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ARTICLE INFO ABSTRACT

The high tensile strength of polymer matrix composites is derived primarily from the high strength of the carbon
fibers embedded in the polymer matrix. However, their compressive strength is generally much lower due to the
fact that under compression, the fibers tend to fail through micro-buckling well before compressive fracture
occurs. In this work, we consider multi-walled carbon nanotube (MWNT) sheets wrapped around carbon fiber at
room temperature to improve fiber/matrix interfacial properties which, in turn, influences compressive strength
of the composite. To investigate the effect of the wrapping of MWNT sheet on composite strength, Molecular
Dynamics simulations were performed on an atomistic model of the interface region between the epoxy, carbon
fiber and the scrolled MWNT sheets. The compressive strength of the unidirectional composite was computed
using a novel hierarchical multi-scale model comprising of the rule of mixtures at the microscale, and the
modified Argon’s formula for composites at the macroscale. Model predictions were benchmarked through
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comparison with experimental data for different volume fractions of MWNT sheet.

1. Introduction

In Polymer Matrix Composites (PMC), the carbon fiber embedded in
the matrix provide for the high tensile strength of PMC because of the
high strength in tension of the PAN-based carbon fibers. However,
under compressive loading, the fibers tend to fail through micro-
buckling (or kinking) well before the compressive failure, hence re-
sulting in low compressive strength in the PMCs. Also, fiber misalign-
ment and the presence of voids during manufacturing process further
reduce the compressive strength. In fact, the overall compressive
strength of a unidirectional PMC is only about 50% of the tensile
strength, and hence there is much room for improvement [1]. In a
composite, load transfer takes place through the interface between the
fiber and polymer matrix, and the interfacial region is primarily re-
sponsible for shear load transfer and governs the critical buckling load
of the fibers by constraining the fibers from buckling [2]. The stiffness
and the transfer strength of fiber reinforced composite depends pri-
marily on the thickness of the interface region on the order of 100 nm or
less. Swadner et al. [3] determined that the failure or delamination of a
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glass fiber occur in the matrix at about 3 nm away from the fiber sur-
face. Similar behavior was also observed for Single Walled Carbon
Nanotubes (SWNT) nanocomposites. It was also observed by Ding et al.
[4] that a small amount of polycarbonate remains wrapped around a
SWNT when SWNT is pulled out of polycarbonate matrix during frac-
ture. Therefore, to increase the matrix-dominated properties of com-
posites, such as interfacial shear and compressive strength, it is very
important to improve the interfacial mechanical properties by mod-
ifying the polymer matrix and/or the interface. In recent years, a lot of
effort has been directed towards strengthening the matrix by adding
nanofillers to the matrix to make nanocomposites [5,6], or increasing
the interfacial stiffness and strength by using Carbon Nanotubes (CNTs)
grafted on carbon fibers, sometimes referred to as “fuzzy fibers” [7-18].
However, the process of grafting often leads to degradation of in-plane
fiber properties due to the high processing temperatures.

In this paper, we have attempted to resolve the issue using a radi-
cally different approach. We spiral wrapped the Multi Walled Carbon
Nanotubes (MWNT) sheet around a single carbon fiber or fiber tow with
a scrolling (bias) angle a as schematically depicted in Fig. 1 (a) [19].
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The MWNT sheet overwrapped carbon fiber was subsequently em-
bedded in a polymer matrix, which infiltrates the nanopores of the
multilayer MWNT sheet to form mechanically-interlocked MWNT/
polymer nanocomposite surrounding the fiber as observed using Atomic
Force Microscopy (AFM) as shown in Fig. 1 (c). The relatively high-
volume fraction of the MWNT in the matrix provides the reinforcement
to the interface region of polymer and fiber due to mechanical inter-
locking. This approach directly influences the compressive strength of
the composite without degrading fiber properties.

2. Overview of the approach

In this paper, our primary focus is to employ multiscale modeling to
investigate the enhancement of mechanical properties of the matrix
that directly influences the compressive strength of the composite. Our
preliminary experimental studies conducted on MWNT sheet wrapped
around a tow of carbon fiber at 0° bias angle, showed significant im-
provement in the polymer shear strength at the interface and com-
pressive strength of the composite (~80%). We developed hierarchical
nano-micro-macroscale models to identify the mechanisms that govern
compressive strength enhancement in a composite for different MWNT
sheet volume fractions, and then validated the model using available
test data.

For this purpose, the nano-scale virial stresses in the RVE containing
epoxy/MWNT near the carbon fiber interface (shown in Fig. 1 (b))
obtained from MD simulations were used to calculate the composite
shear modulus at 50% carbon fiber volume fraction using the rule of
mixtures, with and without the MWNTs. Subsequently, the composite
shear moduli of the two cases (with and without MWNTs), were in-
corporated in the modified Argon’s formula to calculate the macroscale
compressive strength [20]. A full schematic of the three tier nano-
micro-macro multiscale modeling approach is shown in Fig. 2, de-
picting hierarchical coupling of nano, micro, and macro scale modeling.

A step-by-step detail of the hierarchical multiscale modeling scheme
is provided in this section.
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Fig. 1. a) Macroscale view of MWNT sheet scrolled
on carbon fiber at a bias angle of a, b) Schematic of
nanoscale RVE of the interface region between
epoxy-MWNT-carbon fiber showing the bias angle a
between MWNT sheet and carbon fiber, ¢) AFM
Image of Epon 862, carbon fiber, MWNT interface
(Courtesy: University of Texas-Dallas).

Carbon Fiber Direction

2.1. Macromechanics

Earlier work by Rosen [2], which assumed extensional (transverse)
and shear microbuckling of the fibers imbedded in an isotropic linearly
elastic matrix, consistently over-predicted the compressive strength
when compared with experimentally measured values. Argon [20] was
among the first to recognize that fiber reinforced composites made by
standard manufacturing processes, such as VARTM or even pultrusion,
have regions of fiber misalignment. Argon [20], and later Budiansky
[22,23], showed that fiber misalignments present in fiber reinforced
composites could lead to yielding of the polymer matrix during de-
formation. The yielding of the matrix would, in turn, result in loss of
matrix stiffness that could eventually trigger fiber microbuckling and
resulting kink band formation leading to final failure [24]. Conse-
quently, it was recognized that the dominant compressive failure mode
in continuous fiber polymer matrix composites is localized compressive
buckling, or kinking. Argon [20] proposed a simple yet elegant formula
for composite strength given by

L%

%o

O

@

where, 7y is the matrix yield strength in shear in longitudinal shear, and
¢o is the initial fiber misalignment angle with respect to the load di-
rection, sometimes referred to as fiber misorientation. Subsequently, a
modified form of the Argon formula was derived that included both
elastic and plastic buckling behavior as limiting cases [24-27],

GlZc
(+3)
ry
where, Gy, is the composite longitudinal shear modulus, and vy is the
matrix yield strain in longitudinal shear.
The failure mechanism described in Eq. (2) is still a shear mode of

fiber microbuckling, but unlike in Rosen’s elastic analysis, it is the local
nature of the imperfections, coupled with (perfectly) plastic yielding of

O =

(2)



P.K. Ravindranath, et al.

Nano

Micro

Composite Structures 219 (2019) 170-178

Boeing 787

Macro

Fig. 2. A schematic diagram showing a nano-micro-macro multiscale approach to calculate the improvement in the Compressive Strength in MWNT scrolled Fiber/

Epoxy Composite (Boeing 787 Dreamliner [21]).

the matrix in shear, that results in local microbuckling and kink band
formation. From Eq. (2), it is apparent that improvements in the com-
pressive strength of the composite could be achieved by: (a) improving
the shear modulus of the matrix surrounding the fiber through the
scrolling of MWNT sheets, and (b) by increasing the matrix yield strain
in shear through the scrolling of MWNT sheets. Therefore, in this paper,
we study the feasibility of this concept through Molecular Dynamics
(MD) simulation of the effects of scrolled MWNT sheets that con-
currently increases matrix yield strain and matrix shear modulus,
thereby making use of synergies that may exist between these effects.

2.2. Micromechanics

The primary purpose of the micro-scale model is to introduce the
effects of carbon fiber stiffness and volume fraction into the hierarchical
multiscale model. For continuous fiber-reinforced composites, the shear
modulus can be calculated using the rule of mixtures which relates to
the dependence of the composite shear modulus on shear moduli of the
constituent phases and their corresponding volume fractions.

Gy G

Goe=———7>
G Vi + GV

3)

where, Gy, is the longitudinal shear modulus of the composite, Gyis the
shear modulus of the carbon fiber, G,, is the shear modulus of the
matrix (with and without MWNT), and Vyand V,, are fiber volume ratio
and the matrix volume fraction, respectively. For this study, a 50%
volume fraction of IM7 carbon fiber was assumed with a fiber shear
modulus of 14.00 GPa [28]. It should be noted that the assumption that
G4 for the composite calculated from the rule of mixtures for the CNT-
reinforced polymer in the vicinity of the fiber applies to the entire
composite is valid only for high fiber volume fractions due to tight fiber
packing with contiguous interface regions (i.e., V¢ > 50%). However,
this assumption may lead to significant error for resin rich areas and for
composites with low fiber volume fraction.

2.3. Nanoscale simulations

The primary purpose of the nano-scale MD model is to incorporate
the effects of MWNT/epoxy interface and MWNT volume fraction into
the hierarchical multiscale model. A schematic of the RVE in the in-
terface region of the MD model is depicted as a schematic in Fig. 1 (b) in
3-D, and in Fig. 3 (a) in a 2-D view along the MWNT axes. It should be
noted that while the presence of the carbon fiber was initially included
in the MD model using carbon sheets as shown in Fig. 3 (a), it was later
removed from the nanoscale RVE as it resulted in solution instability.
The influence of carbon fiber was subsequently included in the model
using microscale analysis as discussed earlier. MD simulations were
performed to compute the shear modulus for the RVE containing
MWNT/epoxy for three cases: (I) baseline epoxy, (II) one MWNT in the
RVE (0.0094 volume fraction), and (III) four MWNT in the RVE (0.0376
volume fraction), and are depicted in Fig. 4 (a), (b) and (c), respec-
tively. After proper equilibration of the 3-D MD model, a uniform shear

strain was imposed on the MD box at the operating temperature (300 K)
as depicted in Fig. 3 (a) together with periodic boundary conditions on
the MD box. The shear stress vs. shear strain curve, as schematically
depicted in Fig. 3 (b), was obtained from the simulation of the MWNT/
Epoxy interface region. The matrix shear modulus at the interface (Gp,)
was computed from the slope of the linear region shear stress vs shear
strain curve as depicted in Fig. 3 (b).

For the MD simulations, the open-source LAMMPS software (de-
veloped by Sandia Lab) was used. Note that the virial stress for each
atom is due to its interaction with all other atoms in the simulation, not
just with other atoms in the group. These values of virial stresses for
each atom in the system are used to compute the pressure of the entire
system of atoms by LAMMPS. A symmetric pressure tensor is computed
using the formula:

ZkN My Vi Vi i EkN rklfkj
%4 |4
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here, the first term uses components of the kinetic energy (temperature)
and the second term uses components of the virial tensor that includes
sum of pair, bonds, angles, dihedrals, improper, Kyqc. and fixes con-
tributions to the force on each atom, as discussed above. Because we are
concerned only with the Cauchy stress tensor, thermal (residual)
stresses were not included in the results.

2.4. Accounting for strain rate effect

A parametric sensitivity study on influence of the strain rate on
compressive strength was also performed where the MD models with
different MWNT volume fractions were subjected to shear deformation
under different strain rates. It was observed that the shear stress-strain
response varied for at different strain rates. The behavior of the pure
epoxy baseline case, under different strain rates matched very well with
the trend of the experimental results by Gilat et al. [27] on the same
epoxy system under different strain rates, albeit the experimental strain
rates were much lower than the MD strain rates. Using these experi-
mental data in conjunction with the data from MD simulations, a linear
relation between the high strain rates and the corresponding shear
stress and strain from MD simulations was developed to interpolate
shear stress-strain data at high strain rates of MD simulations to the
lower strain rates in the experimental regime. A data set at different
strain rates is necessary to obtain these parameters over the full strain-
rate spectrum, as discussed in detail later in this paper. For this work,
the strain rates used to obtain these regression parameters ranged be-
tween 10~ 3/s and 10'%/s, making use of MD simulation data as well as
available experimental data_In the linear region of the shear-stress vs.
shear strain curve for the isotropic polymer matrix, it is assumed that
the shear stress is related to strain via Hooke’s law, given by

T = Gy )
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Fig. 3. (a) MD model of MWNT/Epon-862/Carbon Fiber Interface, (b) Virial shear stress vs. strain curve indicating shear modulus and shear strain at yield.

3. Results and discussion

3.1. Computation of compressive strength of unidirectional carbon fiber/
epoxy composite

3.1.1. Nanoscale analysis using MD

The reactive force field, ReaxFF (ReaxFFc.o013) [29], was used for
all the molecular dynamics (MD) simulations described in this paper,
using the open source software, LAMMPS. In ReaxFF the potential en-
ergy terms involving the covalent interactions, depends on the bond
order function [30]. Bond order function is a continuous function of
interatomic distance that, beyond the covalent bond distance, goes to
zero. For the work discussed in this paper, two composite material
systems were analyzed using MD simulations. The first one being just
the Epoxy molecular model, to validate the shear modulus with the
experimental results, as shown in Fig. 4 (a), the second being, the in-
terface region between the Epoxy and the Multiwall Carbon Nanotubes
(MWNT), as shown in Fig. 4 (b) and (c), for two different MWNT vo-
lume fractions. The ReaxFF parameters used for this model are avail-
able in literature [31]. The MWNT models were extracted from VMD
software (courtesy Sandia Lab). The first system, baseline (Case I), is
pure Epon  862-DETDA  polymer, of RVE dimensions
13.5nm X 10.3nm X 6.8 nm. For the second system, with the MWNT
sheet, the same RVE size was maintained. One MWNT was introduced
in the epoxy (Case II), by displacing the atoms in the epoxy at a slow
increment, until a cylindrical hole of the desired diameter including the
van der Waal distance, was achieved. Two concentric carbon nanotubes
were introduced in this hole within the epoxy, with chirality (5, 5) and
(10, 10) with diameters 0.67 nm and 1.34 nm respectively, as shown in
Fig. 4 (b). A similar procedure was followed to introduce four MWNTs
(Case III) in the epoxy matrix (Fig. 4 (c)). The length of the MWNTs was
6.8 nm in the z-direction. An important point to note here is that, for all
three cases periodic boundary conditions were maintained in all the
three directions of x, y and z. The molecular images, as shown in Figs. 3

and 4 were obtained using OVITO molecular graphics software [32].
The density of the baseline system was maintained at 1.224 g/cm?®, and
the system with the MWNTSs, was maintained around 1.2 g/cm®. The
baseline system had an atom count of 102,816 atoms and on the in-
troduction of one and four MWNTs, the atom count increased to
104,436 and 109,536 atoms respectively. A maximum shear strain of
about 11-25% was applied to both the baseline system and the MWNT
system and the resulting shear stress was computed by LAMMPS using
the virial stresses. All simulations were carried out at a room tem-
perature of 300 K.

For the three nanoscale RVEs under consideration, that is, baseline
epoxy and epoxy with one and four MWNT in the interface region,
respectively (Fig. 4), the systems were subjected to a maximum shear
strain of 25% during the MD simulations at T = 300K. Periodic
boundary conditions were used in all cases. Three different strain rates
were applied on each of these systems ranging from 2.43 x 102 to
2.43 x 10'%/s, and it was observed that for each strain rate the in-
dividual system response was different, as can be seen in Fig. 5 for
baseline epoxy. However, a common trend that was observed among
the three systems was that as the applied strain rate was decreased, the
maximum shear strength at yield decreased significantly, as did the
shear modulus. Fig. 5 shows a compilation of shear stress vs shear strain
curves at different strain rates for the baseline epoxy (Case I) obtained
from our MD simulations and from published experimental data by
Gilat et al. [25]. The experimental strain rates for baseline epoxy
ranged between 7 X 10% and 1.3 x 107 3/s.

Stress-Strain curves similar to the one depicted in Fig. 5 were ob-
tained for Case II (0.0094 volume fraction of MWNT) and Case III
(0.0376 volume fraction of MWNT) and are not included in the interest
of space. The shear stress vs. shear strain data from these MD simula-
tions and experimental data (shown in Fig. 5) were used to obtain re-
lationships between shear strain at yield (yy) as a function of strain rate
using linear regression analysis for strain rates ranging from 10~> to
10'2/s as shown in Fig. 6 (a). A similar linear regression plot is depicted

a)

b)

c)

Fig. 4. Molecular Model of (a) Case I: Epon-862 DETDA (Baseline) System, (b) Case II: Epon-862 DETDA with one MWNT interface system (0.0094 MWNT vol.
fraction), (c) Case III: Epon-862 DETDA with four MWNTs interface system (0.0376 MWNT vol. fraction).
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Shear Stress vs Strain for Baseline Epoxy at Different Strain Rates
(MD and Experimental”™ Results)
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Fig. 6. Linear regression fit as a function of strain rate for baseline epoxy (Case I).

Table 1
Compressive Strength of Baseline Epon-862/Carbon Fiber Composite without
MWNT from MD Simulations at Different Strain Rates.

2.43 x 10'%/s 2.43 x 10%/s 2.43 x 10'%s 0.01/s
vy = 0.0182 0.0127 0.0109 0.0124
Ty= 88 MPa 65.4 MPa 51.7 MPa 57.8 MPa
G = 4835 MPa 5149 MPa 4744 MPa 4661 MPa
Gr = 14,000 MPa 14,000 MPa 14,000 MPa 14,000 MPa
Vi = 0.5 0.5 0.5 0.5
Giae = 7188 MPa 7529 MPa 7086 MPa 6993.6 MPa
$o = 0.1 0.1 0.1 0.1
o = 1106.7 MPa 848.5 MPa 696.4 MPa 711.6 MPa

in Fig. 6 (b) relating shear stress at yield (zy) to the strain rate. A
generally increasing trend with strain rate is observed for both shear
stress and shear strain at yield. These data were in turn used to calculate
the shear stress and the corresponding shear strain at yield for a nom-
inal strain rate of 0.01/s via interpolation and reported in Table 1. The
predicted value of 4.66 GPa for shear modulus of the epoxy resin is
considerably higher than the experimentally measured value of
1.25 GPa at low strain rates. A potential reason for this discrepancy is

b)

a) Shear strain at yield versus strain rates b) Shear strength versus strain rate.

that the MD model assumes 85% cross-link density and does not include
any voids or flaws within the polymer which are likely to exist in a real
test specimen [33].

3.1.2. Micromechanical analysis — as alluded to tin the “overview”

These values were used in the Rule of Mixtures for a fiber volume
fraction of 50% (Eq. (3)) to obtain the shear modulus, G;,., of the
unidirectional composite laminate was calculated, as shown in Table 1.
The values used for fiber modulus, matrix modulus, and fiber volume
fraction are reported in Table 1.

3.1.3. Macro-scale analysis

Finally, using the value of the longitudinal shear modulus (G;2.) of
the composite in the modified Argon’s formula (Eq. (2)) the compres-
sive strength for the baseline epoxy with 50% fiber volume fraction
(Case I) was calculated under different strain rates, as reported in
Table 1. A nominal fiber misalignment angle of 0.1 rad was used in all
the calculations.
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3.2. Methodology for determining compressive strength of unidirectional
carbon Fiber/Epoxy composite with MWNT overwrap

As can be observed from Table 1, the predicted value of compressive
strength for the carbon-fiber/epoxy composite with baseline epoxy
from the multiscale model is 711.6 MPa at a nominal quasi-static strain
rate of 0.01/sec, assuming a 50% IM7 fiber volume fraction. This pre-
diction compares reasonably well with the experimentally observed
range of 550-800 MPa [1,34] for this material system. The under-pre-
diction of the compressive strength is likely due to a lack of sufficient
data for the linear regression analysis in the intermediate strain rate
regime.

For the case of MWNT overwrapped carbon fiber (Cases II and III), a
similar approach was used to predict the compressive strength of the
MWNT scrolled carbon-fiber/epoxy unidirectional composite. First, a
parametric study with different MWNT volume fractions was carried
out using MD simulations for shear deformation of 11 to 25% and a
strain rate range of 2.43 x 10'2-2.43 x 10'%/s, at a constant operating
temperature of 300 K. Similar to the procedure discussed for the base-
line epoxy case, linear regression analysis was used to fit the data and
the corresponding shear stress and strain at yield were interpolated to
obtain shear stress and strain values at a nominal strain rate of 0.01/s.
Two MWNT volume fractions were studied, 0.0094 and 0.0376 re-
spectively, which corresponds to one and four MWNT in the RVE, as
tabulated in Table 2 and depicted in Fig. 4. The shear stress vs. shear
strain results from these MD simulations are plotted and compared in
Fig. 7, together with data for baseline epoxy.

Because the volume fraction of MWNT is very low in the epoxy, it
was assumed that the strain rate dependence remained the same for the
MWNT/Epoxy interface as for the neat epoxy (i.e., Case I) in the low-
strain rate regime. Based on this assumption, the compressive strength
of the composite laminate for Cases II and III was calculated using the
multiscale approach, as reported in Table 2.

As is evident from Table 2, presence of MWNT at 0.0094 volume
fraction leads to an improvement in the compressive strength of 21%.
Upon increasing the volume fraction of the MWNT to 0.0376 there was
a 40% increase in the compressive strength over baseline, indicating a
clear correlation between compressive strength of the composite and
volume fraction of scrolled MWNT at the fiber-matrix interface region.
A 90° degree MWNT scrolling (bias) angle was assumed for all MD si-
mulation.

3.3. Experimental verifications

In this section, verification of the multiscale model is carried out by
comparing the MD results was compared with (a) experimental data

Table 2

Compressive Strength Enhancement Comparison on Adding One and Four
MWNTs, from MD Simulations, for Shear Deformation Applied at a Strain Rate
of 0.01/s.

Baseline CFRP  CFRP reinforced CFRP reinforced

Case I with one MWNT with four MWNTs

(0.0094 volume (0.0376 volume
fraction) Case II fraction) Case III

Yy = 0.0124 0.015 0.017

Ty= 57.8 MPa 72 MPa 86 MPa

Gn = 4661 MPa 4800 MPa 5059 MPa

Gt = 14000 MPa 14000 MPa 14000 MPa

Ve = 0.5 0.5 0.5

Giae = 6993.6 MPa 7148.9 MPa 7432.3 MPa

$o = 0.1 0.1 0.1

O, = 771.6 MPa 932.47 MPa 1079.9 MPa

%Improvement in - 21% 40%
compressive
strength over

baseline epoxy
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from nanoindentation tests performed at UT-Dallas, and (b) experi-
mental results from three-point bending tests on MWNT wrapped
carbon-fiber/epoxy composite beams.

3.3.1. Nanoindentation tests

Nanoindentation tests were performed at UT-Dallas on a single
carbon fiber wrapped with CNT sheet and embedded in epoxy matrix.
Compressive modulus for the composite with the wrapped CNT sheet
(at 0° and 45° bias angle) at different regions of the specimen were
obtained using this method as shown in Fig. 8 and as tabulated in
Table 3. Oliver-Pharr equation [35] was used to predict the modulus of
the composite in the longitudinal direction from the nanoindentation
tests.

To compare the compressive modulus from the nanoindentation
tests with the MD results, compressive simulations were performed on
the nanoscale epoxy-MWNT interface region similar to the RVE shown
in Fig. 4, with two different MWNT volume fractions 0.0094 and 0.0376
volume fraction), respectively. A bias angle (a) of 0° was used for the
simulation. Comparing computed compressive stress vs. strain data for
the two cases of volume fraction at a strain rate of 1.0 X 10'%/s show
significant increase in the slope of the stress versus strain plots when
the volume fraction of MWNT is increased from 0.0094 to 0.0376 vo-
lume fraction as shown in Fig. 9. Compressive stress-strain curves were
obtained for these two volume fractions for strain rates ranging from
10'2 to 10'%/s and applying the linear regression approach described in
the previous section, the modulus of the epoxy-MWNT interface region
was calculated as summarized in Table 4 for the actual nanoindentation
strain rate of 0.001/s.

Interpolating these data in Table 4 to 16.1 GPa measured in the
nanoindetation test, the estimated volume fraction of MWNT at the
fiber-matrix interface in the nanoindentation tests was predicted as
0.0107 volume fraction, or 1.07% by volume.

3.3.2. Three-point bending test of unidirectional IM7/MWNT/epoxy
composite beam

The next step was to calculate the relationship between the volume
fraction of MWNT and the modulus of the IM7/MWNT/Epoxy compo-
site fiber. For this, a simple micromechanical approach was derived.
The first step was to find the relationship between the volume fraction
of MWNT wrapped over carbon fiber with the bias angle effect. Fig. 10
depicts the interface region between carbon fiber of radius R; with
wrapped MWNT (embedded in epoxy) at a bias angle a along the
carbon fiber longitudinal direction X;.

Let R; be the inner radius of MWNT sheet and R, the outer radius.

From micromechanics, assuming iso-strain applied in X; direction to
the RVE in Fig. 10, the total force is X is:
F = BEywnrt(RE — RP) € + EpniRPE, 6)
where Eywnr (@) is the elastic modulus of MWNT sheet in X; — direc-
tion, Er is the elastic modulus of carbon fiber. But, the total force on the
MWNT-carbon fiber interface in the X; direction is also given by

Fy = Eywnr—cr TR €1 @)
Equating Egs. (6) and (7)
R2 R2
Eyvwnr—cr = Evwnr (05)(1 - F;z) + EFITIE?
Evwnr—cr = Eywnr (@) Vawnr + Ep Ve (€)]

where, Vywnr is the volume fraction of MWNT and Vy is the volume
fraction of carbon fiber. The effect of wrapping angle a (bias angle) on
the modulus of the wrapped MWNT (Epwnr(a)) can be described by Eq.
(9) [1]
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Texas-Dallas).

11 1

= costa +
Eywwr (@) Graywnr

2v1,

EIMWNT

} (sin? a)(cos®a)

ElMWNT

+ sin‘a

©)]

At the lamina level, that is, MWNT wrapped carbon fiber sheet
embedded in an epoxy matrix, the modulus of the composite was cal-
culated using Eq. (3) (rule of mixtures), where Vywnr.cr is 0.0107 as
calculated from the multiscale approach and the nanoindentation re-
sults described in the previous section.

2MWNT

B omp (@) = Entwnr—cr (@) Viwnt—cr + By Vi (10)

Equation (10) provides the longitudinal modulus of the composite

7. Shear Stress vs Strain Epoxy/Carbon Fiber/MWNT Interface for different MWNT volume fractions at 300 K and strain rate of 2.43 x 10'!/s.

laminate and includes the volume fraction of added MWNT at a given
bias angle. It was used to compare multiscale model predictions for a
three-point bending test for a laminate schematically depicted in
Fig. 11, and a relationship between the slope of the load versus de-
flection of the composite beam was derived as given by Eq. (11):

_ —PD} —PL3 (1 — vivn
48D11 4bLh£ Elcnmp (C() (11)
Defining the slope of P-§ curve as m,
P 4bLh2E1(o()
m=-=——"
s I3(1 —v1v21) (12)
giving
mL*(1 — vypv
Elmmp (0{) — ( 312 21)
4bp by 13)

Hence, from Egs. (9) and (10) and (13) the modulus of the com-
posite can directly be related to the volume fraction of MWNT and its
bias angle. For a three-point bend specimen with a thickness (h;) of
0.54 mm, width (by) of 4.82mm and length (L) of 17. 28 mm (from
ASTM D7264), the slope of the P/ curve three-point bend specimen is
predicted to be m = 2.00. This result does not agree well with the ex-
perimentally measured slope of 8.42, from the 3-point bend experi-
ment. The reason for this discrepancy is likely due to the use of the
Oliver-Pharr equation [30] for interpretation of the nanoindentation
data since the Oliver-Pharr equation has been shown to greatly under-
predict the modulus for anisotropic materials.

4. Summary and conclusions

In order to understand the effect of MWNT sheet scrolled carbon-
fiber on composite strength, a novel hierarchical multi-scale model
comprising of MD simulations at the nanoscale, linked to the rule of
mixtures analysis at the microscale, linked to the modified Argon’s
formula for composites at the macroscale, was developed. Model

Table 3
Modulus from Nanoindentation Tests.
Modulus (GPa) Carbon fiber with wrapped CNT sheet at 0° bias angle Carbon fiber with wrapped CNT sheet at 45° bias angle Baseline
embedded in epoxy embedded in epoxy
Transition Zone near to fiber 24.7 = 3.2 13.2*x1.2 4.33 £ 0.05
Transition Zone near to Epoxy  16.1 + 0.9 7.8 2.6 3.76 = 0.08
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Table 4
Modulus of the interface region between epoxy-MWNT from MD simulations
and multiscale approach computed at a strain rate of 0.001/s.

% Volume Fraction of MWNT in epoxy Modulus (GPa)

0.94%
3.76%
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N
|
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P/2 --"

L/2

Fig. 11. 3-Point Bending schematic.

predictions were benchmarked through comparison with experimental
data baseline case, and for different volume fractions of MWNT sheet.
To our knowledge this three-tier multiscale approach has not been used
before to predict compressive strength.

At the nanoscale, an atomistic model was developed to study the

177

interface region between the epoxy (Epon-862), and the scrolled MWNT
sheets. Molecular Dynamics (MD) simulations were performed on this
model using LAMMPS software to study its behavior under shear de-
formation. After proper equilibration, a uniform shear strain was im-
posed on the MD model with the appropriate boundary conditions at
room temperature. Shear deformation was applied to the baseline MD
model for baseline (without MWNT), for 0.0094 volume fraction
MWNT, and for 0.0376 volume fraction MWNT cases. A linear regres-
sion analysis was performed to obtain shear stress and shear strain at
yield as a function of strain rate.

The predicted compressive strength from the MD results for baseline
Epoxy case was shown to be in good agreement with experimental re-
sults for unidirectional IM7/Epon-862 composite. Upon adding MWNT
sheet at the fiber/matrix interface at different volume fractions, a sig-
nificant improvement (20-40%) was observed in the compressive
strength of the unidirectional composite laminate. Work is currently
underway to study the effect bias angle (a) of MWNT sheet on com-
pressive strength prediction.
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