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A B S T R A C T   

A multi-level micromechanics-based homogenization is proposed here to investigate the damage behavior of 
composites with multiscale fibers such as carbon nanotube (CNT) and carbon fiber. First, a molecular unit cell is 
constructed considering the interfacial characteristics between the CNT and a polymer matrix, after which 
molecular dynamics simulation and micromechanics are utilized to obtain the elastic properties of CNT- 
reinforced composites. A micromechanics-based progressive damage model is then adopted to predict the 
damage behavior of the CNT and carbon fiber-reinforced composites. Tensile tests are also conducted to 
investigate the stress–strain behaviors of the composites. To verify the applicability of the proposed model, the 
present predictions are compared with those obtained from the tensile test results. The proposed multi-level 
homogenization has shown to provide a close match to the experimental results. The proposed modeling 
scheme may facilitate a thorough investigation of the damage behavior of multiscale fiber-reinforced composites, 
proving the importance of each constituent at a different level.   

1. Introduction 

Carbon fiber-reinforced composites have been utilized for principal 
structural components in the aircraft, automobile, and infrastructure 
industries. These materials have useful engineering properties (e.g., 
superior stiffness and specific strength, corrosion resistance, fatigue 
resistance, and low density), allowing reductions of product weights by 
replacing increasingly more metal parts [1,2]. Recently, many studies 
have focused on the incorporation of nanoscale fiber materials into 
carbon fiber-reinforced composites for the development of highly 
functional and advanced composite materials [3–6]. These types of 
multiscale fiber-reinforced composites can improve mechanical perfor
mance outcomes and serve as cost-effective composite materials by 
optimizing the content of fibers of different scales [7]. 

Carbon nanotube (CNT) is considered to be a potential candidate for 
the manufacturing of multiscale fiber-reinforced composites owing to 
their low density, high aspect ratio, and excellent mechanical properties 
[8–11]. The tensile strength and elastic modulus of a typical CNT are as 
high as 150 GPa and 1.0 TPa, respectively, due to the sp2 chemical 
structure of the carbon atoms in the CNT, which provide strong bonding 
force exceeding that of steel [12–14]. Lee et al. [15] introduced CNT 

between carbon fiber-reinforced composites, reporting that their com
posites showed improved tensile strength and elastic modulus outcomes 
by 20.0% and 31.0%, respectively, compared to those of conventional 
carbon fiber-reinforced composites. Abidin et al. [16] developed carbon 
fiber-reinforced composites with CNT. They reported that the fracture 
toughness of the developed composites increased by 41.0% compared to 
that of composites without CNT [16]. 

Meanwhile, the greatest challenge posed by multiscale fiber- 
reinforced composites is that they show great differences in mechani
cal performance outcomes due to the inherent characteristics of fibers of 
the vastly different scales [17]. Accordingly, accurate analyses and 
simulations of the complete responses of components and systems in 
multiscale fiber-reinforced composites are essential. Over the years, 
several other researchers have proposed theoretical modeling ap
proaches using micromechanics and molecular dynamics (MD) simula
tions to evaluate and design composites with fibers of various scales 
more accurately [18–23]. 

Alian et al. [19,23] developed a multiscale modeling technique that 
combines the Mori-Tanaka method and MD simulation for determining 
the effective elastic modulus of CNT-reinforced composites. They re
ported that their model can consider the effect of interfacial properties 
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and agglomeration of CNT on the elastic properties of the composites 
[19,23]. Radue et al. [20] proposed a multiscale modeling approach to 
characterizing the mechanical properties of multiscale fiber-reinforced 
composites by means of an MD simulation integrated with micro
mechanics. Their modeling approach can generate fairly reasonable 
estimations of the elastic modulus of composites considering the pres
ence of interphase and interfacial imperfections [20]. Despite several 
studies that focus on the prediction of the effective mechanical proper
ties of multiscale fiber-reinforced composites, a comprehensive inves
tigation of multiscale fiber-reinforced composites to investigate the 
damage behavior of these composites has yet to be conducted. 

Hence, this prompted us to propose a multi-level micromechanics- 
based homogenization to predict the damage behavior of multiscale 
fiber-reinforced composites. The present study suggests a multi-level 
homogenization scheme that includes MD simulations and a series of 
micromechanical models. First, a molecular unit cell is constructed 
considering the interfacial characteristics between the CNT and polymer 
matrix, after which the MD simulation and micromechanics are utilized 
to obtain the elastic properties of CNT-reinforced composites. Next, this 
study adopts a micromechanics-based progressive damage model to 
predict the damage behavior of the CNT and carbon fiber-reinforced 
composites. Tensile tests are conducted to investigate the stress–strain 
behaviors of the composites. To verify the predictive capability of the 
proposed model, the predicted stress–strain behaviors of the composites 
are compared with experimentally derived results. 

2. Theoretical modeling 

Let us consider composites consisting of CNT, carbon fiber, and a 
polymer matrix. Fig. 1 shows a flowchart of the proposed multi-level 
micromechanics-based homogenization scheme for CNT and carbon 
fiber-reinforced composites (cf. [19,24]). This study proposes a three- 
level homogenization to predict the damage behavior of CNT and car
bon fiber-reinforced composites. At Level 1, a molecular unit cell based 
on MD is constructed to estimate the mechanical properties of the 
effective molecular ellipsoidal inclusion, after which micromechanics is 
utilized to obtain the elastic properties of CNT-reinforced composites at 
Level 2. At Level 3, a micromechanics-based progressive damage model 
[24,25] is adopted to predict the stress–strain behavior of the CNT and 
carbon fiber-reinforced composites. 

At Level 1, an MD simulation is conducted to estimate the mechan
ical properties of an effective molecular ellipsoidal inclusion. At this 
level, the MD simulation is performed using the commercial molecular 
dynamics simulation package Materials Studio, with the COMPASS 
forcefield. Fig. 2 shows the molecular unit cell of the CNT-reinforced 
composites utilized in the present MD simulation (cf. [18,19]). A 
centered CNT is modeled as a segregate with an isosurface to consider 
Coulombic forces and van der Waals interactions between the CNT and 
epoxy atoms. It was reported that Alian et al. [19,23], who constructed 
the representative volume element of CNT-reinforced composites by 
means of MD simulation, assumed a CNT content within the range of 
6.5–12.2 vol.% to determine the effective elastic properties of these 
types of composites. According to the previous studies [18,19,23], a 
molecular unit cell with a 10 vol.% of CNT is constructed here with 

Fig. 1. Flowchart of the proposed multi-level micromechanics-based homogenization scheme for CNT and carbon fiber-reinforced composites (cf. [19,24]).  
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periodic boundary conditions imposed in all directions. The volume 
fraction of CNT is calculated by dividing the volume of the segregate of 
the CNT by the total molecular unit cell volume (30 Å × 30 Å × 63.9 Å) 
[19]. In this case, 100 epoxy oligomers are packed into the isosurface- 
enclosed volume with a target density of 1.0 g/cm3. The model pa
rameters and conditions in the present MD simulation are listed in 
Table 1. 

The total potential energy of the initial configuration is minimized 
via a conjugate gradient algorithm with a specific maximum energy 
change of 0.001 kcal/mol [18]. After sufficiently minimizing the initial 
molecular unit cell, the molecular unit cell is equilibrated at 298.0 K via 
a canonical, NVT, ensemble simulation [18]. The molecular unit cell is 
then equilibrated again at 298.0 K and 0.0001 GPa via an isobaric- 
isothermal canonical, NPT, ensemble simulation. After the equilibrium 
process is complete, uniaxial compression is conducted to determine the 
mechanical properties of the molecular unit cell. Strain-controlled 

compression of 0.1% is applied along the z-direction by consistently 
compressing the molecular unit cell updating the atoms’ coordinates 
under the compressed lattice box. The molecular unit cell is equilibrated 
between strain intervals using the NPT ensemble simulation at 298 K 
and 0.0001 GPa. The time-averaged virial stress derived from the virial 
theorem is stored as the stress components corresponding to the strain 
state. This procedure is repeated until the strain of the molecular unit 
cell reaches an elastic limit of 3.0% [19]. 

It should be noted that the present MD simulation assumes straight 
CNT without waviness or aggregation of the CNT in the polymer matrix. 
Accordingly, the present modeling scheme cannot consider the aggre
gation of CNT. Furthermore, a single-walled CNT with anisotropic epoxy 
oligomers is modeled in this study with periodic boundary conditions 
due to computational constraints when considering the significant 
number of atoms in the MD simulation. Therefore, repetitive calcula
tions are conducted and averaging schemes are utilized to improve the 
computational accuracy of the MD simulation [18]. 

After MD simulation on the molecular unit cell at Level 1, to obtain 
the elastic properties of the CNT-reinforced composites, the ensemble 
volume averaging (EVA) micromechanical model proposed by Ju and 
Chen [26] is adopted at Level 2. Two-phase composites consisting of a 
polymer matrix (matrix phase) and an effective molecular ellipsoidal 
inclusion (inclusion phase) are considered. Note that the elastic modulus 
Ecell and Poisson’s ratio νcell of the molecular unit cell are inputted as the 
properties of the materials of the effective molecular ellipsoidal inclu
sion as shown in Fig. 1. According to the EVA model for non-interacting; 
randomly dispersed; and similar spheroidal inclusions, the stiffness 
tensor is given as follows [26,27]: 

Ccomp = Ĉ0 •

[

I+
∑2

r=1

[
ϕ̂r(Âr + Ŝr)

− 1
•
{

I − ϕ̂r Ŝr • (Âr + Ŝr)
− 1 }− 1 ]

]

(1) 

with. 

Âr = (Ĉr − Ĉ0)
− 1

• Ĉ0 (2)  

where I and Ĉ0 are the identity tensor and fourth-rank stiffness tensor 
for the matrix, respectively; ϕ̂r, Ŝr, and Âr are the volume fraction, 
fourth-rank Eshelby’s tensor, and fourth-rank elasticity tensor of a r- 
phase inclusion, respectively [26–28]. In this study, all effective mo
lecular ellipsoidal inclusions are initially modeled assuming they are 
randomly oriented with a prolate spheroidal shape and a perfect inter
face condition. The general forms of the Eshelby’s tensor can be found in 
Pyo and Lee (2009) [29]. Note that the aspect ratio of the effective 
molecular ellipsoidal inclusion αeff is defined as αeff = leff/deff , using the 
material properties of CNT in an experimental program, where leff and 
deff are the radius of the prolate spheroid on the major and minor axis, 
respectively. 

At Level 3, a micromechanics-based progressive damage model is 
adopted to predict the stress–strain behavior of the CNT and carbon 
fiber-reinforced composites [24,25]. The unidirectional carbon fiber in 
the polymer matrix is aligned and randomly distributed. Here, we 
consider CNT and carbon fiber-reinforced composites consisting of CNT- 
reinforced composites (phase 0), transversely elastic continuous types of 
carbon fiber (phases 1, 2, 3, and 4), and a microcrack (phase 5), as 
shown in Fig. 1 [24,25]. In accordance with Lee and Pyo (2009) [24], as 
deformations continue to increase, some initially perfectly bonded car
bon fibers (phase 1) are transformed to carbon fibers with a mild 
imperfect interface (phase 2); some carbon fibers with a mild imperfect 
interface are then transformed to carbon fibers with a severe imperfect 
interface (phase 3); and all carbon fibers are transformed to completely 
debonded carbon fibers (phase 4) which are regarded as cylindrical 
voids. Moreover, microcracks (phase 5) are nucleated asymptotically as 
randomly dispersed spherical voids [24]. 

With the help of the fourth-rank Eshelby tensor, the elasticity tensor 

Fig. 2. The molecular unit cell of the CNT-reinforced composites utilized in the 
present MD simulation (cf. [18,19]). 

Table 1 
Model parameters and conditions in the present MD simulation.  

Parameter and condition Present simulation 

Forcefield COMPASS 
CNT volume fraction (vol.%)a 10.0 
Cell size (Å3)a 30 × 30 × 63.9 
Target density (g/cm3) 1.0 
MD ensemble simulation NVT and NPT 
Temperature (K) 298.0 
Temperature control Nosé–Hoover-Langevin 
Pressure (GPa) 0.0001 
Pressure control Berendsen 
Total number of atoms 4600  

a Note that the values of the parameters are determined by referring to the 
previous studies (cf. [18,19,23]). 
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for 5-phase composites containing unidirectionally aligned carbon fiber 
C* can be expressed as Eq. (3) with Eq. (4), as reported in the earlier 
works [24,30,31]: 

C* = Ccomp •

[

I+
∑5

k=1

[
ϕk(Ak + Sk)

− 1
•
{

I − ϕkSk • (Ak + Sk)
− 1 }− 1 ]

]

(3) 

with. 

Ak ≡
(
Ck − Ccomp

)− 1
• Ccomp (4)  

where Ck and ϕk denote the fourth-rank elasticity tensor and volume 
fraction of a k-phase inclusion, respectively, and Sk is the fourth-rank 
Eshelby’s tensor for the k-phase [24]. Note that Ccomp is estimated by 
inputting the results calculated by Eq. (1). 

The interfacial layer properties between the matrix and carbon fiber 
are modeled by adopting the interface modeling scheme proposed by Qu 
[32]. According to this modeling scheme, the interface is modeled as a 
linear spring layer of disappearing thickness, which is represented by a 
second-rank compliance tensor ηij [32]. The modified Eshelby’s tensor 
Sm+1 using ηij for the composites can be estimated by Eqs. (5) and (6) 
[24,32,33]: 

ηij = αmδij +(βm − αm)ninj (5) 

and. 

(Sm+1)ijkl =
1

256aCF
(
1 − νcomp

)
[
SM(2m− 1)

IK δijδkl + SM(2m)

IJ
(
δikδjl + δilδjk

)]
(6)  

where αm and βm (m = 1 and 2) are used as model parameters with 1 
indicating a mild imperfect interface and 2 indicating a severe imperfect 
interface; aCF and νcomp denotes the radius of the cross-section of the 
carbon fiber and Poisson’s ratio of the CNT-reinforced composites; and 
δij, ni, and nj denote the Kronecker delta, unit outward normal vector and 
unit tangential vector, respectively [24,32,33]. The components of 
second-rank tensors SM(2m− 1)

IK and SM(2m)

IJ are given in Lee and Pyo (2009) 
[24]. 

A damage model proposed earlier [34,35] is adopted in the present 
study. The progressive damage model of the composites can be 
expressed by Eq. (7) with Eq. (8) as the current volume fraction of 
carbon fiber in the k-phase using the Weibull probability function 
[34,35]: 

ϕ2 = ϕCF

{

1 − exp

(

−

(
(σ11)CF

)

m

SCF

)MCF
}

,

ϕ3 = ϕ2

{

1 − exp

(

−

(
(σ11)CF

)

m

SCF

)MCF
}

,

ϕ4 = ϕ3

{

1 − exp

(

−

(
(σ11)CF

)

m

SCF

)MCF
}

(7)  

with. 

ϕ3 = ϕ3 − ϕ4, ϕ2 = ϕ2 − ϕ3, ϕ1 = ϕCF − ϕ2 (8)  

Here, ϕCF and 
(
(σ11)CF

)

m are the original volume fraction of the carbon 
fiber and the average internal stress in the transverse direction of the 
carbon fiber (phase 1), respectively; SCF and MCF are the Weibull pa
rameters in the progressive damage model [34]. For uniaxial loading in 
the longitudinal direction, 

(
(σ11)CF

)

m can be replaced with 
(
(σ33)CF

)

m. 
The internal stresses of the carbon fiber required for the initiation of an 
imperfect interface are explicitly expressed as Eq. (9), as follows [36]: 

(σ11)CF = C1 •
[
I − S1 • (A1 + S1)

− 1 ]
•

[

I −
∑4

k=1

{
ϕkSk • (Ak + Sk)

− 1 }
]− 1

: ε  

=
[
U(1)

IK δijδkl + U(2)
IJ
(
δikδjl + δilδjk

) ]
: ε (9) 

where the components of the tensors U(1)
IK and U(2)

IJ can be found in Ju 
and Lee (2001) [36]. 

In addition, a crack nucleation model [37,38] is adopted here for 
simulating microcracks nucleation in brittle materials. The volume 
fraction of microcracks ϕ5 can be defined by Eq. (10) [37,38]: 

ϕ5 =

⎧
⎨

⎩

ϕi, (εeff ≤ εth
)

ϕi + m1

(
1 −

εth

εa

)m2
, (εeff > εth

) (10)  

where ϕi, εeff , and εth are the initial density of microcracks, current 
accumulated effective macroscopic strain, and effective strain threshold 
below which no nucleation take place, respectively. m1 and m2 the 
material parameters depending on the specific shape and distribution of 
microcracks, respectively [37,38]. 

3. Simulation results and parametric investigation 

3.1. Effects of the effective molecular ellipsoidal inclusion orientation and 
geometry 

The simulation results and parametric investigation at each level of 
the materials are discussed subsequently. The MD simulation of the 
molecular unit cell at Level 1 provides Ecell = 64.75 GPa and Poisson’s 
ratio νcell = 0.34. These values obtained by the MD simulation can be 
acceptable when compared to values from the literature when an MD 
simulation was utilized [19,20,39]. These values are considered as input 
parameters to determine the elastic properties of the effective molecular 
ellipsoidal inclusion in the present theoretical modeling. 

Based on the parameters presented in Table 2, the effects of the 
effective molecular ellipsoidal inclusion orientation and geometry at 
Level 2 are investigated. Fig. 3(a) shows the predicted elastic moduli of 
CNT-reinforced composites Ecomp with various CNT contents of the 
effective molecular ellipsoidal inclusion. Note that the Aligned_33 and 
Aligned_11 cases indicate Ecomp in the longitudinal and transverse di
rections, respectively. The elastic moduli of the Aligned_33 case as a 
transversely isotropic material are higher than those of the Random and 
Aligned_11 cases. It can be said from these results that the inclusion 
orientation has a significant effect on the elastic modulus of these 
composites as reported elsewhere [29,33]. 

Fig. 3(b) shows the predicted elastic moduli of CNT-reinforced 
composites Ecomp with various aspect ratios of the effective molecular 

Table 2 
Parameters utilized in the micromechanics-based simulation for CNT-reinforced 
composites.  

Parameter Present simulation 

Elastic modulus of matrix E0 (GPa)  1.87 
Poisson’s ratio of matrix ν0  0.38 
Elastic modulus of effective inclusion Ecell (GPa)  64.75 
Poisson’s ratio of effective inclusion νcell  0.34 
Diameter of effective inclusiona deff (nm)  26.0 
Length of effective inclusiona leff (μm )  10.0 
Aspect ratio of effective inclusiona αeff  384.6 

Volume fraction of matrix ϕ̂1 (vol.%)  95.0 

Volume fraction of effective inclusion ϕ̂2 (vol.%)  5.0  

a Note that the values of the parameters are determined by referring to the 
previous studies (cf. [7]). 
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ellipsoidal inclusion. Two different trends in the change of Ecomp with 
varying the aspect ratio become evident. In the first range, referring to 
inclusions with an aspect ratio varying from 2 to 100, Ecomp increases 
noticeably as the aspect ratio approaches 100. Then, Ecomp becomes 
constant in the second range from 100 to 1000. This result indicates that 
a higher aspect ratio of effective molecular ellipsoidal inclusion is ex
pected to provide much higher stiffness to the composites. 

3.2. Effects of the elastic modulus of CNT-reinforced composites and 
carbon fiber volume fraction 

A series of parametric studies are conducted to evaluate the degree of 
sensitivity of the proposed multi-level homogenization scheme to the 
effect of the elastic modulus of CNT-reinforced composites Ecomp and the 
volume fraction of carbon fiber ϕCF. The present parametric studies 
demonstrate stress–strain behaviors under uniaxial tension. In these 

numerical studies, the parameters utilized in micromechanics-based 
simulations for CNT and carbon fiber-reinforced composites are pre
sented in Table 3. 

The predicted stress–strain behaviors of CNT and carbon fiber- 
reinforced composites under uniaxial tension with varying the values 
of Ecomp and ϕCF are shown in Fig. 4. As Ecomp increases, the stress in the 
longitudinal direction increases from 0.001 strain, while the stress in the 
transverse direction is increased from the initial stage, as shown in Fig. 4 
(a) and (b), respectively. Fig. 4(c) and (d) demonstrate that the stress in 
the composites improves as ϕCF increases in all directions. Particularly, 
the stress in the longitudinal direction increases significantly as the 
strain increases, with the stress–strain behavior of the composites 
becoming stiffer. The results in Fig. 4 indicate that a higher Ecomp has a 
significant effect on the stress–strain behavior in the transverse direc
tion, while a higher ϕCF has an important effect on this behavior in the 
longitudinal direction. 

3.3. Effects of the Weibull parameter and carbon fiber interfacial 
properties 

An additional parametric study is performed to predict the stress–
strain behaviors of the CNT and carbon fiber-reinforced composites, 
reflecting the effects of the Weibull parameter SCF and compliance pa
rameters with the severely imperfect interfaces α2 and β2. The other 
parameters are identical to those used in Section 3.2. The predicted 
stress–strain behaviors of CNT and carbon fiber-reinforced composites 
under uniaxial tension with varying the values of SCF, α2, and β2 are 
shown in Fig. 5(a) and (b). The range of SCF is from 400 to 800, while α2 
and β2 remain constant at 2.0E-7 and 3.0E-7, respectively. In Fig. 5(b), 
the ranges of α2 and β2 are from 2.0− 2.0E-9 and 3.0–3.0E-9, respec
tively, while SCF remains constant at 400 [24]. Fig. 5(c) exhibits the 
predicted damage evolution of the carbon fiber volume fraction corre
sponding to Fig. 5(a). 

As shown in Fig. 5(a), a higher value of SCF leads to slower evolution 

Fig. 3. Predicted elastic moduli of CNT-reinforced composites with (a) various CNT contents and (b) various aspect ratios of the effective molecular ellip
soidal inclusion. 

Table 3 
Parameters utilized in the micromechanics-based simulation for CNT and carbon 
fiber-reinforced composites.  

Parameter Present simulation 

Elastic modulus of CNT-reinforced composites Ecomp 

(GPa) 
2.0 

Poisson’s ratio of CNT-reinforced composites νcomp 0.3 
Elastic modulus of CF ECF (GPa) 210 
Poisson’s ratio of CF νCF 0.2 
Radius of CF aCF (μm ) 0.5 
Volume fraction of CF ϕCF (vol.%) 25 
Weibull parametera SCF and MCF 400 and 1.0 
Compliance parametera α1, β1, α2, and β2 2.0, 3.0, 2.0E-7, and 3.0E- 

7 
Microcrack parametera m1, m2, ϕi, and εth 0.25, 1.6, 0.05, and 0.002  

a Note that the values of the parameters are determined by referring to the 
previous studies (cf. [24,25]). 
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of an imperfect interface in the longitudinal direction. These results 
indicate that the carbon fiber in their interfaces resists at a later stage as 
SCF increases. From Fig. 5(c), it is clear that a higher value of SCF leads to 
slower evolution of an imperfect interface, indicating that SCF plays an 
important role in determining the progressive damage stage in carbon 

fiber interfaces. In addition, the values of α2 and β2 would approach ∞ 
(α2 = β2→∞) at a completely debonded interface of carbon fiber, 
whereas, at a perfectly bonded interface of carbon fiber, the values of α2 
and β2 would approach 0 (α2 = β2→0) [33]. Therefore, the overall stress 
value of the composites gradually increases as the values of α2 and β2 

Fig. 4. Predicted stress–strain behaviors of CNT and carbon fiber-reinforced composites under uniaxial tension: (a) longitudinal and (b) transverse directions with 
varying Ecomp, and (c) longitudinal and (d) transverse directions with varying..ϕCF 
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decrease, as depicted in Fig. 5(b). The effect of the imperfect carbon 
fiber interface on the stress–strain behaviors of the composites is 
noticeable under 0.05 strain in the transverse direction. These results 
indicate that SCF, α2, and β2 have a significant effect on the overall 
damage behavior of these types of composites. 

4. Model verification 

4.1. Experimental program 

To verify the applicability of the proposed model, tensile tests of the 

Fig. 5. Predicted stress–strain behaviors of CNT and carbon fiber-reinforced composites under uniaxial tension: (a) longitudinal direction with varying SCF , (b) 
transverse direction with varying α2 and β2; and (c) the predicted damage evolution of the carbon fiber volume fraction corresponding to (a). 
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CNT and carbon fiber-reinforced composites are conducted. CNT (K- 
Nanos 100P, Kumho Petrochemical, Co.) having a bulk density of 0.02 
g/cm3 and purity of > 90% is used in this study. The length and diameter 
of the CNT are approximately 10.0 μm and 26.0 nm, respectively. An 
epoxy base having a density of 1.2 g/cm3 and a corresponding curing 
agent (Poonlim Industrial Co., Ltd.) are used to compose the polymer 
matrix. The elastic modulus and Poisson’s ratio of the hardened epoxy 
are 1.87 GPa and 0.38, respectively. Poly(sodium 4-styrenesulfonate) 
(PSS) is chosen as a dispersant to improve the dispersion of the CNT 
particles in the polymer matrix [40]. A carbon fiber-reinforced epoxy 
prepreg (Hankuk Carbon Co., Ltd.) with a density of 1.4 g/cm3 and 
thickness of 0.63 mm is used. The elastic modulus, Poisson’s ratio, and 
diameter of the carbon fiber in the prepreg are 210 GPa, 0.2, and 1.0 μm, 
respectively. The size of the composites corresponds to ASTM D638-14 
(Type I) [41] with a thickness of 10 mm. Here, nine different mix pro
portions are used to fabricate the composites considering the content of 
the CNT, as summarized in Table 4. The CNT and PSS contents are 
referenced from the previous studies [40,42]. Note that the digits 
included in the composites’ names denote their CNT contents (wt.%) 
and the direction of the carbon fiber in the prepreg, respectively; i.e., 
0.2-CNT/CF-33 represents composites with a content of 0.2 wt.% CNT 
with carbon fiber in the longitudinal direction. 

Schematics of the fabrication procedure of the CNT and carbon fiber- 
reinforced composites used in the tensile test are shown in Fig. 6. The 
CNT and carbon fiber-reinforced composites are fabricated as follows. 
First, CNT, PSS, and an epoxy base are added to isopropyl alcohol (IPA) 
as a solvent, after which the mixture is physically agitated by hand for 1 
min. The mixture is then sonicated with a tip-type ultrasonicator for one 
hour (200 W and 40 kHz) [43], and the CNT-dispersed solution is heated 
to 130 ℃ and mixed by means of mechanical stirring at 200 rpm using a 
magnetic stirrer to evaporate the IPA solvent completely. After 

evaporating the IPA solvent, an epoxy curing agent is added to the 
mixture, and this is hand-mixed for 1 min. For the CNT series composites 
without carbon fiber, the CNT-dispersed epoxy mixture is shallowly 
poured into the mold for the tensile test. For the CNT and carbon fiber- 
reinforced composites, ten prepregs are laminated in the mold by 
pasting in a CNT-dispersed epoxy mixture, minimizing air voids between 
the interlayers. Here, for the composites reinforced by carbon fiber in 
the transverse direction, the carbon fiber-reinforced prepreg is lami
nated on the mold in the transverse direction. The composites are heated 
in an autoclave for one hour at a temperature of 130 ℃ [44], after which 
they are cooled to room temperature and cured at that temperature for 
one week. 

The effect of the addition of CNT and carbon fiber on the stress–strain 
behavior is evaluated by means of tensile tests in accordance with ASTM 
D3039/D3039M [45] using a universal testing machine (UTM). A UTM 
with a maximum loading capacity of ten tons is used with a maximum 
crosshead speed of 0.75 mm/min. The strain is measured using a bi-axial 
strain gauge with a gauge resistance value of 118.5 ± 0.5 Ω and gauge 
factor of 2.08 ± 1% (Tokyo Measuring Instruments Laboratory Co., 
Ltd.). The strain rate is held constant at 0.001 s− 1 according to the quasi- 
static tensile loading state. 

4.2. Comparisons between experimental results and the present 
predictions 

Fig. 7 presents the measured stress–strain behaviors of the CNT- 
reinforced composites. The increases in the ultimate tensile strength of 
the 0.1, 0.2, and 0.3-CNT composites exceed that of the 0-CNT com
posites. The ultimate tensile strength outcomes of the 0.1-CNT and 0.2- 
CNT composites are respectively 22.1 and 23.0 MPa, corresponding to 
increases of 9.4% and 13.8%. The stress–strain behavior of the 0.4-CNT 
composites shows the steepest slope and the highest stress value under 
the 0.008 strain condition. This result indicates that the addition of CNT 
in the range of 0.1–0.3 wt.% effectively enhances the slope and ultimate 
tensile strength compared to the outcomes with 0-CNT composites. It is 
well known that the addition of small content of well-dispersed CNT 
improves the mechanical properties of the composites [8,46]. Thus, it 
can be inferred from the results that the present fabrication method as 
shown in Fig. 6 seems to be appropriate to manufacture the CNT- 
reinforced composites, leading to the improved mechanical properties 
of these composites. 

Comparisons of the elastic moduli and Poisson’s ratios of the CNT- 
reinforced composites Ecomp and νcomp between the experimental re
sults and the present predictions are shown in Fig. 8. In the present 
study, three different types of composites are manufactured with 
different CNT contents, and the mean values from the experimental 
results are compared with the present predictions. The methods adopted 
and model parameters for the prediction are identical to those used in 
Section 3.1. As the content of CNT increases, both the experimental and 
predicted values of Ecomp are increased except for the 0.3-CNT 

Table 4 
Mix proportions of the CNT and carbon fiber-reinforced composites (wt.%).  

Composites* Epoxy CNT PSS Carbon fiber-reinforced 
prepreg Base Curing 

agent 

0-CNT 100 
100 
100 
100 

25 
25 
25 
25 

0 
0.1 
0.2 
0.3 

1.0 
1.0 
1.0 
1.0 

0 
0.1-CNT 0 
0.2-CNT 0 
0.3-CNT 0 
0.4-CNT 100 25 0.4 1.0 0 
0-CNT/CF-33 100 25 0 1.0 25 
0-CNT/CF-11 100 25 0 1.0 25 
0.2-CNT/CF- 

33 
100 25 0.2 1.0 25 

0.2-CNT/CF- 
11 

100 25 0.2 1.0 25  

* Note that the digits included in the composites’ names successively denote 
their CNT content (wt.%) and the direction of the carbon fiber in the carbon 
fiber-reinforced prepreg. 

Fig. 6. Schematics of the fabrication procedure of the CNT and carbon fiber-reinforced composites.  
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composites. The predicted νcomp value is increased slightly with an in
crease of the CNT content, while the νcomp value from the experimental 
result varies in the range of 0.35 – 0.40. The standard deviations 

between the experimental and prediction values of Ecomp and νcomp are 
less than 5.0% for all composites. The assumption that CNTs are 
completely distributed in the polymer matrix is attributable to the 
discrepancy between the experimental results and the present pre
dictions [33]. 

The predicted stress–strain behaviors of the CNT and carbon fiber- 
reinforced composites are compared with the experimental results. 
Fig. 9 shows the stress–strain behaviors in the longitudinal and trans
verse directions of the 0-CNT/CF composites, which are simulated with 
the fitted parameters through curve-fit to the present experimental re
sults. The Weibull parameters (SCF = 1200 and MCF = 1.0) are fitted at 
the present experimental results of the 0-CNT/CF composites, and then 
the same values of the parameters are applied to the predictions of 
damage behavior of the 0.2-CNT/CF composites. The predicted values of 
Ecomp and νcomp in Fig. 8 are used for the CNT-reinforced composites, and 
the other parameters are identical to those used in Section 3.2. The 
comparisons of the stress–strain behaviors in the longitudinal and 
transverse directions of the 0.2-CNT/CF composites between the present 
experimental results and predictions with the fitted parameters obtained 
from Fig. 9 are shown in Fig. 10. Although the simulations for the 
composites under uniaxial tension are slightly lower than the corre
sponding experimental results, the present simulations are in good 
agreement with the experimentally measured stress–strain behaviors. 
These comparisons indicate that the proposed multi-level micro
mechanics-based homogenization could closely predict the stress–strain 
behaviors of CNT and carbon fiber-reinforced composites. 

5. Concluding remarks 

A multi-level micromechanics-based homogenization is proposed to 
predict the damage behavior of multiscale fiber-reinforced composites. 
A three-level homogenization process is suggested to estimate the effect 
of the effective molecular ellipsoidal inclusion orientation and geome
try, carbon fiber orientation and volume fraction, and damage model 
parameters. The comparisons of the stress–strain behaviors of the 

Fig. 7. Measured stress–strain behaviors of the CNT-reinforced composites.  

Fig. 8. Comparisons of (a) the elastic moduli and (b) Poisson’s ratios of the CNT-reinforced composites between the experimental results and the present predictions.  
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composites between the experimental results and the present predictions 
are made to assess the predictive capability of the proposed framework. 
The findings from the present study can be summarized as follows.  

(1) The assumption of the effective molecular ellipsoidal inclusion as 
the molecular unit cell is made in the present multi-level micro
mechanics-based homogenization. The predicted stress–strain 
behaviors of the CNT and carbon fiber-reinforced composites 
provide a close match to the experimental results. 

(2) The orientation and aspect ratio of the effective molecular ellip
soidal inclusion affect the elastic modulus of the CNT-reinforced 
composites crucially. It is found that a higher aspect ratio of the 
inclusion which is aligned in the longitudinal direction results in 
a much higher stiffness of the composites. 

(3) Higher values of the Weibull parameter SCF lead to slower dam
age evolution of an imperfect interface in the longitudinal di
rection. On the other hand, the effects of the compliance 
parameters with the severely imperfect interfaces α2 and β2 on 
the damage behavior of the composites are notable in the trans
verse direction. 

In order to evaluate the application of the present modeling scheme 
in a more accurate manner, additional experimental verifications on the 
composites with various nanoscale fiber materials (i.e., graphene, 
graphite, and carbon black) should be carried out. In addition, upscaling 
the present scheme for the implementation into a finite element program 
is needed to simulate various boundary value problems of multiscale 
fiber-reinforced composites on the macroscale. 
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