


molecular dynamics. Similarly, Chen and Yan [24] proposed an ana
lytical fiber pull out model based on a shear lag model with cohesive
interfaces.

The above analytical considerations have all been experimentally
validated. Jiang et al. [25] and Lee et al. [26], measured the strain field
in a single graphene layer on the surface of an epoxy matrix; while the
matrix was gradually strained they observed certain strain dependent
Raman band shifts. Cui et al. [27] also used Raman spectroscopy to
measure strain in carbon nanotubes to infer the interfacial character
istics. Experimental results have a close correlation with the theoretical
predictions for interfacial shear strengths of about 0.5MPa and fracture
energies of about 0.08 N/m.

However, all the aforementioned models and experiments are based
on uniaxial strain states. This assumption, which can be experimentally
reproduced and modelled at the nanoscale, has led to many useful and
interesting results that have provided a better understanding of na
noscale mechanisms. However, at the macroscale, nanoparticles will be
subjected to a multiaxial strain state if, for instance, they are not per
fectly aligned with any of the principal strain fields or are close to stress
concentrators. As shear and transverse strains may not be negligible in
those situations, correct constitutive models should consider them at
the nanoscale; they may have an influence on the interfacial mechan
isms and consequently on the nanocomposite properties.

Few cohesive models have been found that are able to analyze the
interfacial mechanisms for multiaxial strain states [28,29]. use an in
verse analysis for their study and do not, therefore, focus on the in
terfacial stress state. Belabed et al. [30] introduce shear and normal
deformation in functionally graded materials. Experimentally, the
problem is even more complex due to the difficulty of isolating and
applying multiaxial strains to a single particle which, additionally, must
not be located on a matrix free surface. This requirement also poses an
important problem for the Raman measurement. At the macroscale
level, Lee et al. [31] have studied biaxial behavior in a polymer steel
interface by means of a cohesive model. Data was obtained using a
three point bending test. However, the results cannot be extrapolated at
the nanoscale due to the reinforcement stiffness and aspect ratio dif
ference.

In this work, we present a nanoscale cohesive model for platelet
nanocomposites that considers a 2D multiaxial strain state, so that the
influences of angular distortions and transverse strains can be studied.
The goal is to provide the scientific community with design tools that
can be useful to determine the needed nanocomposite properties for a
given strain state.

In section 2 we describe the model developed. In section 3, we
present a parametric study and qualitatively and quantitatively explain
the effect of shear and transversal strains taking a graphene epoxy
nanocomposite as an example. In section 4, we provide some maps that
can be useful to determine the feasibility of certain nanocomposite

properties for a given strain state. Finally, the conclusions are presented
in section 5.

2. Model description

Traditional cohesive models were used as the basis (1) [19,32,33]:

=σ f ε l t υ E G E G k τ G( , , , , , , , , , , )x C F F F F F M M II a (1)

where σx is the longitudinal stress along the nanofiller length for a given
uniaxial applied strain εC at the nanocomposite, lF the nanofiller length,
tF the nanofiller thickness, υF the nanofiller volumetric fraction, EF, EM,
GF and GM the nanofiller, matrix, Young's modulus and shear modulus,
respectively; kII the in plane interfacial stiffness,τa the interfacial shear
strength and G the interfacial fracture energy. We have introduced an
applied angular distortion γxy and an applied transverse strain εy. These
additional strains will produce additional shear stress at the interface,
as well as a transverse stress σy, with the corresponding Poisson effect
on the longitudinal axis. For the calculation of the transverse stress
state, additional interfacial parameters must be considered: transverse
interfacial stiffness kI and transverse strength σa. The resulting model is
described in eq. (2).

=σ σ τ f ε ε γ l t υ E G E G k τ k σ G[ , , ] ( , , , , , , , , , , , , , , )x y xy x y xy F F F F F M M II a I a

(2)

For both in plane and transversal directions, we use a bilinear in
terfacial stress interfacial separation curve. Fig. 1 shows the bilinear
constitutive laws for each fracture mode. K is the interface stiffness, δ is
the actual matrix nanofiller separation, δ0 is the separation at the onset
of interfacial damage, δf the separation needed to fully debond the
filler matrix interface, τ and σ the stresses appearing at the interface
and Gc the area under the lines, which corresponds to the interfacial
fracture energy. For any of the fracture modes taken individually, eqs.
(3) (6) apply.
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As both in plane and transverse interfacial separations may si
multaneously exist, we use a fracture mode I and fracture mode II
mixed mode debonding method as suggested by Ref. [32,33]. This
implies the use of eq. (9) for defining a unique, equivalent interfacial
damage from two interfacial displacements [34], being δmi the mixed

Fig. 1. Cohesive Zone Models (CZM) associated to frature mode I (left) and fracture mode II (right).

     



mode displacement parameters and η the exponent of the Benzeggagh
and Kenane criterion.
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In the same fashion as other authors [18,19], we consider mode II as
predominant. We use the same stiffness value for the in plane and out
of plane stiffnesses. The validity of this assumption will be demon
strated in section 3.

FEM discretization of the model was performed with Comsol®. A
Matlab script was used to launch Comsol with different constitutive
parameters and store the results. The discretization was performed in
the minimum representative domain (MRD) depicted in Fig. 2. Sym
metry considerations were not applied due to the antisymmetry asso
ciated with the shear.

In addition to the cohesive interfacial elements, 2D plane stress shell
elements were used to model the matrix. A mapped rectangular mesh
was used for better parametrization of the problem. The element sizes
used for discretizing the nanofiller were one third of the nanofiller
thickness in the transverse direction to accurately determine the na
nofiller stress and strain distributions , and four times larger in the
longitudinal direction to maintain a valid element aspect ratio . For
the matrix, the size in the longitudinal direction was the same as that in
the nanofiller and four times larger in the transverse direction to
minimize the total number of elements while still allowing for sufficient
accuracy.

The model was validated by comparing it with the experimental
results obtained by Guo et al. [19]. In the experiment, the strain state
was measured on a graphene sheet located at the free surface of an
epoxy matrix, which was uniaxially strained at different strain levels.
Fig. 3(a) shows that the correlation between the model and the ex
perimental results is quite high. As there is only tensile stress in the
longitudinal direction, there is symmetry in the damage and tensile
stress distributions, while the shear stress is antisymmetric. Fig. 3(b)
and (c) show the shear stress and damage distributions, respectively,
which clearly explain the stress transfer mechanism occurring at the
interface: shear stress arises from the matrix filler interface separation
caused by the applied longitudinal strain. The amount of separation is
governed by the longitudinal interface stiffness. Shear gradually loads
the nanofiller causing a longitudinal stress to appear that grows to
wards the nanofiller midpoint. If the value of shear stress reaches the

shear strength, interfacial damage takes place. While damage increases
for growing matrix nanofiller separation, shear stress will decrease as
the tangential interface stiffness will be smaller due to the interfacial
damage.

3. Results and discussion. Influence of angular distortions and
transverse strains on the interfacial stress transfer mechanisms

We will qualitatively and quantitatively analyze how angular dis
tortion and transverse strain affect the interfacial stress transfer me
chanisms in a graphene epoxy nanocomposite. We first define a base
case to describe its effect on the interfacial stress and damage dis
tributions (section 3.1). Afterwards, we modify the constitutive para
meters of the base case to analyze their sensitivity to angular distortion
and transverse strain (section 3.2). The values for the base case have
been selected from other well known works (for instance [19]) and
correspond to those measured in actual graphene epoxy nanocompo
sites:

• Matrix Young's Modulus= 3GPa

• Graphene's Young's Modulus= 1 TPa

• Fracture energy: Gc=0.08 N/m;

• Tangential stiffness: KII=74 TPa/m;

• Graphene length: lg=10 μm;

• Graphene thickness: hg=10 μm;

• Weight fraction: Mf=0.6%;

• Tangential strength: τ=0.5MPa;

In the case of a mode I fracture, which has been shown not to be a
predominant mechanism [18,19], we have used the following para
meters, extracted from the mentioned works:

• Normal stiffness: KI=74000 TPa/m;

• Normal strength: σ=0.5MPa;

For each parameter set, different combinations of longitudinal and
transverse strains and/or angular distortions εX, εY and γxy, respectively,
were applied to the MRD free edges not corresponding to the filler
(Fig. 2). The shear, longitudinal, transverse strains and damage dis
tributions were then calculated. The equivalent displacement field to
apply to each free matrix edge is defined by Equation (11) where x and
y are the coordinates of each edge position where a displacement is
applied.
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3.1. Qualitative effect of angular distortion and transverse strain on the
interfacial stress state

3.1.1. Effect of angular distortion (γxy) on the interfacial and nanofiller
stress states

Fig. 4 shows the effect of an applied angular distortion on the in
terfacial damage and shear and nanofiller axial stress distributions in
the base case. A significant influence is observed: when an angular
distortion is applied, the interfacial shear stress distribution (Fig. 4(a))
shifts towards one of the interface ends, increasing its shear values. This
implies that damage will take place (Fig. 4(b)) if the shear increase
produced by the applied distortion reaches the shear strength value at
some point in the interface. If damage already existed at some location,
the applied distortion will increase its magnitude. In this case, shear at
that location will not increase, as the maximum value, corresponding to
the shear strength, has already been reached. The shear stress value will
be governed by the cohesive model established. The damage increase

Fig. 2. Minimum representative domain.

G. Fernández Zapico et al. Composites Part B 154 (2018) 10–19

12



Fig. 3. (a) Guo et al. [19] experimental results vs. model. (b) Model damage and (c) model shear stress distributions.

Fig. 4. Base case. Effect of an applied angular distortion on interfacial damage (a), interfacial shear stress (b) and nanofiller axial stress (c).
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leads to a deterioration of the axial stress distribution (Fig. 4(c)) and
consequently a reduction in its mean value. Since the homogenized,
macroscale axial stiffness depends on the mean axial stress value, the
nanocomposite stiffness will decrease as a result.

3.1.2. Effect of an applied transverse strain (εY ) on the interfacial and
nanofiller stress states

Fig. 5 shows the effect of three different levels of applied transverse
strain on the interfacial shear stress distribution and the resulting in
terfacial damage and nanofiller axial stress distributions in the base
case. Even for a considerably large transverse strain of 1.5%, the effect
is not significant in comparison to that produced by applying an angular
distortion or axial strain (Fig. 5(a), (b) and (c)). This is due to the large
aspect ratio of the nanofiller. Since its thickness is much smaller than its
length, the transverse interfacial separation produced by a given ap
plied transverse strain is negligible in comparison to the longitudinal
separation produced by an applied longitudinal strain of the same

magnitude.
As pointed out in section 2, the above results are coherent with the

assumptions suggested by other authors in the sense that mode II is the
predominant mechanism for interfacial debonding [18,19]. In any
event, the effect of angular distortions is clear and should not be ig
nored.

3.2. Sensitivity of the effect of angular distortion and transverse strain to the
interface constitutive parameters

As described in section 3.1, the shape of the stress and damage
distributions is considerably modified by angular distortion. However,
the level of modification greatly depends on the interfacial constitutive
parameters. In this section we analyze how sensitive this effect is to the
interface characteristics.

Fig. 5. Effect of transversal strain.

Fig. 6. Shear stress and tensile stress in the interface for filler length of 5 μm.
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3.2.1. Filler content (mf) and filler length (lf)
For this analysis, we have used lengths of 5 μm (which is smaller

than the critical length in a graphene epoxy interface) (Fig. 6), 10 μm
(critical length) (Fig. 7) and 20 μm (greater than the critical length)

(Fig. 8). We have considered weight fractions of 0.1%, 0.3% and 0.6%
for filler content, which are values commonly used in experimental
analyses.

The effect of an applied angular distortion on the shear stress

Fig. 7. Shear stress and tensile stress in the interface for filler length of 10 μm.

Fig. 8. Shear stress and tensile stress in the interface for filler length of 20 μm.
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distribution is more significant for small filler contents, and vanishes for
larger ones, as subfigures (a) to (c) in Figs. 6, Figs. 7 and 8 show. This is
due to the stiffening effect of the nanofiller. The resulting damage and
axial stress distribution (and its mean value) are consequently affected,
as shown in subfigures (d) to (f) in the same figures. The effect is also
larger for small simultaneously applied axial strains since, if no dis
tortion existed, the onset of damage would not have been reached at
any point of the interface.

The effect of an applied angular distortion is much more notable for
small lengths. This is the expected behavior, with a larger slope in the
shear distribution due to a greater matrix filler longitudinal separation
produced by a given applied strain, as the stiffening effect provided by
the nanofiller is smaller.

3.2.2. Interface longitudinal stiffness (KII)
For a given strain state, a greater interface longitudinal stiffness will

increase the values of the shear stress distribution, so the existing in
terfacial damage will be increased as a result. Consequently, the effect
of angular distortion will be magnified if the longitudinal stiffness in
crease. This can be clearly observed in Fig. 9, where an applied long
itudinal strain of 1% and a transverse strain of 1.5% are simultaneously
applied. As described in section 3.1.2, the effect of the transverse strains
is weak.

However, for large longitudinal stiffnesses, the effect can become
evident, as it dramatically increases the damage at the filler midpoint
(Fig. 9(b)). As damage is increased, the axial stress distribution will
show lower values and consequently a low mean value, which implies a
decrease in the homogenized axial stiffness.

3.2.3. Interface transverse stiffness (KI)
The effect of KI is not quite as significant as that observed with the

aforementioned parameters, since the substantial nanofiller length/
thickness ratio implies very small interfacial displacements even for
large strains. The transverse separation's contribution to the damage
energy is thus very small in comparison to that produced by the other
strain states. Fig. 10 shows the effect of a large applied transversal
strain of 2.5% for different interfacial transverse stiffnesses. Even for

Fig. 9. Effect of the longitudinal stiffness.

Fig. 10. Effect of transversal strain on the interface (2.5% transverse strain).

Fig. 11. Effect of fracture toughness on the interface. εx= 1.5%.
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the largest values, the shear stress caused by the applied transverse
strain has a maximum value of 700 Pa, far below the 0.5MPa needed
for the initiation of debonding. Therefore, as pointed out in section 2,
the effect of the transverse strain is not considered predominant, as the
stress produced is small with respect with those produced by other
strains. The damage figure is not shown, as the damage is inexistent and
the tensile stress distribution is the same in all cases.

3.2.4. Fracture toughness (G)
Fig. 11 shows that the effect of an applied angular distortion is not

sensitive to variations in the fracture energy. If damage is present,
fracture energy will govern the value of the shear stress appearing at
the damaged zone. As shown in Fig. 11(a), the influence of the fracture

energy on the shear values at the damaged zones is small. Increasing
fracture energy implies a lower slope in the shear stress distribution at
these zones, tending to zero as fracture energy tends to infinity. How
ever, the slope difference is small. Consequently, the changes in the
tensile stress distribution and its mean value are small.

3.2.5. Interface strength
Greater shear strengths imply a larger maximum allowable shear at

the interface and consequently a greater strain is necessary to produce
the same damage. In theory, this would make the effect of an applied
angular distortion clearer, as the appearance of additional shear would
not imply increased damage. However, the effect is not notable even for
shear strength increases of 50%, as Fig. 12 shows. As explained in

Fig. 12. Effect of shear strength on the interface. εx= 1.5%.

Fig. 13. Effect of angular distortion on the damage criterion.
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section 3.1.2, the shift in the shear stress distribution produced by
angular distortion leads to increased shear towards one end. An in
crease in the shear strength leads to larger absolute shear values, but
the increase in the slope of the tensile stress distribution is not sub
stantial.

4. Macroscale design maps including shear and transverse strains

We have demonstrated that transverse strain and especially angular
distortion have a significant influence on the interfacial stress transfer
mechanisms at the nanoscale, by increasing the interfacial stresses and
consequently reducing the onset of damage. This reduces the slope of
the nanofiller tensile stress distribution and lowers its mean value as a
result, leading to a smaller homogenized stiffness. If this fact is not
considered when establishing failure criteria at the macroscale, the
macroscale strain state limit could be incorrectly defined.

To assess the safety factor at the nanoscale with respect to the da
mage produced for a given strain state including angular distortion, we
present the maps shown in Fig. 13. This can be used as a tool to de
termine the onset of damage when using a nanocomposite with given
constitutive parameters (nanofiller length, filler contents, interfacial
characteristics). We have used the parameters specified for the base
case in section 3.1 and extended the analysis to include two additional
lengths and filler weight fractions.

As observed in the figures, when compared to only considering
longitudinal strain, including angular distortion dramatically modifies
the damage criterion as the strain state limit is considerably reduced.
This effect is especially observable for small nanofiller contents, as the
reinforcement effect is obviously smaller. For growing damages, the
effect of the strain state is less significant as most of the interfacial
damage has already occurred [34].

Fig. 14 shows a specific result from the maps for a filler weight
fraction of 0.6%. Observe that for an angular distortion of 2° the
longitudinal allowable strain limit is approximately 25% smaller than if
it is not considered. The difference rises to 40% for an angular distor
tion of 3°. This shows that its effects must be considered when estab
lishing failure criteria at the macroscale. Results where shear strain is
zero can be compared with the results obtained by Guo et al. [19].

5. Conclusions

Transverse strain and especially angular distortion have a sig
nificant influence on the stress state at the nanoscale, reducing the
onset of damage and consequently worsening the elastic properties of
the nanocomposite. They should, therefore, be considered when es
tablishing macroscale failure criteria, as multiaxial strain states will

appear if, for instance, filler misalignment or stress concentrators exist.
Few works have been found that consider these parameters.

Whereas transverse strain has a weak effect because the thickness of
the nanofiller is small in comparison to its length, the effect of angular
distortion on the interfacial stress state is substantial. It produces a shift
in the shear stress distribution and increases shear towards one of the
interface ends, which increases damage and reduces the stress trans
ferred to the nanofiller.

Whereas the effect of an applied angular distortion is more notable
for small filler contents, small fiber lengths and stiff matrix filler in
terfaces, it is less sensitive to changes in transverse stiffness, interfacial
strength or fracture energy, since the change in the shear values and
consequently in the damaged zones is not large and the modification of
the slope of the nanofiller stress distribution is thus small. This implies a
weak influence on the mean value of the stress distribution and con
sequently of the nanocomposite stiffness.
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