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Abstract
In this paper, a three-dimensionalmulti-scale analysis is presented to investigate the interfacial
properties and failuremechanismof an enhanced single carbonfiber reinforced polymermatrix
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 themicro-scale, the effective
interfacial properties with various ZnOvolume fractions are evaluated using an appropriate
representative volume element. At themeso-scale, a cohesive zonemodel is used to study the interface
between the fiber and thematrix. At themacro-scale, the first failure of the enhanced single fiber
composite is evaluated utilizing themaximum tensile theory and an appropriate user subroutine in a
finite elementmodel. The developedmulti-scale analysis demonstrates that the interfacial properties
between carbonfibers andmatrix can be improved by growing ZnOnanowires on thefibers’ surface,
resulting in enhanced stress transfer capability betweenmatrix andfiber in structural composites.

1. Introduction

High-performance composite structures require reinforcement by fibrousmaterials with outstanding
mechanical properties. Interfacial properties between fibers andmatrix 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, andmanufacturing imperfections [2]. Inappropriate bonding between fiber
andmatrix leads to stress concentrations, resulting in early structural damage to composites, such asfiber pull-
out,fiber breakage, andweak load-bearing characteristics. Therefore, the interfacial adhesion between the
structuralfibers and the polymermatrix is a determining factor of themechanical interfacial strength offiber-
reinforced polymermatrix 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
compositematerials and structures.

Investigation of the interfacial properties and their effects on the adhesion between fiber andmatrix in
composites have attracted significant interests in the last decade. Singlefiber fragmentation [3, 4] and
nanoindentation [5, 6] are common experimentalmethods to characterize the interfacial strength in
composites. Among variousmodeling approaches, the cohesive theory simulates the traction-separation of the
adhesive region betweenfiber andmatrix, leading to the evaluation of themechanical 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 plasmamodification [9] and surface functionalization [10], have been
employed to improve the interfacial properties of carbon fiber reinforced composites. Nanostructured hybrid
structuralfiber can also improve interfacial behavior. For example, carbon nanotubes (CNTs) have been grown
radially on the surface of carbonfibers to improve themechanical and thermal properties of composites. In
addition, a novelmethod to improve the interfacial properties is the synthesis of aligned zinc oxide (ZnO)
nanowires on the surface of structuralfibers [11–13]. The synthesis of ZnOnanorods on carbon fabric can
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increase the tensile and shear strength of the reinforced composites, partially due to the increased contact area
betweenfiber andmatrix [14]. Experimental studies have shown that ZnOnanowires can improve stress transfer
to thefiber, causing earlier failure than the barefibers [15]. Recently, synthesis andmicrostructural
characterization of vertically aligned ZnOnanowires on carbon fiberwas investigated byWang et al [16].
Scanning electronmicroscopy (SEM) images of ZnOnanowires aligned on the carbon fiber are shown in
figure 1.

In addition to experimental research, numerical simulations have been used to investigate the enhancement
ofmechanical properties of nanostructured fiber-reinforced composites atmultiple length scales [17]. Kaminski
investigatedmulti-scale homogenization of composites considering interface defects [18]. Kulkarni et al [19]
reported that the effectivematerial properties of nanocomposites with nanostructured hybridfibers 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 grownCNTs on the surface of
thefiberwere explored byKundalwal et al [20]. Recently, they explored the effectivematerial properties of nano-
reinforced composites with different CNTorientations on the carbon fibers using themolecular dynamics
method [21]. To our best knowledge, no numerical analyses ormodeling techniques have been reported to
investigate the interfacial enhancement of ZnOnanowire reinforced hybrid composites and the improvement of
load transferring to the fiber bymodelingfiber failure under tensile loading.

In this study, a three dimensional (3D)multi-scalemodel is developed to simulate the singlefiber
fragmentation tests of ZnOnanowire enhanced carbon fiber composites. The numerical analysis of the hybrid
composite with the enhanced interface between thefiber andmatrix is implemented at themicro,meso, and
macro-scales. The details of themulti-scalemodeling are explained in section 2. Themulti-scalemodeling
results and discussions of ZnO effects on interfacial properties of composites are addressed in section 3.

2.Multi-scalemodeling of radially grown zinc oxide on carbonfiber

To enhance the interfacial properties of composites, ZnOnanowires have been grown radially on the surface of
carbon fiber. The enhanced composite contains four phases: carbonfiber, interface, aligned ZnOnanowires/
epoxy coating, and epoxymatrix. Due to the dramatic length-scale differences among the four phases, it is
reasonable to develop amulti-scalemodel for the analyses of interfacial properties of the ZnOnanowires
enhanced composites. The schematic of the developedmulti-scalemodel is shown infigure 2. The alignedZnO
nanowires/epoxy coating can be investigated as an enhancement layer at themicro-scale to extract the effective
properties of the nanostructure, as shown infigure 2(a). The arrangement of the radially grown nanowires on the
fiber and the relatedmicro-mathematicalmodel is evaluated at themeso-scale and shown infigure 2(b). The
cohesive zonemodel to simulate the interface between the fiber and the surrounding area is defined at this length
scale, too. Finally, the failure analysis of the ZnOnanowires reinforced single carbon fiber in epoxymatrix under
tensile load is conducted at themacro-scale and shown infigure 2(c).

The coordinate systems describing the orientation of ZnOnanowires and carbon fiber is shown in
figure 2(d), where the lowercase letters represent the ZnOnanowire coordinate system and the capital letters are
used to define the carbon fiber coordinate system. The nano-scale theoreticalmodel provided byChen et al [22]
is used to estimate thematerial properties of the ZnOnanowires. According to thismodel, Young’smodulus of
the nanowires with the diameter of 500 nmand aspect ratio of (l/d=100) is 120 GPawhile the Poisson’s ratio is
0.33 for thismodel.

Figure 1.The SEM images of ZnOnanowires vertically aligned on the carbon fiber [16] (reproduced by permission from IOP).
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2.1.Micro-scalemodeling of ZnOnanowires reinforced epoxy layer usingRVE
Considering the ZnOnanowires as reinforcements embedded into the epoxymatrix, the spaces between the
nanowires are filledwith epoxy, creating a composite which can be investigated at themicro-scale. The volume
fraction of ZnOnanowires in this layer is an important parameter for the estimation of the effective elastic
properties of the coating layer. Themaximumvolume fraction of the ZnOnanowires can be calculated by
minimizing the distance between ZnOnanowires on carbon fiber, resulting in the physical contact of the nearby
nanowires, as shown infigure 2(e). By considering a ring-shaped volume element of ZnO/epoxy layer with
thicknessΔt=dZnO, inner diameter dcf, and the outer diameter dcf +2LZnO, themaximumvolume fraction of
the ZnO in the composite can be calculatedwith equations (1) and (2).
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For extracting themechanical 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 away that it can represent the
whole geometry so that its average properties can explain the general properties of themacroscopic system. Since
the nanowires are grown radially and uniformly, as shown infigure 3(a), the ZnO/epoxy system encompasses a
periodic unit cell. The unfolded cross-section of ZnOnanowire layer is shown infigure 3(b). The repeated RVE
is chosen from this larger area as it is shown infigure 3(c).

To extract the effectivemechanical properties of the ZnO/epoxy layer, the RVE is investigated based on
continuummicromechanics assuming a perfect bonding betweenZnO and epoxy. Various cross-sectional
geometries for the epoxymatrix can be considered. However, it has been shown that a square cross-section RVE

Figure 2. Schematic ofmulti-scale analysis (a) single ZnOnanowire embedded in epoxy, (b)ZnOnanowires 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 ZnOwith compact standing.
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can result inmore accurate effective elastic parameters [23]. Thus, this geometry is selected in this study as
illustrated infigure 3(c). Generally, the three-dimensional stress-strain relation for an orthotropicmaterial is
defined by equation (3):

S 3ij ij ije s={ } [ ] { } ( )

where ije{ } and ijs{ } are the strain and stress vectors, respectively, and S ij[ ] is the elastic compliancematrix
defined by equation (4) [24]:
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whereEij,Gij, and νij are Young’smodulus, shearmodulus, and Poisson’s ratio of an orthotropicmaterial in the
ij directions, respectively. These nine constants define themechanical properties of compositematerials. The
RVE can bemodeled as a homogeneous orthotropicmedium.Hence, the effective elasticmodulus of the
compositematerial can be determined by the homogenization of thematerial properties of the RVE.
Accordingly, the average stress and strain of the compositematerial can be calculatedwith equations (5) and (6):
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whereVRVE represents the volume of the RVE, and ijs and ije are the average stress and strain of the RVE,
respectively. The strain energyU* stored in a heterogeneous RVEwith the volumeVRVE is defined by
equation (7):

U dV
1

2
7

V
ij ij* ò s e= ( )

Additionally, the total energy of a homogeneous RVE can be defined by equation (8):

U V
1

2
8ij ij RVEs e= ( )

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 continuummechanics applied to calculate these parameters for a square

Figure 3.Extracting anRVE from the sample, (a)ZnO/epoxy coated thefiber, (b) unfolded view of the ZnO-epoxy layer, (c)RVE
modeled inABAQUS.
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RVE. The FEMapproach provided byOmairey et al [27] is used in this study to evaluate the effective elastic
properties of the ZnO/Epoxy composite.

2.2.Meso-scalemodeling using the cohesive zonemodel
In this paper, the cohesive zonemodel is used to define interfacial bonding between thefiber andmatrix. The
traction and separation of the interface can be represented through the cohesive zone. Different traction-
separation laws, such asmulti-linear, polynomial, and exponential, have been used in the literature tomodel the
cohesive zone. Themicrostructural interface in both carbon/polymer and nanoparticle/polymermaterials were
properlymodeled using the bilinear curve and verifiedwith experimental results [28, 29]. Besides, Thismodel
has beenwidely used to simulate the cohesive zonemodel 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 studywith the cohesive elements developed inABAQUS. A thin annular layer is created between the fiber
andmatrix tomodel the interface. According to the cohesivemodel, traction across the bonded interface
increases to a peak, then diminishing tomodel the decohesion as shown infigure 4(a) [32]. The elastic
constitutivemodel to describe themechanical behavior of the interface can be expressed via equation (9) [33].
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where t is the traction of the interface,K is the cohesive stiffness, and δ 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 (Knn=Kss=Ktt=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 froma consistent approach in the case of bare and enhanced
fibers. The effective interface stiffness (K) can be considered as the average elasticmodulus of the interface (Ei)
across the thickness (t), which can be defined as equation (10) [35, 36]. The continuity condition of themodulus
in this regime requires that (Ei=Ef at r=rf,Ei=Em at r=ri). Based on the power law variationmodel
(Ei=Arβ) describing the interface stiffness along the radial distance shown infigure 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.
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Figure 4. (a)Traction-separation behavior of the cohesive zonemodel, (b) Interface stiffness demonstration.
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The area under the stress-displacement curve is the fracture energy (GIC) obtained from the experiments, as
shown infigure 4(a). The value of 100 J/m2 is used for theGIC in this analysis which is in the reported range for
carbon fiber/epoxy (100–230 J/m2 [38]). The damage criterion chosen for the traction-separation law is
‘maximumnominal stress’, where the damage initiates when themaximumnominal stress ratio is equal to one,
as shown in equation (12):
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where, t ,n
0 t ,s

0 and tt
0 represent themaximumvalues 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 of 0.01–0.4 μmhave been reported in the literature for the carbon fiber reinforced epoxy
(0.01 μmin [40], 0.1–0.2 μm in [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 ismodeled as a homogeneousmaterial for simplicity.

2.3.Macro-scale FEManalysis of single carbonfiber in fragmentation test
A3DFEMmodel of a single carbon fiber reinforced composite under tensile loading in a fragmentation test is
simulated. Two types of FEManalyses including the single barefiber in epoxymatrix composite and the
enhanced singlefiberwith ZnOnanowire layer are conducted. To reduce the computational cost of the analysis,
we take advantage of the symmetric geometry and boundary conditions of themodel and consider only a quarter
of the sample. The 3DFEMmodel with symmetric boundary conditions, relevant constraints, and applied axial
load is shown infigure 5. The displacement in the x-axis (Ux), rotation around y and z-axis (URy,Urz) are zero on
the x-symmetric plane, while for the y-symmetric planeUy=URy=URz=0. An 8-node linear brick 3D
stress element with reduced integration and incompatiblemode (C3D8I—an improved version of C3D8
elements) is used tomodel epoxy and carbon. An 8-node 3D cohesive element (COH3D8) is used tomodel the
interface.More details about the elements used in this analysis can be found in [34]. Thematerial properties of
the different constituents of themodel are described in table 1. Thefiber diameter is 7 μm, the square cross-
section of the epoxymatrix has awidth of 140 μm, and the length of themodel is 350 μm.By substituting the
geometry parameters of thefiber andZnO into equation (2), themaximumvolume fraction of ZnO in the
enhancement coating layer is calculated to be 57.84%.

Figure 5. 3DFEMmodel of a single fiber reinforcedwith related boundary and loading condition.
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2.3.1. Damagemodeling of the carbon fiber
Due to the brittle behavior of the carbon fiber, themaximum tensile strength theory is used to define the damage
model on the fiber at themacro-scale. Based on this theory, the stress on the fiber is increased by raising applied
displacement linearly up to the tensile strength of thematerial. If the stress exceeds its ultimate strength, thefiber
breaks, and the stress drops.Hence, the fiber can be defined in two states, before failure (0) and after failure (1),
with Young’smodulus of thefiber defined by equation (13):

E d E. 13f cf= ( )

whereEf is Young’smodulus of the fiber for a specific state, d is the degradation factor, and Ecf is Young’s
modulus of the bulk carbon fiber. Fromdamagemodeling, 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 damagemodel of thefiber can be simulated inABAQUSusing theUSDFLDuser subroutine [44]. This
subroutine, programmed in FORTRAN, enables users to define the functionalmaterial properties of the
modeled object. To use this algorithm, thefiled variable (FV)defines the changes in the fiber’s elasticmodulus
when the damagemodel is satisfied. Thefield variable is 0 if themaximum stress on the fiber is smaller than the
fiber’s strength and is 1 if it exceeds thefiber’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 damagemodel.
In this regard, theGETVRMutility routine is used to call themaximum tensile stress on thefiber at each step and
compare it to thefiber’s strength. Finally, by updating the FVs to a point after failure, the damage algorithm is
completed. This algorithm is diagrammed infigure 6.

3.Multi-scalemodeling results of single carbonfiber fragmentation test

3.1. Singlefiber composite with a bare carbonfiber
Themodeling results of the single barefiber fragmentationmodeled using interfacial properties described in
previous sections are presented here. Different loads are applied to thematrix, and the stress transferred to the
fiber is obtained for each case. Amesh dependency analysis isfirst performed to investigate the sensitivity of the
FEMresponse to themesh density. Since themaximum stress on the fiber plays themost important role in the
damage analysis, this parameter is considered to be the variable evaluated in eachmesh density. Five different
mesh sizes (figure 7) are implemented and themaximum stress as a result of an applied load of 1.2% strain is
evaluated, as shown infigure 7(d). Three cases, with the total number of elements of 350 (course), 1160
(medium), and 14 040 (fine), are shown as examples infigures 7(a)–(c). Themesh size on the fiber is denser than
the epoxy in all the cases due to the stress concentration in this zone. Since themodel with 1440 elements shows
no sensitivity tomesh refinement, it is used for the rest of the analysis.

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

By increasing the applied displacement,more load is transferred to thefiber, and the axial stress on thefiber
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 thefiber is zero, and themaximum stress is in
the center. It also proves that the stress in thefiber is enhancing by increasing the applied tensile load.When the

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

Parameter Value

Carbon fibermodulus (GPa) 232

Carbon fiber Poisson’s ration 0.2

Carbon fiber tensile strength (GPa) 2.15

Epoxymodulus (GPa) 3.5

Epoxy Poisson’s ratio 0.3

ZnOmodulus (GPa) 120

ZnOPoisson’s ratio 0.33
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maximum stress reaches the strength of thefiber, failure occurs per the damagemodel explained in section 2.3.1,
and the stress at the center of the fiber drops. The stress distribution on thefiber before and after thefirst fiber
breakage is shown infigure 9(b). After breakage, the fiber is divided into two segments, with themaximum stress
approximately at the center of each segment.

Figure 6. Flowchart ofUSDFLD subroutine and utility routineGETVRM.

Figure 7.Mesh independency analysis of the FEMmodel: (a) coarsemesh, (b)mediummesh, (c)finemesh, (d) sensitivity of the
maximum stress on thefiber to themesh density.
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After the failure occurs, the stress/strain distribution in thematrix 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 andNairn provided a photoelastic fringe pattern of the strain distribution
and the debonded zone at themoment of failure of afiber [45]. The strain re-distribution around the fracture
zone obtained from the for the FEM in this study is comparedwith the experiment image shown infigure 10.
The stress in the debonded zone of thematrix is larger than that in the neighboring regions.

Figure 8.The effect of the Interface thickness on themaximum stress on thefiber.

Figure 9. (a) Stress transferred to thefiber at different applied strains, (b) Stress distribution on thefiber before and after the break.

Figure 10. Strain re-distribution and the debonding area around thefiber break: (a) experimental [45] (reprinted by permission from
Springer) and (b) FEM.
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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 FEManalysis of the RVE. The homogenized structure is implemented as the coating layer of the
enhanced fiber. Considering a constant ZnOdiameter, the dimensions of the square RVE are derived and
modeled inABAQUS, as shown infigure 3(d). To verify the accuracy of the FEMcalculated elastic parameters,
the selected results are comparedwith the theoretical approach. According to theHalpin-Tsaimathematical
model [46], the effective Longitudinalmodulus (ELc) and in-plane shearmodulus (GLTc) of the composite can be
calculated using equations (14), (16), respectively.
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whereEZnO andEm are Young’smodulus of the ZnOand epoxy,GZnO andGm are the shearmodulus of the ZnO
and epoxy, vZnO is the volume fraction of the nanowires, and (l/d)ZnO is the aspect ratio of the nanowires. The
comparison of the theory and FEMresults for the longitudinal and in-plane shearmoduli of the ZnO/epoxy
layer is shown infigure 11. This figure demonstrates that the FEM results and theory agree on the numerical
accuracy of this property. The typical stress distribution on the RVEobtained from the homogenization analysis
is also shown in thisfigure for vZnO=0.24.

It should be noted that the accuracy of the FEM is dependent on the quality of themeshing system.
Accordingly, a sensitivity analysis is performed tofind a propermesh systemwhich results in aminimumerror
when comparedwith the theory. The nine parameters of the elastic compliancematrix of the ZnO/epoxy
composite (equation (4)) for four diverse ZnOvolume fractions (11%, 24.24%, 15.67%, 57.84%) are shown in
table 2. The calculatedmaterial properties are used as an input to investigate the ZnOnanowire enhanced carbon
fiber. Using the relation between the coordinate systems of the ZnO/epoxy (figure 2(d)), where z is the
longitudinal axis of the ZnOnanowire andZ is the longitudinal axis of the carbon fiber, appropriatematerial
properties of the coating layer can be substituted for the next step.

3.3. Simulation results of ZnOnanowires enhanced carbonfiber in fragmentation tests
Using the extractedmechanical properties of the ZnOnanowire layer calculated in the previous section, the FEM
model of the ZnOnanowire enhanced composites can be analyzed. To compare the behavior of composites
using ZnO enhanced fiberwith composites using only barefiber under tensile load, the epoxymatrix, ZnO

Figure 11.Comparison of the effectivematerial properties of FEMand theory: (a) longitudinalmodulus, (b) in-plane shearmodulus.
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nanowire enhanced carbon fiber,mesh properties, boundary conditions, and constraints of the new FEMmodel
are kept the same as the bare fibermodel.

After adding the ZnO/epoxy layer, the cohesive properties of the carbon fiber interface are calculated. As
previouslymentioned, according to equation (11), themagnitude of the cohesive stiffness (K ) is proportional to
the elastic properties of the fiber and the surrounding area. In the case of the ZnOnanowire enhanced carbon
fiber, this parameter is directly proportional to the volume fraction of ZnOgrown on thefiber surface, resulting
in different interface properties. To investigate the effect of ZnOnanowire content on the on the load transferred
to thefiber, four different ZnO volume fractions are considered, and a constant strain of 0.2% is applied to the
model. Themaximum stress on the fiber is calculated and shown infigure 12(a). Increasing the ZnOvolume
fraction enhances interfacial strength, resulting in an increase ofmaximum 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 andfiber coatedwith
57.84%ZnOunder the applied strain of 0.8% is illustrated infigure 12(b). This interfacial shear stress is themain
principle of efficient stress transfer from thematrix to thefiber. According to thisfigure, the interfacial shear
stress for the enhanced fiber is 25% larger than the barefiber proving the interface enhancement.

It is expected that ZnOnanowire enhanced carbon fiber can improve interfacial bonding betweenfibers and
matrix, resulting in increased load transfer capabilities in composites. To study this behavior, theUSDFLD
subroutine is used on the FEMmodel. The tensile strength of thefiber is assumed to be the same as the previous
section, and a similar procedure for Young’smodulus degradation after failure is performed. Increasing the
applied displacement on themodel results in highermaximum stress on thefiber. To show the effect of the
interfacial enhancement on the first fracture of thefiber, the stress-strain of the enhanced carbon fiber, with the
highest ZnOvolume fraction considered (57.84%), is compared to that of the barefiber, as shown infigure 13
(a). The value of themaximum stress is increased in the ZnO enhanced composites at any applied strain
compared to the composites using barefiber.Moreover, the first fiber fracture occurs at 2.1% tensile strain for
the bare carbon fiber and at 1.73% tensile strain for the ZnOnanowire enhanced carbonfiber. 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 carbonfiber is shown in figure 13(b). Composites
using bare carbon fiber is represented by 0%volume fraction in this graph. The fracture strain is reducedwhiling
increasing ZnO volume fraction in the composites.

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

Volume fraction of ZnO (%) E
11
(GPa) E

22
(GPa) E

33
(GPa) G

12
(GPa) G

13
(GPa) G

23
(GPa) ν

21
ν
23

ν
31

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

Figure 12. (a)Maximum stress transferred to thefiber at the applied strain of 0.2% for different volume fractions, (b)The shear stress
at the interface for the barefiber and the fiber coatedwith 57.84%ZnOat ε=0.8%.
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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 thematrix, near the fracture tip, for the case of enhanced single fiber
composite (57.84%ZnOvolume fraction) and barefiber composite are compared infigure 14. The debonded
zone for the enhanced fiber is larger than for the barefiber, as a result of higher interfacial strength. Similar
results have been reported in experimental tests inwhich the stronger interface results in the larger debonded
zone [47].

4. Conclusions

Amulti-scale analysis of an enhanced fiber reinforced epoxy composite under tensile load is developed in this
paper to analyze the effects of aligned ZnOnanowires on the improvement of the interface and the load
transferringmechanism in composites. To investigate a four-phase hybrid composite (carbon fiber, interface,
ZnOnanowires, and epoxymatrix), ZnO reinforced epoxy is considered as a coating layer and analyzed at the
micro-scale. Themechanical properties of the coating layer are extracted by analysis of anRVEmodel. The
results show a good agreement with the theory. The properties of the cohesive zone are explored at themeso-
scale. It is shown that in the proposedmodel, the interface thickness has no influence on themaximum stress
transferred to thefiber. Thefirst fracture process of a bare single carbon fiber composite andZnOnanowire
enhanced carbon fiber is studied at themacro-scale using the damage theory ofmaximum stressmodeledwith
USDFLDuser subroutine. The results demonstrate that the assumption offibermodulus degradation after
reaching the axial strength can simulate the enhanced fiber failure properly.

The effect of interfacial stiffness on the load bearing of thefiberwith various ZnO volume fraction is
explored. Growing ZnOnanowires 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 barefiber proving the interface enhancement. Under the same load
condition, themaximum stress on the ZnOnanowire enhanced carbon fiber composites is larger than that of the

Figure 13. (a)Comparison of themaximum stress on the bare carbon fiber and the ZnOnanowire coated carbon fiber, (b) applied
strain at themoment of fiber fracture for the different volume fraction of ZnO.

Figure 14.Comparison of the debonding zone on the strain distribution after fiber breakage for the (a) bare carbon fiber and (b)ZnO
nanowire coated carbon fiber.
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pure carbonfiber reinforced composites due to the improved interface between carbon fiber and epoxymatrix.
The failure strain of a single fiber is reduced by 21.4%when the ZnOnanowires are grown on thefiber.
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