypner, AE is the

height of the barrier between the polymer and CNT and m,, is the mass of the electron.
4f

Renr = PE— 4)
h 1
Reontact = > 4)
2e~ MT

exp(w),o <d<D+dyy

dtunnel

7= o (©)
exp( ):D+dvdWSdSD+dCutoff

dtunnel

In the present study, the distance between two CNTs was calculated through the methodology mentioned in (Eberly
2001). Following the calculation, a matrix of the distance can be obtained. Then, the matrix of all potential resistances
can be calculated by Eq. (5,6). Subsequently, a search algorithm was employed to obtain the effective current method
in the CNT system, as shown in Fig. 3 in which all the effective current paths are in parallel. Additionally, a Monte-
Carlo simulation with a 10000-time calculation was used to simulate this electrical model in multiple cases, while
MATLAB was employed to perform the abovementioned process.

_ plk
Rnanocomposire =Reyr t Rconmct‘

ith effective current path

[0 dy ) [Ryy—tnf—dnf—inf—inf 1

Ihf
Inf

Inf

dij 0]

Inside the boundary

Fig. 3 Numerical method for the resistance of electrical RVE

In order to validate the electrical model, a calculation case was used. In this case, MWCNT was implanted into
the polymer, and all the data used in the present model were obtained by Ref. (Bao et al. 2011): ocyr = 5 X 103S/m,
AE =1¢V, [=5um, D =50nm, M =460, L, =L, = L, = 5.5um, Opgx =, dygw = 34A and deyeopy =
1.4nm. The change in conductivity with the volume fraction is shown in Fig. 4. In Fig. 4, the results obtained through
the present model correspond with the experimental data. As the volume fraction increases, the growing trend of the
electrical conductivity is initially sharp and then becomes gentle. This can be attributed to percolation threshold region,
the region that the tunnelling effect plays the domain role in generating the effective current. In other words, at low
CNTs content, electrical conductivity sharply increase with respect to CNT content. On the contrary, at high CNT
loading i.e. above percolation threshold region, the growth of electrical conductivity is less tangible due to the
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saturation point of the tunnelling effect, which is the percolation threshold. In this case, the percolation threshold is
around 0.75 vol.% according to the present electrical model, which has good agreement with the results from Ref(Hu
et al. 2008; Bao et al. 2011). The present electrical model has therefore been validated through comparison with
experimental data and has demonstrated its capability to be used in the next stage. In the present study, the electrical
model introduced in this section was used to obtain the maximum polar angle 6,,,,,.
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Fig. 4 comparison with existing experimental data

2.2 Mechanical model

Through the initial electrical conductivity, the structure of the nanocomposite can be determined to study its
mechanical property. As mentioned in the Section 1, the mechanical properties are hard to model in FEM as the size
gap between CNT and RVE hinders the generation of the mesh. In the present study, the mechanical RVE model was
one of several parts selected from the electrical model, which was built in Section 2.1, as shown in Fig. 5. As a result,
the mechanical model can be simplified instead of using the large-scale electrical RVE model. Every part, containing
more than two CNTs, should be selected and built in the FE framework separately. Therefore, there should be more
than one mechanical models in one case, while the exact number of mechanical models is determined by the electrical
properties. More details of the modelling procedure can be found in Fig. 5, and the FE model was built in LS-DYNA.

In order to simplify the geometry and make the contact smooth, voxel mesh was used to mesh the mirco-RVE
model, as applied in previous work (Ma, Manes, and Giglio 2019; Ma, Giglio, and Manes 2020a, 2020b). The contact
between CNT and matrix was described by a tiebreak contact algorithm in LS-DYNA. The loading was uniaxial
tension in the direction along x-, y- and z-axial namely, and the load was applied by displacement control. It should
be noted that the size of the mechanical RVE models in one case should be identical in order to assist the simplification
of the post calculation of the mechanical properties. Based on this simplification, all the mechanical RVEs share the
same strain along the loading direction. As a result, Eq. (7) is used to calculate the real mechanical properties of
nanocomposite. In Eq.(7), n is the number of mechanical RVE models, A° is the area of the cross section with the
normal of @, while ¢ and o represent the strain and stress namely.

O — 0 ... 0
{ o o ey (0=19,2) )

o® = [Y1, 0f - A%1/ (X1, A9)
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FEM model Geometry
Fig. 5 Process of building the mechanical RVE FEM model

2.3 Coupled electromechanical model

Apart from mechanical properties evaluation, the change of electrical conductivity during the deformation of the
nanocomposite i.e. piezoresistivity was also calculated. To this aim, the selection of the mechanical RVE models
should include the effective current path. Note the change in resistance which is caused by other CNTs out of
mechanical RVE models has been ignored, as no effective current path is generated among them. During the loading,
the position of CNTs inside the mechanical RVE models were recorded. Subsequently, the resistance in every time
step was calculated though the present electrical model. Therefore, the change of resistance due to the deformation of
the CNT is also considered in this model.

3. Experiments
3.1 Material and preparation

In present study, Multi-Walled Carbon Nanotubes (purity > 99 wt.% and functional content 3.96 wt.%) were used,
while the matrix was based on Araldite LY556 with a XB3473 hardener. Falling the addition of CNTs to the epoxy
resin, a three-roller calendaring mill was used to evenly distribute CNTs. Finally, the harder was added to the epoxy
resin at a volume ratio of 23:100 and the mixed resin was cured for 40min in air and 8h in vacuum in a vacuum bag
at a temperature of 140°C.

3.2 Tensile tests
Tensile tests were conducted according to the ASTM D638 standard with dimension shown in Fig.6. During the
tensile test, the resistance change as a function of the strain increase throughout the gage length was recorded (Fig. 6).

More details about tensile test setup and electromechanical characterizations can be found in (Esmaeili, Ma, et al.
2020; Esmaeili, Sbarufatti, et al. 2020).

Fig. 6 Sample designed for tensile test
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4. Results and discussion
4.1 Initial electrical property

In this section, the electrical model mentioned above was used to study the effect of the maximum polar angle
0 max on the electrical conductivity of the nanocomposites. Nanocomposites with 0.5 wt.% were considered to assess
the current numerical method. The relative properties are shown in Table 1 and Table 2. The size of the electrical RVE
should be set slightly larger than the length of CNT in order to get a stable result and high computational efficiency.
Therefore, the lateral size of the electrical RVE cube is 5 um.

Table 1. properties of the MWCNT used in the present study

Parameter Description Value
Puwenr 19 - cm™3 Density 2.6
ocyr /S m™t Electrical conductivity 5000
AE /eV Height of barrier 1

[ /nm Average length of CNT 5000
D /nm Diameter of CNT 13.5
M Number of tunneling channels 450
dpaw ! A Van der Waals separation distance 3.4
deytofy /nM Cut-off distance in the tunneling effect 1.4

E /GPa Elastic modulus 2000

Table 2. Properties of the epoxy used in the present study

Parameter Description Value
= -
Pepoxy /9 - cm Density 1.14
1 . . -11
Oepoxy /S - M Electrical conductivity ~10
E /GPa Elastic modulus 3.0
n Poisson’s ratio 0.3
ogd| ™ B 0.01 4
- —#— 06,790 i ] L]
a0, _=60° 1E-3 4
0.5 - |—¥— 8,745
, 1E-4
— Ona30 —
g 0.4 Oman29° g 1E-5 4
& 2 1E6
2 03] 2
s S 1ET
k= k=
8 02 8 1E-8 4
1E-9
0.14
1E-10 4
o 1E-11 4
OO _L.r T T - T T f T T n T T T T T T T T
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weight percent (%) weight percent (%)
(a) (b

Fig. 7 Comparison of the electric conductivity between numerical results and experimental data (a); agreement on electrical conductivity
between simulated and experimental results (b)
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In Fig. 7a, the results from the electrical model are compared with experimental data at different weight
concentrations so that the maximum polar angle fitted in the present study can be defined for modelling. It implies
that the best fitted results emerged when 6,,,, = 25°, as visible in Fig. 7b. The results with the maximum polar
angle 25° for more types of weight percentage were obtained through a numerical calculation. Additionally,
nanocomposites with the higher the percentage of the weight percentage can cause more agglomeration and the higher
number of defects. As a result, the error between the experimental and numerical data increased with the increase of
the weight percentage. However, the results of 0.5 wt.% on the conductivity are still acceptable, which indicates that
the further studies can be conducted in this direction.

4.2 Mechanical property

In the present study, the mechanical properties of MWCNT and epoxy are reported in Table 1 and Table 2. Perfect
elastic was used to describe the behaviours of MWCNTs, while MAT 024 was applied on the matrix. The plasticity
of the matrix was defined by the input data from the tensile tests, as presented in works about related epoxy resin (Ma
et al. 2020; Esmaeili, Ma, et al. 2020). The uniaxial tensile tests conducted on the neat epoxy was the same as the
present experimental activities. The size of the mechanical RVEs was 0.63%0.61x5.5 pm containing 1280000
elements. In addition, CONSTRAINED was employed as the boundary condition to keep the deformation on the same
surface equal in order to replicate the uniform stress state (Ma et al. 2019; Ma, Giglio, and Manes 2020b). Regarding
the interface property between the CNT and matrix, the strength of the interface along the normal direction was
regarded as perfect bonding, while the shear strength was 36 MPa (Alian, Kundalwal, and Meguid 2015).

Fig. 8 shows the constitutional curves of 0.5 wt.% nanocomposite under different uniaxial loading directions. The
differences in the mechanical property between x and y directions are negligible. The mechanical behaviours along
both axials share the same Young’s modulus, while the strength varies by 0.4%. On the contrary, the strength along
z-direction is higher than in the other two directions (Fig. 8b), which indicates that this direction should be the
enhanced orientation of the nanocomposite. Similar results were also shown in (Frankland et al. 2003). Moreover, the
load is difficult to distribute along the transverse direction using a small polar angle, and therefore the strength is
approximately equal to the failure strength of the interface. Thus, material can be strengthened along the direction of
the CNT. The comparison between the numerical and experimental data is also shown in Fig. 8a, it can be observed
that simulated results from loading along the x-/y-directions match experimental data leading to the validation of the
current numerical model.
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Fig. 8 Stress-strain curves under different uniaxial loading directions: (a) x- and y-axial loading; (b) z-axial loading
4.3 Change of conductivity during loading

By updating the distance matrix in each time step during loading process, the normalized resistance change can
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be obtained as presented in Fig. 9 manifesting an increase in response of strain during tensile loading. Although
noise was present during the recording in the experimental activities, the experimental and numerical results have
good agreement with each other according to Fig. 9. The accurate replication of the electrical properties during
loading with the current multi-physics method provides possibilities for monitoring mechanical behaviours of the
nanocomposite using piezoresistive properties.

0.020
Exp
present model
0.015
3
X 0104
4
<

0.005

0.000 T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

strain
Fig. 9 Comparison of the resistance change during deformation between experimental and numerical results

5. Conclusion

With the introduction of an effective CNT to simplify the modelling process of the actual CNT, a multi-physics
numerical method containing the mechanical and electrical models was proposed to mimic the mechanical
behaviours of nanocomposite according to the initial electrical conductivity. The stress-strain obtained from the
numerical model matched the experimental data, validating the current modelling strategy. Furthermore, the
normalized resistance change with respect to the strain during tensile loading was also replicated through the current
method, providing the possibility for the health monitoring of nanocomposite. The main conclusions drawn are
listed below:

o The model generated from the electrical conductivity can be used to analyse the mechanical
properties through a validation with the experimental data.
o The current numerical model can help to characterize the CNT networks inside the polymer, and
to further investigate the mechanical and electrical behaviours of nanocomposites.
. The resistance change during deformation was predicted by the present methodology.
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