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ABSTRACT: In this investigation, the effect of polymer
matrix-MWCNT interphase on the stress and strain fields
developed at the close vicinity of MWCNT was studied.
The recently developed concept of the hybrid interphase
(Papanicolaou et al., 2002) was applied. According to
this concept, the interphase thickness depends on the
property considered at the time. The parameter of imper-
fect bonding between the primary constituent materials is
also introduced by means of the degree of adhesion.

Experimental findings combined with analytical and
numerical results gave a better understanding of the
structural and mechanical performance of epoxy resin-
carbon nanotubes composites. © 2011 Wiley Periodicals, Inc.
] Appl Polym Sci 123: 699-706, 2012
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INTRODUCTION

Nanocomposites constitute a very special category of
composite materials. Nanoparticles exhibit properties
that are significantly different from the bulk material.
The reason is that phenomena that are negligible at
large scales cannot be ignored at the nanoscale.
Moreover, due to large fraction of surface area, only
a small amount of nano-inclusions is adequate for
the nanocomposite to achieve unique mechanical,
electrical and other properties. Especially during the
last decade, carbon nanotubes have attracted the
attention of the scientific community due to their
unique behavior. Carbon nanotubes were firstly
reported by the Russians Lukyanovich, V.M. and
Radushkevich, L.V in 1952' but no further investiga-
tion took place because of the lack of knowledge to
massive production. After an extended research by
lijima, S. in 1991% carbon nanotubes became a new
attractive material to Nanotechnology.

At present, an extended research activity related
with carbon nanotubes reinforced polymer compo-
sites and other possible applications of CNT’s is
being carried out in an effort to exploit their unique
behavior. It is worth to mention some of the
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exceptional mechanical properties of the nanotubes;
the axial Young’s modulus, and the elongation to
break of a SWCNT have been computed in the range
of 0.9-1.3 TPa and 30-40% respectively.>® Nonethe-
less, it has been proved rather perplex to manufac-
ture nanocomposites with the desired properties. To
a large extent, one of the problems encountered is
the inclusions’ tendency to agglomerate resulting in
a composite with micro-structure instead of a nano-
structure. The dispersion of nanotubes in the matrix
can be enhanced through physical-mechanical or
chemical® processes. Physical methods involve
breaking up the agglomerates through impact (ball
milling), shear (high speed shearing), and oscillation
at high frequency (ultra-sonication) or a combination
of them. Concerning the chemical methods, purifica-
tion procedure is twofold' (1): to remove the metal-
lic catalyst residues, which arise from CNT synthesis
and (2) to create functional groups on the surface or
caps of the CNTs. These functional groups are the
reactive sites of the CNT surfaces during further
chemical modifications. They can also improve the
polymer-CNT interfacial interactions. Therefore,
results from TGA analysis'' report a compromise
between the functionalisation parameters (sonication,
concentration of acid treatment etc) and damage of
the graphitic structure of CNT’s.

In this work, multiwalled carbon nano-tubes
(MWCNT)—epoxy nanocomposites were manufac-
tured and mechanically characterized. Five different
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Figure 1 RVE along with the hybrid interphase concept.

filler volume fractions were applied by implement-
ing a high speed shearing technique. Subsequently,
a theoretical investigation of the MWCNT—matrix
interphase region involving the hybrid interphase
concept was conducted, in an effort to study both
analytically and numerically its effect on the interfa-
cial stress field developed in the area close to
MWCNTs.

THE HYBRID INTERPHASE CONCEPT

A key factor for the overall performance of micro
and nanocomposites is the polymer-reinforcement
interphase which is a third phase created during
manufacturing in the area immediately surrounding
the fibers, having properties and microstructure dif-
ferent from those of the two main constituents of the
composite. The interphase formed during manufac-
turing of the composite is the so-called structural
interphase.'>'> Within this region a rather complex
situation is developed involving areas of imperfect
bonding, where mechanical stresses and stress sin-
gularities are developed due to the filler's geometry
and the constraint imposed to the matrix deforma-
tion. This, finally results in the creation of
microcracks, voids, and other discontinuities. The
structural interphase can be observed by means of
microscopy and must be distinguished from the
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hybrid interphase. More precisely, by the term
“hybrid interphase” it is meant the interphase mate-
rial having a volume fraction which corresponds to
the percentage of the bulk matrix surrounding the
reinforcement in which a specific matrix property is
strongly affected by the existence of the reinforce-
ment, whereas the hybrid interphase thickness rep-
resents the maximum radial distance from the inclu-
sion boundary in which this property is affected by
the inclusion’s presence. This denotes that the inter-
phase is not simply a geometrical concept; depend-
ent only on the volumetric composition of the com-
posite, but it is mainly a property-dependent
concept.”** Recent investigations have proved the
validity of the above conception.'*"”

Theoretical background

The micromechanical modeling of the hybrid inter-
phase region requires several assumptions to be
made. Some basic assumptions, regarding the mate-
rial properties are: (i) A linear elastic behavior of all
phases is assumed; (i) the fibers are transversely
isotropic; (iii) The global composite behavior can be
modeled by a representative volume element, RVE
(Fig. 1).

The concept of the hybrid interphase is based
on two main assumptions. The first one considers
a nonhomogeneous interphase whose material
properties depend on the respective properties of a
homogeneous fiber and matrix material, with a
thickness depending on the volumetric composition
of the composite.'® The second assumption introdu-
ces imperfect adhesion between fiber and matrix
materials by appropriate definition of material’s
properties. It is apparent that perfect bonding
between fiber and matrix does not exist in reality
due to the existence of flaws, fiber surface rough-
ness, and other physical and mechanical interactions.
This imperfection is described by the adhesion effi-
ciency coefficient which represents the discontinuity
of a property at the fiber-matrix interface:

Ei(rf vi(rf
ke = éf),kvz o) M)
f V¥

where E, v, r represent the elastic modulus, Poisson’s
ratio and radius and the subscrips i, f stand for fiber
and interphase, respectively. Thus, the value of a
property at the fiber-matrix boundary, with regard to
eq. (1) becomes
Ei(r= rf+) = keEys vi(r = rf+) = kyvr ()
As shown in a recent by the author’s investiga-
tion,"” the main factors affecting the interphase
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TABLE I
Epoxy Resin’s and Carbon Nanotubes” Mechanical
Properties of Elasticity

Ematrix Efll Ef22 E1:12 Ef23

GPa  Vyawix GPa  GPa GPa GPa Vi2 Vi3

3.08%  0.3% 704> 34554P 227.04° 12552° 0.14° 0.3764°

@ Experimentally determined.
b Seidel et al.?®

thickness are: the adhesion coefficient, k, the rein-
forcement radius r; and the material’s anisotropy
coefficient, S. Then, the property-dependent hybrid
interphase thickness is given as:

— kg 1—ky
kE tv—Sv'rf' kv

1
tg=Sgp-15- 3)

where

Se=Er/EL, Sv=vr/vL 4)
are the anisotropy indices of the RVE. The subscripts
T, L denote the principal values of property along the
transverse and longitudinal directions, respectively.
Considering perfect fiber-matrix adhesion, homoge-
neous fiber distribution, perfectly linear elastic beha-
vior and unidirectional fiber orientation, then the
well-known relations can be obtained:

E(E

f Lm

E;, =E E,.(1— Er =

L £Uf + En( vr) Er Ef(l—of)+Eme 5)
VfVm

VL = Vg + V(1 —vf)  vr = 6)

VE(1 = vf) 4 Vi Uy

where vy represents the filler volume fraction and the
indice m corresponds to the matrix material. How-
ever, considering imperfect adhesion conditions, the
effective fiber volume fraction based on the property
considered can be modified as:

UfE = kEUf, Vfy = kVUf (7)

So now, kg and k, can be expressed as:

Ec.—En1 EfEr—E, 1

e = =6 _Em 2 kp — JET 7 Zm 2 (g

F Ef—Eme or F ETEf—Em Lf ( )
— Vi 1 VF VT — Vi 1

[ T R S A )
Vf—Vme VTVf—Vm Uf

As shown in previous publications,'>'? the inter-

phase stiffness and Poisson’s ratio variation within
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the interphase region in the radial direction is given
by:

. kE 17r— I’f
Ei(r) = Em + (keEf — En) exp{— Tk Se " }
Tf <r<r (10)
k, 1r—r
Vi(r) = v + (kyvy — vm)exp{— -y 2 f}

rr<r<ry (11)

where r;g, r;, represent outer interphase boundaries.

NUMERICAL ANALYSIS

Geometric complexity and material inhomogeneities
of the RVE impose a demand for a numerical deter-
mination of the interphasial stress field. In this
study, finite element procedures have been utilized
to study the response of a FRP (fiber reinforced
polymer) incorporating a hybrid interphase region.
The geometry of the model used is shown in Figure
1 and requires axisymmetric analysis associated with
appropriate material inhomogeneities.

In the proposed model, it was assumed that a
fiber with the elastic properties shown in Table I can
simulate a MWCNT. In addition, it was assumed
that the fiber has a constant radius, 7 = 13 nm and
a half-length, Ly = 15.38 r;, while the fiber volume
fraction is a global independent variable. The fiber is
surrounded by the hybrid interphase, the properties
of which are varied with radial distance according
to egs. (10)—(11). These two analytic equations were
used as input data for the interphase material prop-
erties of the finite element model applied. Figures 2
and 3 depict the corresponding finite element model
for a volume fraction vy = 0.25% (wy = 0.3%). The
mesh refinement in the regions where high material
degradation or high stress concentration is expected
(i.e., at the exact fiber-interphase boarder) to occur is
apparent. Table II shows the size of the finite ele-
ment model.

MATERIALS AND METHODS
Materials

A diglycidyl ether bisphenol A (DGEBA)-based
epoxy system (31185 D.ER." 332) was used as
matrix along with a curing agent type 132098 based
on TETA (triethylene tetramine), both provided
by SIGMA-ALDRICH®, reinforced with Nanothinx
S.A.° NTX1 MWNT’s. The properties of raw nano-
tubes according to manufacturer’s data sheet can be
observed in Table III.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Typical finite element model corresponding to a
flat fiber tip.

Manufacturing procedure

High speed shearing was utilized to disperse the
nanotubes in the resin at controlled conditions of
pressure, temperature and speed using a high speed
dissolver type Dispermat AE, VMA Getzmann
GmbH. After several preliminary tests, for achieving

Figure 3 Magnified area for better resolution of the mesh
on the boundaries.

Journal of Applied Polymer Science DOI 10.1002/app

PAPANICOLAOU ET AL.

TABLE II
Size of Axisymmetric Finite Element Model
Linear Fiber Fiber RVE RVE
elements Nodes radius  length radius length
10,891 10,779 13 nm 200 nm 316 nm 400 nm

a homogeneous dispersion, the process was finally
optimized as follows: nanotubes were mixed with
the resin in the dissolver for 2 h under vacuum at
2300 rpm and 50°C. Next, the hardener was added
at a ratio of 14 P.H.R. while mixing procedure was
continued. Finally, the mixture was put into special
molds having the exact dimensions of the three
point bending specimens to be used. The material
was then cured for 24 h at 80°C. The fiber loadings
applied were 0%, 0.3%, 0.7%, 1%, 2%, and 3% wy in
MWCNT’s. The specimens’ dimensions were 100
mm x 12.8 mm x 2.2 mm (*£0.2 mm) and the span
between the grips was fixed at 63 mm. All bending
tests were performed at room temperature using an
INSTRON 4301 universal testing machine with a
constant displacement rate of 1 mm/min.

RESULTS AND DISCUSSION
Characterization of mechanical response

The exact values for the flexural modulus as a func-
tion of wy (%) are presented in Figure 4. From these
figures, one can observe that specimens reinforced
with 2% wy showed a degradation in modulus when
compared with the matrix modulus while, in con-
trast, specimens reinforced with 0.3, 0.7, 1 and 3% wy
with CNT’s showed a relative increase in modulus.
A significant change of 10.6% and 14.03% was meas-
ured for 0.3% wy and 3% wy respectively. In addition,
as shown in Figures 5 and 6, a general reduction in
both flexural strength and failure strain was
observed. The higher the CNT weight fraction is, the
more brittle the nanocomposite becomes. This type
of mechanical behavior can be attributed to more
than one reason. Two competing phenomena that

TABLE III
Properties of Raw Carbon Nanotubes

NTX1 MWNT’s

Characterisation method

Synthesis method CVD

Form Black powder

Diameter 15-35 nm TEM,SEM
Length >10 pm TEM,SEM
Number of walls 15-35 TEM
Purity 97% TGA,SEM
Metal particles 3% TGA
Amorphous carbon <1% TGA,Raman
Surface area 200-250 m*/ 8 BET
Bulk density ~0,16 g/cm
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Figure 4 Flexural modulus variation for different fiber
loadings.

have inverse effect upon the material’s response, the
adhesion and agglomeration, are among the princi-
pal mechanisms that affect the behavior of the com-
posite. Concerning the modulus of elasticity (Fig. 4),
at low weight fractions, where the agglomeration of
filler particles is small, the effect of adhesion domi-
nates and, consequently, a macroscopic increase of
the modulus can be observed. As the quantity of
nanotubes in the matrix increases, so does the
degree of agglomeration. Voids, microcracks, defi-
cient wetting of the filler etc are phenomena that
become more intense and dominate upon the
increasing of stiffness that is introduced by the addi-
tion of nanotubes and the modulus of the composite
material reaches a minimum value at wy = 2%. How-
ever, for further increase in the MWCNT’s weight
fraction, an increase in the modulus of the material
is inevitable, due to their outstandingly high stiff-
ness. Besides the two aforementioned principal fac-
tors, there are numerous additional parameters that
should be taken into account to obtain a broader

120

I MWCNT reinforced
Epoxy (DGEBA)

100

80 4

Flexural Strength (MPa)

0.7% 1% 2% 3%

pure resin 0.3%
MWCNT weight fraction

Figure 5 Flexural strength variation for different fiber
loadings.
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Figure 6 Failure strain variation for different fiber
loadings.

perception of the reasons for such a behavior
(Fig. 4). In a composite with high filler volume frac-
tion, one may deduce two possible microstructures
in addition to that where particles are randomly
dispersed. In the first case, the resin is completely
entrapped within the filler aggregates or clusters,
with fillers touching each other. In the second type
of microstructure, the composite contains a combina-
tion of regions of resin entrapped within filler clus-
ters. In principal, such composites would consist of
regions with randomly dispersed fillers, but with
each region containing a different volume fraction.”
In regard to the flexural strength (Fig. 5), the rein-
forcing potential of MWCNT’s is undermined by the
effect of agglomeration. At low weight fractions,
where the agglomerates are smaller, resulting in
higher surface area, loads can be transferred to the
nanotubes, resulting in a considerable increase of the
ultimate strength. By increasing the filler's weight
fraction the degree of agglomeration causes a brittle
behavior which can be attributed to the following
reasons: Reduced surface area results in inefficient
load transfer from matrix to nanotubes, while
agglomerates, voids, microcracks, and other disconti-
nuities act as points of local stress concentrations.
The degradation of the material’s failure strain
(Fig. 6) is also attributed to the same phenomena.

Application of the hybrid interphase model

The variation of the elastic modulus and the
Poisson’s ratio within the hybrid interphase area are
being illustrated in Figure 7. As it can be observed,
the hybrid interphase thickness has a different extent
with respect to each one of the properties under
consideration. The effect of the degree of adhesion
upon the abrupt variation of a property value
observed at the fiber-matrix border is, also, apparent.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Elastic material property variation within the
hybrid interphase area for different degrees of adhesion.

Additionally, the distribution of the stress—strain
field along the interphase is also affected by the
fiber-matrix degree of adhesion. It should be stressed
that the adhesion coefficient, k, represents the discon-
tinuity at the filler-matrix boundary. The magnitude
of this discontinuity is not the same for all the prop-
erties. This is confirmed by the dependence of hybrid
interphase thickness upon the property considered
each time (Fig. 9). Moreover, a divergence of 100%
between the values of the hybrid interphase thick-
ness with respect to the two considered properties is
observed (Fig. 8). As it can, be observed the inter-
phase thickness is higher when approached by
means of interphase stiffness rather than the Pois-
son’s ratio. This confirms the property dependent
nature of the hybrid interphase and is attributed to
the vast difference between CNT and matrix modu-
lus, however, as perfect adhesion conditions are
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Figure 8 Interphase thickness of hybrid interphase with
respect to the elastic modulus and Poisson’s ratio as a
function of the adhesion efficiency coefficient.
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Figure 9 Adhesion efficiency coefficient as a function of
wpin MWCNT’s.

approached the hybrid interphase thickness tends to
zero. The variation of kg, k, as a function of filler’s
weight fraction can be observed in Figure 9. A gen-
eral fall in the degree of adhesion is attributed to
increased agglomeration, a mechanism that is exten-
sively discussed in section Characterization of
mechanical response. It should be noted that a simi-
lar behavior, expressed by means of reinforcement
efficiency of CNT’s, was observed by Martone et al.*!
The fiber-matrix adhesion efficiency coefficient, with
respect of the Elastic Modulus and the Poisson’s
ratio, for the nanocomposites studied in this work
was found to be equal to 0.207 (eq. 3) and 0.174 for
wy = 0.3%, respectively. For the given values of these
coefficients, the interphase regions of two successive
fibers overlap to each other rendering the matrix
material a modified material having properties com-
pletely different from the bulk, for the specific fiber
volume fraction. At higher volume fractions, where
the distance between two successive fibers is smaller
it is obvious that the matrix will be completely trans-
formed, as well.

Numerical Results

To study the effect of the interphase existence in
MWCNT-Epoxy resin nanocomposites, the above-
developed hybrid interphase model has been uti-
lized in finite element procedures. The stress field in
the interphasial area, according to the model shown
in Figure 2, for imperfect adhesion conditions is pre-
sented in Figures 10-13. More precisely, according to
Figures 10-11 the normal and shear stresses devel-
oped at the radial direction are highly dependent on
the degree of fiber—-matrix adhesion. Normal stresses
were calculated at the center and shear stresses at a
distance of 5 nm from the tip of the nanotube bear-
ing in mind that the maximum values of the stresses
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Figure 10 Normalized normal stresses in the radial axis
for various adhesion coefficients.

can be observed at these points, respectively. At
higher values of k there can be observed an increase
at the stresses developed at the vicinity of nanotube
which implies that the reinforcement takes up a
greater amount of loads as it is meant to do. Also,
the small extent of the region, where increased stress
is observed, implies a narrow interphase region.
Moreover, the effect of adhesion efficiency coeffi-
cient upon the shear lag phenomenon is observed in
Figure 12. More precisely, for lower values of adhe-
sion efficiency coefficient an inefficient load transfer
from the matrix to the fiber leads to the develop-
ment of lower the interfacial shear stress at the fiber
tips. This might appear to be desirable. However,
since the applied loads are transferred from the ma-
trix to the fiber through shear, lower shear stresses
at the interphase would lead to lower normal
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Figure 11 Normalized shear stresses in the radial axis for
various adhesion coefficients.
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stresses at the fiber. Consequently, since a smaller
portion of the external loads is taken up by the rein-
forcement, this would result in not taking full
advantage of its high strength, but on the contrary
over encumbering the weaker matrix. As a result,
lower values of adhesion efficiency coefficient mean
inefficiently loading the reinforcement and prema-
ture failure of the matrix. It should be noted that the
stress field is known to be sensitive to the fiber tip
shape as investigated and confirmed in a previous
publication by the authors.”® Finally, a theoretical
model for the computation of the normal and shear
stress distribution along the fiber length at the fiber-
matrix interface developed in a previous publication
by Papanicolaou et al.”> was applied and analytical
results were compared with respective values
derived by means of the finite element model
described above. The agreement between the FEM
results and the respective ones derived by the ana-
lytical model, as presented in Figure 13, is almost

g  FEM k=0.2 (Normal Stress)

. 104l 0 Analytical k=0.2 (Normal Stress) [19] | ___eerrrrrm {103
« X g
g ..... %
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g 2
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Figure 13 Comparison between analytical and numerical
results for the normalized interfacial normal and shear
stress.
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perfect and this is because the analytical model is
taking into account the adhesion coefficient “k” as
well as the interface stiffness “K” which is a measure
of the stiffness of the fiber-matrix boundary meas-
ured in GPa and which, in turn, depends upon the
fiber—matrix adhesion coefficient, “k," as well.'’

CONCLUSIONS

In the present study a series of MWCNT-resin
materials with different fiber volume fractions were
manufactured and mechanically characterized. The
material’s mechanical behavior is governed by more
than one phenomena, two of which are the degree
of adhesion between the constituent materials and
the agglomeration of the particles in the matrix.
Experimental results implied imperfect adhesion
conditions between matrix and CNT’s. The inter-
phase regions of two successive nanotubes overlap
each other, yielding a matrix material with different
properties from the bulk. Next, the hybrid
interphase model was applied to evaluate the
interphasial fiber-matrix stress field. The adhesion
coefficient, k, was introduced, as a measure of the
imperfect bonding of the constituent phases which
represents the discontinuity of a property at the fil-
ler-matrix boundary. This discontinuity is not the
same for every property considered. Adhesion effi-
ciency was also found to decrease at higher filler
weight fractions. This is attributed to a more intense
agglomeration of CNT’s, which also rendered a mac-
roscopically brittle behavior. Also a significant influ-
ence of the property considered upon the hybrid
interphase thickness was observed, which confirms
its property dependent nature.

Analytical investigation was combined with FE-
analysis of normal and shear stress fields that were
developed at the fiber-CNT interface and at a direc-
tion normal to it. Results were found to be sensitive
to the radial distance from the fiber and also to the
degree of adhesion between the fiber and the matrix.
It can be inferred that higher values of k would be

Journal of Applied Polymer Science DOI 10.1002/app
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desirable, since the loads are more efficiently trans-
ferred from matrix to reinforcement. However, in
such case, the interfacial stress concentrations are
magnified which is a possible mechanism of failure
initiation. Finally, a comparison of numerical with
analytical results gave satisfactory convergence
which is due to adopting a realistic approach.
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