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Abstract

In this paper, a three-dimensional multi-scale analysis is presented to investigate the interfacial
properties and failure mechanism of an enhanced single carbon fiber reinforced polymer matrix
composite under tensile load. Radially aligned zinc oxide (ZnO) nanowires on the surface of carbon
fiber are simulated to evaluate the enhanced interfacial properties. At the micro-scale, the effective
interfacial properties with various ZnO volume fractions are evaluated using an appropriate
representative volume element. At the meso-scale, a cohesive zone model is used to study the interface
between the fiber and the matrix. At the macro-scale, the first failure of the enhanced single fiber
composite is evaluated utilizing the maximum tensile theory and an appropriate user subroutine in a
finite element model. The developed multi-scale analysis demonstrates that the interfacial properties
between carbon fibers and matrix can be improved by growing ZnO nanowires on the fibers’ surface,
resulting in enhanced stress transfer capability between matrix and fiber in structural composites.

1. Introduction

High-performance composite structures require reinforcement by fibrous materials with outstanding
mechanical properties. Interfacial properties between fibers and matrix can significantly impact the overall
performance of composites [1]. Poor interfacial adhesion can be caused by low surface energy, low contact area,
chemically inert surface of the fiber, and manufacturing imperfections [2]. Inappropriate bonding between fiber
and matrix leads to stress concentrations, resulting in early structural damage to composites, such as fiber pull-
out, fiber breakage, and weak load-bearing characteristics. Therefore, the interfacial adhesion between the
structural fibers and the polymer matrix is a determining factor of the mechanical interfacial strength of fiber-
reinforced polymer matrix composites. Enhancing the interfacial properties and understanding their effects on
stress transfer capabilities are critical for the design, development, and application of novel high-performance
composite materials and structures.

Investigation of the interfacial properties and their effects on the adhesion between fiber and matrix in
composites have attracted significant interests in the last decade. Single fiber fragmentation [3, 4] and
nanoindentation [5, 6] are common experimental methods to characterize the interfacial strength in
composites. Among various modeling approaches, the cohesive theory simulates the traction-separation of the
adhesive region between fiber and matrix, leading to the evaluation of the mechanical properties of the
interface [7, 8].

Due to the importance of the interfacial properties on the general quality of composites, various surface
modification techniques, such as plasma modification [9] and surface functionalization [10], have been
employed to improve the interfacial properties of carbon fiber reinforced composites. Nanostructured hybrid
structural fiber can also improve interfacial behavior. For example, carbon nanotubes (CNTs) have been grown
radially on the surface of carbon fibers to improve the mechanical and thermal properties of composites. In
addition, a novel method to improve the interfacial properties is the synthesis of aligned zinc oxide (ZnO)
nanowires on the surface of structural fibers [11-13]. The synthesis of ZnO nanorods on carbon fabric can
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Figure 1. The SEM images of ZnO nanowires vertically aligned on the carbon fiber [16] (reproduced by permission from IOP).

increase the tensile and shear strength of the reinforced composites, partially due to the increased contact area
between fiber and matrix [14]. Experimental studies have shown that ZnO nanowires can improve stress transfer
to the fiber, causing earlier failure than the bare fibers [15]. Recently, synthesis and microstructural
characterization of vertically aligned ZnO nanowires on carbon fiber was investigated by Wang et al [ 16].
Scanning electron microscopy (SEM) images of ZnO nanowires aligned on the carbon fiber are shown in

figure 1.

In addition to experimental research, numerical simulations have been used to investigate the enhancement
of mechanical properties of nanostructured fiber-reinforced composites at multiple length scales [17]. Kaminski
investigated multi-scale homogenization of composites considering interface defects [18]. Kulkarni et al [19]
reported that the effective material properties of nanocomposites with nanostructured hybrid fibers could be
used to analyze fiber-matrix composites by considering a proper representative volume element (RVE). The
effective thermal properties of the enhanced fiber structure considering radially grown CNTs on the surface of
the fiber were explored by Kundalwal et al [20]. Recently, they explored the effective material properties of nano-
reinforced composites with different CNT orientations on the carbon fibers using the molecular dynamics
method [21]. To our best knowledge, no numerical analyses or modeling techniques have been reported to
investigate the interfacial enhancement of ZnO nanowire reinforced hybrid composites and the improvement of
load transferring to the fiber by modeling fiber failure under tensile loading.

In this study, a three dimensional (3D) multi-scale model is developed to simulate the single fiber
fragmentation tests of ZnO nanowire enhanced carbon fiber composites. The numerical analysis of the hybrid
composite with the enhanced interface between the fiber and matrix is implemented at the micro, meso, and
macro-scales. The details of the multi-scale modeling are explained in section 2. The multi-scale modeling
results and discussions of ZnO effects on interfacial properties of composites are addressed in section 3.

2. Multi-scale modeling of radially grown zinc oxide on carbon fiber

To enhance the interfacial properties of composites, ZnO nanowires have been grown radially on the surface of
carbon fiber. The enhanced composite contains four phases: carbon fiber, interface, aligned ZnO nanowires/
epoxy coating, and epoxy matrix. Due to the dramatic length-scale differences among the four phases, it is
reasonable to develop a multi-scale model for the analyses of interfacial properties of the ZnO nanowires
enhanced composites. The schematic of the developed multi-scale model is shown in figure 2. The aligned ZnO
nanowires,/epoxy coating can be investigated as an enhancement layer at the micro-scale to extract the effective
properties of the nanostructure, as shown in figure 2(a). The arrangement of the radially grown nanowires on the
fiber and the related micro-mathematical model is evaluated at the meso-scale and shown in figure 2(b). The
cohesive zone model to simulate the interface between the fiber and the surrounding area is defined at this length
scale, too. Finally, the failure analysis of the ZnO nanowires reinforced single carbon fiber in epoxy matrix under
tensile load is conducted at the macro-scale and shown in figure 2(c).

The coordinate systems describing the orientation of ZnO nanowires and carbon fiber is shown in
figure 2(d), where the lowercase letters represent the ZnO nanowire coordinate system and the capital letters are
used to define the carbon fiber coordinate system. The nano-scale theoretical model provided by Chen et al [22]
is used to estimate the material properties of the ZnO nanowires. According to this model, Young’s modulus of
the nanowires with the diameter of 500 nm and aspect ratio of (I/d = 100) is 120 GPa while the Poisson’s ratio is
0.33 for this model.
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Figure 2. Schematic of multi-scale analysis (a) single ZnO nanowire embedded in epoxy, (b) ZnO nanowires radially grown on the
fiber, (c) diverse phases containing fiber, interface, coating layer, and epoxy, (d) coordinate system for the ZnO and carbon fiber, (e) a
unit cell for calculating the volume fraction of the ZnO with compact standing.

2.1. Micro-scale modeling of ZnO nanowires reinforced epoxy layer using RVE

Considering the ZnO nanowires as reinforcements embedded into the epoxy matrix, the spaces between the
nanowires are filled with epoxy, creating a composite which can be investigated at the micro-scale. The volume
fraction of ZnO nanowires in this layer is an important parameter for the estimation of the effective elastic
properties of the coating layer. The maximum volume fraction of the ZnO nanowires can be calculated by
minimizing the distance between ZnO nanowires on carbon fiber, resulting in the physical contact of the nearby
nanowires, as shown in figure 2(e). By considering a ring-shaped volume element of ZnO/epoxy layer with
thickness At = d,,0, inner diameter d 4 and the outer diameter ds + 2L;,0, the maximum volume fraction of
the ZnO in the composite can be calculated with equations (1) and (2).

T nZnO(Vone ZnO) (1)

‘/composite

where 11,0 is the total number of nanowires and V demonstrates the volume of the particles.

ﬂ'd’ff déno
% (gzeg,
Ao ( 4 ZnO

Tl(Ry + Lzuo)* — RFl.dzuo

For extracting the mechanical properties of the enhancement coating layer, it is common to explore a small RVE
to reduce the computational cost. This small region should be chosen in such a way that it can represent the
whole geometry so that its average properties can explain the general properties of the macroscopic system. Since
the nanowires are grown radially and uniformly, as shown in figure 3(a), the ZnO/epoxy system encompasses a
periodic unit cell. The unfolded cross-section of ZnO nanowire layer is shown in figure 3(b). The repeated RVE
is chosen from this larger area as it is shown in figure 3(c).

To extract the effective mechanical properties of the ZnO/epoxy layer, the RVE is investigated based on
continuum micromechanics assuming a perfect bonding between ZnO and epoxy. Various cross-sectional
geometries for the epoxy matrix can be considered. However, it has been shown that a square cross-section RVE

(@)
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Figure 3. Extracting an RVE from the sample, (a) ZnO/epoxy coated the fiber, (b) unfolded view of the ZnO-epoxy layer, (c) RVE
modeled in ABAQUS.

can result in more accurate effective elastic parameters [23]. Thus, this geometry is selected in this study as
illustrated in figure 3(c). Generally, the three-dimensional stress-strain relation for an orthotropic material is
defined by equation (3):

{e}i =[SV {o} (3)
where {£}7 and {o'}¥ are the strain and stress vectors, respectively, and [S]7 is the elastic compliance matrix

defined by equation (4) [24]:

Lo _va 0 0 0
Ep, Ey  Es
_h 1w 0 0 0
En Ex Es;
[S]F = 11 »  Es; 1 @
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31
1
0 0 0 0 0o —
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where Ejj, Gjj, and v;;are Young’s modulus, shear modulus, and Poisson’s ratio of an orthotropic material in the
ij directions, respectively. These nine constants define the mechanical properties of composite materials. The
RVE can be modeled as a homogeneous orthotropic medium. Hence, the effective elastic modulus of the
composite material can be determined by the homogenization of the material properties of the RVE.
Accordingly, the average stress and strain of the composite material can be calculated with equations (5) and (6):

1
o= oi(x, vy, 2)dV 5
1= v ), 2 5)
1
= ci(x, v, 2)dV 6
=5 ), e ©)

where Vg represents the volume of the RVE, and G;; and Zj; are the average stress and strain of the RVE,
respectively. The strain energy U™ stored in a heterogeneous RVE with the volume Vi is defined by
equation (7):

1
U>|< = E j; 0',']' E,jdV (7)
Additionally, the total energy of ahomogeneous RVE can be defined by equation (8):
1
U= Ea'zj Eij VrvEe (8

According to the strain energy equivalence principles, U* — U = 0.

The nine constants of the elastic properties of RVE (equation (4)) can be extracted by applying different
displacement and boundary conditions and using the strain energy equivalence principles [25]. Sun et al[26]
provide further information about the continuum mechanics applied to calculate these parameters for a square

4
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Figure 4. (a) Traction-separation behavior of the cohesive zone model, (b) Interface stiffness demonstration.

RVE. The FEM approach provided by Omairey et al [27] is used in this study to evaluate the effective elastic
properties of the ZnO/Epoxy composite.

2.2. Meso-scale modeling using the cohesive zone model

In this paper, the cohesive zone model is used to define interfacial bonding between the fiber and matrix. The
traction and separation of the interface can be represented through the cohesive zone. Different traction-
separation laws, such as multi-linear, polynomial, and exponential, have been used in the literature to model the
cohesive zone. The microstructural interface in both carbon/polymer and nanoparticle/polymer materials were
properly modeled using the bilinear curve and verified with experimental results [28, 29]. Besides, This model
has been widely used to simulate the cohesive zone model to explore progressive damage of carbon fiber/
polymer composites and the single carbon fiber fragmentation test [30, 31]. The bilinear cohesive law is utilized
in this study with the cohesive elements developed in ABAQUS. A thin annular layer is created between the fiber
and matrix to model the interface. According to the cohesive model, traction across the bonded interface
increases to a peak, then diminishing to model the decohesion as shown in figure 4(a) [32]. The elastic
constitutive model to describe the mechanical behavior of the interface can be expressed via equation (9) [33].

tn K nn K ns K nt 671
t=qte =Ky Ky Ky 55 = Ko 9
t K Kg Ki]|6:

where tis the traction of the interface, K is the cohesive stiffness, and ¢ is the separation displacement of the
cohesive. The subscripts nn, ss, and tt denote the normal, shear and transverse directions, respectively. In this
study, the stiffness is assumed to be constant in all three directions (K,,,, = K, = K;; = K). Proper surface
contact is crucial to connect the interface to the neighboring components. Accordingly, a tie constraint is applied
to the edges between the interface and epoxy, and between the interface and fiber [34].

Although cohesive stiffness plays an important role in defining the adhesive bonding of the interface, finding
an accurate value requires empirical consideration, which leads to a range of values for a carbon/epoxy interface
in the literature. Considering the issues related to the application of the empirical interface stiffness values, an
assumption is introduced to calculate this value from a consistent approach in the case of bare and enhanced
fibers. The effective interface stiffness (K) can be considered as the average elastic modulus of the interface (E;)
across the thickness (), which can be defined as equation (10) [35, 36]. The continuity condition of the modulus
in this regime requires that (E; = Eratr = 1 E; = E, atr = r;). Based on the power law variation model
(E; = Ar") describing the interface stiffness along the radial distance shown in figure 4(b), the average Young’s
modulus of the interface can be defined as equation (11) [35, 37]. This equation is used in the rest of this paper to
estimate the interface stiffness.

- 1 L 1 fi
=L " Ewdr=—— ["Ewd
E tL E, (r)dr (n—rf)ﬁ E,(r)dr (10)
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The area under the stress-displacement curve is the fracture energy (Gyc) obtained from the experiments, as
shown in figure 4(a). The value of 100 J/m, is used for the Gy in this analysis which is in the reported range for
carbon fiber/epoxy (100-230 J/mj, [38]). The damage criterion chosen for the traction-separation law is
‘maximum nominal stress’, where the damage initiates when the maximum nominal stress ratio is equal to one,

as shown in equation (12):
th t |
n s t

where, t,? R tso, and ttO represent the maximum values of the nominal stress in the normal, first, and second shear
direction, respectively. Since values between 40—-60 have been suggested for these parameters for the carbon
fiber/epoxy interface [30, 39], the nominal stress is assumed as 50 (MPa) in this study. Different interface
thickness in the range 0of 0.01-0.4 yum have been reported in the literature for the carbon fiber reinforced epoxy
(0.01 umin [40],0.1-0.2 pmin [41], 0.4 in [42]). Hence, various interface thickness in this range are used in this
study to evaluate the effect of the cohesive zone thickness on the stress transferring to the fiber. The thin interface
layer is modeled as a homogeneous material for simplicity.

2.3. Macro-scale FEM analysis of single carbon fiber in fragmentation test

A 3D FEM model of a single carbon fiber reinforced composite under tensile loading in a fragmentation test is
simulated. Two types of FEM analyses including the single bare fiber in epoxy matrix composite and the
enhanced single fiber with ZnO nanowire layer are conducted. To reduce the computational cost of the analysis,
we take advantage of the symmetric geometry and boundary conditions of the model and consider only a quarter
of the sample. The 3D FEM model with symmetric boundary conditions, relevant constraints, and applied axial
load is shown in figure 5. The displacement in the x-axis (Uy), rotation around y and z-axis (UR,, Ur,) are zero on
the x-symmetric plane, while for the y-symmetric plane U, = UR,, = UR, = 0. An 8-node linear brick 3D
stress element with reduced integration and incompatible mode (C3D81—an improved version of C3D8
elements) is used to model epoxy and carbon. An 8-node 3D cohesive element (COH3D8) is used to model the
interface. More details about the elements used in this analysis can be found in [34]. The material properties of
the different constituents of the model are described in table 1. The fiber diameter is 7 zm, the square cross-
section of the epoxy matrix has a width of 140 pm, and the length of the model is 350 pm. By substituting the
geometry parameters of the fiber and ZnO into equation (2), the maximum volume fraction of ZnO in the
enhancement coating layer is calculated to be 57.84%.

6
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Table 1. Material properties of fiber and
matrix [22, 43].

Parameter Value
Carbon fiber modulus (GPa) 232
Carbon fiber Poisson’s ration 0.2
Carbon fiber tensile strength (GPa) 2.15
Epoxy modulus (GPa) 35
Epoxy Poisson’s ratio 0.3
ZnO modulus (GPa) 120
ZnO Poisson’s ratio 0.33

2.3.1. Damage modeling of the carbon fiber

Due to the brittle behavior of the carbon fiber, the maximum tensile strength theory is used to define the damage
model on the fiber at the macro-scale. Based on this theory, the stress on the fiber is increased by raising applied
displacement linearly up to the tensile strength of the material. If the stress exceeds its ultimate strength, the fiber
breaks, and the stress drops. Hence, the fiber can be defined in two states, before failure (0) and after failure (1),
with Young’s modulus of the fiber defined by equation (13):

Ef = d.Eg (13)

where Efis Young’s modulus of the fiber for a specific state, d is the degradation factor, and E.¢is Young’s
modulus of the bulk carbon fiber. From damage modeling, the value of d can be taken to be 1 before failure, and
it can be assumed to be small after fiber breakage. To avoid singular stiffness in any of the elements, the value of d
after failure is considered to be 0.0001 in this study [43].

The damage model of the fiber can be simulated in ABAQUS using the USDFLD user subroutine [44]. This
subroutine, programmed in FORTRAN, enables users to define the functional material properties of the
modeled object. To use this algorithm, the filed variable (FV) defines the changes in the fiber’s elastic modulus
when the damage model is satisfied. The field variable is 0 if the maximum stress on the fiber is smaller than the
fiber’s strength and is 1 if it exceeds the fiber’s strength. The FV and the solution-dependent state variable (SDV),
which stores the information of the FV, can be obtained at each integration point to evaluate the damage model.
In this regard, the GETVRM utility routine is used to call the maximum tensile stress on the fiber at each step and
compare it to the fiber’s strength. Finally, by updating the FVs to a point after failure, the damage algorithm is
completed. This algorithm is diagrammed in figure 6.

3. Multi-scale modeling results of single carbon fiber fragmentation test

3.1. Single fiber composite with a bare carbon fiber

The modeling results of the single bare fiber fragmentation modeled using interfacial properties described in
previous sections are presented here. Different loads are applied to the matrix, and the stress transferred to the
fiber is obtained for each case. A mesh dependency analysis is first performed to investigate the sensitivity of the
FEM response to the mesh density. Since the maximum stress on the fiber plays the most important role in the
damage analysis, this parameter is considered to be the variable evaluated in each mesh density. Five different
mesh sizes (figure 7) are implemented and the maximum stress as a result of an applied load of 1.2% strain is
evaluated, as shown in figure 7(d). Three cases, with the total number of elements of 350 (course), 1160
(medium), and 14 040 (fine), are shown as examples in figures 7(a)—(c). The mesh size on the fiber is denser than
the epoxy in all the cases due to the stress concentration in this zone. Since the model with 1440 elements shows
no sensitivity to mesh refinement, it is used for the rest of the analysis.

In order to explore the effect of interface thickness on the micromechanical results, four typical interface
thicknesses are implemented in the FEM, including 0.01, 0.2, 0.3, and 0.4 ym. The interface stiffness is
calculated using equation (11) and the FEM model is updated for each thickness number. The samples are
subjected to the 1.4% tensile strain and the maximum stress on the fiber is calculated for each model as shown in
figure 8. It can be observed that although the interface stiffness is reducing slightly by increasing the thickness,
the stress on the fiber is unchanged. Accordingly, the model used to simulate the interface is independent of the
thickness. Hence, the arbitrary thickness of 0.01 ym is considered in the rest of the analysis.

By increasing the applied displacement, more load is transferred to the fiber, and the axial stress on the fiber
increases. The stress distribution along the fiber length is obtained in four different strain. Figure 9(a)
summarizes the results, showing that the stress at the two ends of the fiber is zero, and the maximum stress is in
the center. It also proves that the stress in the fiber is enhancing by increasing the applied tensile load. When the

7
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Figure 6. Flowchart of USDFLD subroutine and utility routine GETVRM.
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Figure 7. Mesh independency analysis of the FEM model: (a) coarse mesh, (b) medium mesh, (c) fine mesh, (d) sensitivity of the
maximum stress on the fiber to the mesh density.

maximum stress reaches the strength of the fiber, failure occurs per the damage model explained in section 2.3.1,
and the stress at the center of the fiber drops. The stress distribution on the fiber before and after the first fiber
breakage is shown in figure 9(b). After breakage, the fiber is divided into two segments, with the maximum stress
approximately at the center of each segment.
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Figure 9. (a) Stress transferred to the fiber at different applied strains, (b) Stress distribution on the fiber before and after the break.
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Figure 10. Strain re-distribution and the debonding area around the fiber break: (a) experimental [45] (reprinted by permission from

After the failure occurs, the stress/strain distribution in the matrix and interface at the region around the
fracture tip is changed. This re-distribution causes debonding on both sides of the fiber fracture, which has also
been observed in experiments. Kim and Nairn provided a photoelastic fringe pattern of the strain distribution
and the debonded zone at the moment of failure of a fiber [45]. The strain re-distribution around the fracture
zone obtained from the for the FEM in this study is compared with the experiment image shown in figure 10.
The stress in the debonded zone of the matrix is larger than that in the neighboring regions.
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Figure 11. Comparison of the effective material properties of FEM and theory: (a) longitudinal modulus, (b) in-plane shear modulus.

3.2. Homogenization of the ZnO/epoxy layer

The effective elastic properties of the ZnO/epoxy layer with different ZnO volume fractions are estimated in this
work via FEM analysis of the RVE. The homogenized structure is implemented as the coating layer of the
enhanced fiber. Considering a constant ZnO diameter, the dimensions of the square RVE are derived and
modeled in ABAQUS, as shown in figure 3(d). To verify the accuracy of the FEM calculated elastic parameters,
the selected results are compared with the theoretical approach. According to the Halpin-Tsai mathematical
model [46], the effective Longitudinal modulus (E;,) and in-plane shear modulus (G, ) of the composite can be
calculated using equations (14), (16), respectively.

E, 1+ U

= (14)
E, 1 - 77L§VZnO
Ezo
ET"VI
= m§ & = 2(l/d)ZnO (15)
= + &
Grr, _ 1+ n6vzn0 (16)
Gm 1 — nGVZnO
Ne=o—— (17)
G % + 1

where Ez, o and E,,, are Young’s modulus of the ZnO and epoxy, Gz,,0 and G, are the shear modulus of the ZnO
and epoxy, vz,0 is the volume fraction of the nanowires, and (I/d) 0 is the aspect ratio of the nanowires. The
comparison of the theory and FEM results for the longitudinal and in-plane shear moduli of the ZnO/epoxy
layer is shown in figure 11. This figure demonstrates that the FEM results and theory agree on the numerical
accuracy of this property. The typical stress distribution on the RVE obtained from the homogenization analysis
is also shown in this figure for vz,0 = 0.24.

It should be noted that the accuracy of the FEM is dependent on the quality of the meshing system.
Accordingly, a sensitivity analysis is performed to find a proper mesh system which results in a minimum error
when compared with the theory. The nine parameters of the elastic compliance matrix of the ZnO/epoxy
composite (equation (4)) for four diverse ZnO volume fractions (11%, 24.24%, 15.67%, 57.84%) are shown in
table 2. The calculated material properties are used as an input to investigate the ZnO nanowire enhanced carbon
fiber. Using the relation between the coordinate systems of the ZnO/epoxy (figure 2(d)), where zis the
longitudinal axis of the ZnO nanowire and Z is the longitudinal axis of the carbon fiber, appropriate material
properties of the coating layer can be substituted for the next step.

3.3. Simulation results of ZnO nanowires enhanced carbon fiber in fragmentation tests

Using the extracted mechanical properties of the ZnO nanowire layer calculated in the previous section, the FEM
model of the ZnO nanowire enhanced composites can be analyzed. To compare the behavior of composites
using ZnO enhanced fiber with composites using only bare fiber under tensile load, the epoxy matrix, ZnO
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Figure 12. (a) Maximum stress transferred to the fiber at the applied strain of 0.2% for different volume fractions, (b) The shear stress
at the interface for the bare fiber and the fiber coated with 57.84% ZnO ate = 0.8%.

Table 2. Effective material properties of ZnO/epoxy layer for the different volume fractions of ZnO.

Volume fraction of ZnO (%) E (GPa) E_(GPa) E  (GPa) G, (GPa) G, (GPa) G, (GPa) v, v, v,
11 4.462 4.462 15.548 1.571 1.657 1.661 0.381 0.083 0.304
24.24 5.787 5.787 29.184 1.876 2.143 2.14 0.362 0.056 0.309
40 8.348 8.348 46.474 2.362 2.993 2.991 0.309 0.053 0.314
57.84 14.034 14.025 67.008 3.367 4.687 4.635 0.228 0.063 0.32

nanowire enhanced carbon fiber, mesh properties, boundary conditions, and constraints of the new FEM model
are kept the same as the bare fiber model.

After adding the ZnO/epoxy layer, the cohesive properties of the carbon fiber interface are calculated. As
previously mentioned, according to equation (11), the magnitude of the cohesive stiffness (K ) is proportional to
the elastic properties of the fiber and the surrounding area. In the case of the ZnO nanowire enhanced carbon
fiber, this parameter is directly proportional to the volume fraction of ZnO grown on the fiber surface, resulting
in different interface properties. To investigate the effect of ZnO nanowire content on the on the load transferred
to the fiber, four different ZnO volume fractions are considered, and a constant strain of 0.2% is applied to the
model. The maximum stress on the fiber is calculated and shown in figure 12(a). Increasing the ZnO volume
fraction enhances interfacial strength, resulting in an increase of maximum stress on the fiber.

The interfacial shear stress of the bare single fiber composite and the enhanced composite is evaluated. A
comparison of the distribution of shear stress at the interface for the bare carbon fiber and fiber coated with
57.84% ZnO under the applied strain of 0.8% is illustrated in figure 12(b). This interfacial shear stress is the main
principle of efficient stress transfer from the matrix to the fiber. According to this figure, the interfacial shear
stress for the enhanced fiber is 25% larger than the bare fiber proving the interface enhancement.

Itis expected that ZnO nanowire enhanced carbon fiber can improve interfacial bonding between fibers and
matrix, resulting in increased load transfer capabilities in composites. To study this behavior, the USDFLD
subroutine is used on the FEM model. The tensile strength of the fiber is assumed to be the same as the previous
section, and a similar procedure for Young’s modulus degradation after failure is performed. Increasing the
applied displacement on the model results in higher maximum stress on the fiber. To show the effect of the
interfacial enhancement on the first fracture of the fiber, the stress-strain of the enhanced carbon fiber, with the
highest ZnO volume fraction considered (57.84%), is compared to that of the bare fiber, as shown in figure 13
(@). The value of the maximum stress is increased in the ZnO enhanced composites at any applied strain
compared to the composites using bare fiber. Moreover, the first fiber fracture occurs at 2.1% tensile strain for
the bare carbon fiber and at 1.73% tensile strain for the ZnO nanowire enhanced carbon fiber. These analyses
show 21.4% reduction of failure strain due to the increased interfacial bonding between fiber and epoxy. The
effect of ZnO volume fraction on the first failure strain of the carbon fiber is shown in figure 13(b). Composites
using bare carbon fiber is represented by 0% volume fraction in this graph. The fracture strain is reduced whiling
increasing ZnO volume fraction in the composites.
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The effect of interfacial enhancement can also be observed by studying the strain re-distribution around the
fracture zone. The debonded zone on the matrix, near the fracture tip, for the case of enhanced single fiber
composite (57.84% ZnO volume fraction) and bare fiber composite are compared in figure 14. The debonded
zone for the enhanced fiber is larger than for the bare fiber, as a result of higher interfacial strength. Similar
results have been reported in experimental tests in which the stronger interface results in the larger debonded

zone [47].

4, Conclusions

A multi-scale analysis of an enhanced fiber reinforced epoxy composite under tensile load is developed in this
paper to analyze the effects of aligned ZnO nanowires on the improvement of the interface and the load
transferring mechanism in composites. To investigate a four-phase hybrid composite (carbon fiber, interface,
ZnO nanowires, and epoxy matrix), ZnO reinforced epoxy is considered as a coating layer and analyzed at the
micro-scale. The mechanical properties of the coating layer are extracted by analysis of an RVE model. The
results show a good agreement with the theory. The properties of the cohesive zone are explored at the meso-
scale. Itis shown that in the proposed model, the interface thickness has no influence on the maximum stress
transferred to the fiber. The first fracture process of a bare single carbon fiber composite and ZnO nanowire
enhanced carbon fiber is studied at the macro-scale using the damage theory of maximum stress modeled with
USDFLD user subroutine. The results demonstrate that the assumption of fiber modulus degradation after
reaching the axial strength can simulate the enhanced fiber failure properly.

The effect of interfacial stiffness on the load bearing of the fiber with various ZnO volume fraction is
explored. Growing ZnO nanowires on the fiber create an interfacial layer with enhanced stiffness greater than
the bare carbon fiber layer, resulting in interfacial bonding enhancement. The interfacial shear stress for the
enhanced fiber is 25% larger than the bare fiber proving the interface enhancement. Under the same load
condition, the maximum stress on the ZnO nanowire enhanced carbon fiber composites is larger than that of the
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pure carbon fiber reinforced composites due to the improved interface between carbon fiber and epoxy matrix.
The failure strain of a single fiber is reduced by 21.4% when the ZnO nanowires are grown on the fiber.
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