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ARTICLE INFO ABSTRACT

Keywords: 2D nanoparticles, such as graphene or graphite nanoplatelets, are used as additives in polymer matrices to
Surrogate model improve their stiffness and electrical conductivity. In this paper, a finite element-based model for homogenized
AmSOtrOPY o macrolevel stiffness is developed to understand the increase in stiffness of the epoxy matrix induced by
gomputz'attlonal homogenization graphene nanoplatelets. The model uses image segmentation of regular SEM micrographs to account for
G(::;izsri:s the morphology of the graphene platelet network. Here, it is essential to include a fluctuation field in
Homogenization computational homogenization to describe microstructural relaxation. Platelets of the microstructure are

modeled as embedded membranes, assuming perfect bonding to the polymer. To estimate the stiffness of
the membrane, we used molecular dynamics simulations from a related paper on layered graphene platelets.
A novel feature is the identified anisotropic and isotropic elastic surrogate models obtained by least-squares
fits of homogenized microstructural responses. Surrogate models serve as a basis for the evaluation of the
stiffness of the nanocomposites, and these models are validated through the Halpin-Tsai and Mori-Tanaka
models. According to the experimental investigation, the results show that the samples exhibit an increase in
stiffness of up to 10 % to 30 % for GNP contents ranging from 1 to 5 wt. %, respectively, obtained from the
morphological properties and the weight fraction of the carbon filler.

1. Introduction

The use of carbon fiber reinforced polymers (CFRPs) is continually
increasing in aeronautic applications in an attempt to reduce fuel
consumption. The use of carbon fiber reinforced polymers (CFRPs)
offers impressive weight savings potential for the aerospace industry,
and many CFRP components are in regular commercial use. These
components are typically based on composite laminates that suffer from
inherent challenges, such as delamination and brittle behavior, related
to their lack of through-thickness reinforcement. Graphene additives
exhibit high thermal and electrical conductivity, excellent barrier prop-
erties, and extraordinarily high strength, enabling the development
of multifunctional composites without adding significant weight to
the components. Review articles [1,2] highlight the evolving field of
graphene-related materials, in particular graphene-reinforced polymer-
based composites with enhanced multifunctional properties. In earlier
studies, inherently poor mechanical properties through the thickness
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of the laminate have been shown to be enhanced by aligned carbon
nanotubes at the interfaces of the ply [3]. 2D nanostructures, such as
graphite nanoplatelets (GNP), are now being explored as base resin
additives in epoxy to improve these properties for CFRP. In particu-
lar, a significant increase in fracture toughness has been reported for
GNP-enhanced unidirectional CFRP prepregs [4].

The mechanical response of graphene and related nanomaterials
in polymer nanocomposites has been extensively investigated from
the experimental perspective. For epoxy resins with well-dispersed
and functionalized samples using graphene oxide (GO), the stiffening
and strengthening effects are visible even at relatively low weight
fractions <1 wt.% [5-7]. We also note the related increase in fracture
toughness [8], while size effects are generally less pronounced in well-
dispersed systems [9]. This is typically assigned to a good interaction
between epoxy (as well as other thermoplastic matrices [6,10]) and
the functional groups present in GO. A better interaction between
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Fig. 1. SEM (a) and AFM (b) micrographs of representative GNP flakes.

nanoparticles and the matrix reduces the tendency to reagglomera-
tion and naturally leads to better dispersion, while at the same time
increasing the stiffening effect by improving the bonding with the
polymer chains [11]. However, for GNP-epoxy systems, the interaction
is weaker, leading to less pronounced stiffening and often harmful
effects on tensile strength [12]; nevertheless, both an increase and a de-
crease in this property have been reported [10,13]. Furthermore, higher
weight fractions tend to be considered for the GNP-epoxy system, typi-
cally 1-6 wt.%. For such large weight fractions, the increase in stiffness
is more visible at the expense of a lower fracture toughness [10,13,14].
The addition of graphene-related materials to polymer resin requires
optimized concentration and orientation to create material properties
that meet the stiffness and strength requirements of these composites.
For this, predictive modeling approaches are needed to assist in mate-
rial design, both for effective matrix behavior at the microlevel and for
the mesoscale of fiber-reinforced composites. The current mechanical
analysis methods for these nanocomposites use analytical methods for
the homogenization of the composite. Various approaches have been
adopted in the literature based on the rule of the mixture, the Halpin—
Tsai and Mori-Tanaka models, to estimate the effective elastic mechan-
ical properties, for example [10,15]. More recently, Meng et al. [16]
applied the Halpin-Tsai model for GNP-epoxy nanocomposites, noting
discrepancies between predicted and experimental elastic modulus val-
ues due to the assumption of a perfectly random distribution of GNP
flakes; however, surfactant modification improved accuracy by ensur-
ing a more uniform dispersion in epoxy. Another recent article used
finite element modeling of the micromechanics of a hybrid GNP-CNT-
epoxy nanocomposite, emphasizing the effect of particle alignment on
stiffness, in good correlation with predictions and experiments [17].
Haghighi et al. used multiscale modeling to determine the mechan-
ical properties of GNP-CNT-epoxy nanocomposites. They used two
distinct combinations of computational methods: molecular dynamics
(MD) paired with finite element analysis, and MD combined with mi-
cromechanical modeling. Both approaches overpredicted the modulus
improvements [18]. Difficulties arise with analytical homogenization
as a result of the inherent planar nature of graphene and graphite
nanoplatelet reinforcements. As can be seen in previous studies [13,
19,201, the stiffness tends to be over- or underestimated depending on
the application of the Halpin-Tsai or Mori-Tanaka methods. Various
approaches are proposed to adjust for the shape of platelet filler, for
example [13,21]. In the method presented by Young et al. [22] an
effective modulus is formulated in the reinforcement plane of graphene
nanoplatelets using shear lag theory for shear stress transfer between
the constituent surfaces [23]. Multiscale computational approaches
have also been considered at the molecular level [14] based on MD
modeling and continuum mechanics based on the microlevel [24].

In this paper, we exploit the formulations presented in [24] based
on computational homogenization [25,26] for the effective elastic prop-
erties of epoxy composites enhanced with GNP with various weight
fractions of the content of carbon nanoparticles. Dirichlet and periodic
boundary conditions in the weak sense [27] are used to describe
the crucial fluctuation of displacement in the microstructure. 2D-GNP
enhancements in the composite are treated as membranes embedded in
the bulk polymer [28]. These membranes have their own mechanical
balance relationship, which adds a stiffening membrane effect to the
composite. The properties of neat epoxy are taken from standard tensile
tests and a data sheet, while molecular dynamics simulations presented
in [14] of the layered graphene elements are used to estimate the
stiffness of the membrane. A representative area element (RAE) of
the reinforced polymer matrix is established on the basis of regular
SEM micrographs of the graphene nanoplatelet network. Unlike X-ray
computed tomography image data that identify 2D phases as volumes
[29], micrographs are used here to segment virtual representations of
the microstructure morphology in terms of the polymer matrix and
the membranes that represent the GNP network. A special duplication-
based segmentation procedure is developed to fit the microstructure
to the (given) weight fraction of the GNP. From the homogenization
analysis, the macroscopic stiffness properties are simulated in relation
to the isotropic elastic and anisotropic surrogate models fitted with
least squares. Compared with experimental results, it is necessary to
include a finite element-represented fluctuation field in computational
homogenization to describe proper microstructural relaxation. The re-
sults show that the samples exhibit an improved stiffness of up to
10%-30% due to the morphological properties and the weight frac-
tion of the GNP content. The anisotropic surrogate model reveals a
significant local variation of the stiffness parameters for increasing
volume concentrations and for different orientations and distributions
of the graphene. Estimates are generally slightly higher than those for
experimental tensile testing.

2. Materials and methods
2.1. Experimental development of graphene—epoxy composites

Epoxy-GNP nanoplatelet composites were prepared to serve as a
model system to validate the stiffness homogenization model developed
herein. A two-component aeronautical grade epoxy system (Araldite LY
5052/Aradur 5052) was used as the matrix. The graphene nanoplatelets
used were exfoliated graphene/graphite nanoplatelets supplied by 2D
fab, without any modification. The flakes have an average thickness
of 5.57 + 0.50 nm, as measured by atomic force microscopy (AFM,
Brucker Dimension Icon, Massachusetts, USA), which is equivalent
to approximately 17 layers [30]. The average lateral size is 0.88 +
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where [ is the average depth of the GNP particles. The GNP volume fraction v9

based on the number of visible GNPs, whose average thickness is ¢ on the surface

Fig. 2. GNP volume fraction based on surface image analysis.

0.38 pm, measured by scanning electron microscopy (SEM, Jeol JCM-
6000 Plus, Tokyo, Japan) micrographs (Fig. 1). A suitable amount of
graphene nanoplatelets was first manually mixed with the liquid resin
in a beaker, and then the system was sonicated for 120 min in a
70 W 40 kHz ultrasonic bath (Sanders SoniClean 2PS, Minas Gerais,
Brazil), with manual stirring every 40 min to maintain homogeneity.
The acoustic power delivered to the samples was measured using the
calorimetric method [31] and was found to be ~ 0.53 W. Previous
studies have shown that this dispersion method is able to disperse the
GNP flakes whilst maintaining their electrical and mechanical proper-
ties [32]. After the addition of hardener, the mixture was poured into
the appropriate silicone molds, cured at 25 °C for 24 h, and post-cured
at 100 °C for 4 h. The weight fraction of the graphene nanoplatelets in
the cured composite was 1, 3 and 5 wt.%. It is important to note that the
addition of GNP to the resin substantially increases its viscosity, which
may pose challenges in achieving a completely uniform mixture.
Scanning electron microscopy images of the cross section of the
composites were used as input for the finite element analysis. The
composite sample was initially cut with an Isomet cutter (Buehler,
Illiois, USA), and the exposed surface was sanded and polished with
nanosilica as the polishing medium. The sample was sputter coated
with a 15 nm thick gold layer, and microscopic observations were made
on the SEM with a voltage of 10 kV and a secondary electron detector.

2.2. Experimental tensile testing of the graphene—epoxy composites

Experimental tensile tests were carried out using an Instron uni-
versal testing machine (Massachusetts, USA) equipped with a 50 kN
load cell, following the ISO 527 standard guidelines. Dumbbell-shaped
specimens of 1BA type were prepared and the tests were carried out at
room temperature with a crosshead displacement rate of 1 mm min~!,
corresponding to a strain rate of 6.67 x 10~* s~!. Five specimens for
each condition were tested and the results were averaged.

2.3. Image segmentation of GNP enhanced epoxy composite

Microscopic images of the GNP-epoxy composites collected exper-
imentally were then used to create virtual representations of the mi-
crostructure of the experimental material. Fig. 2(a) shows sections of
graphene nanoplatelets that appear as light gray lines, showing the 2D
morphology of GNPs in the composite in terms of different lengths and

Fig. 3. Digitized microstructure (red lines) over micrograph for a 3 wt.% GNP content.

thicknesses of GNPs in the darker epoxy matrix. Micrographs such as
the one in Fig. 2(a) were segmented using the Digitizer tool available
in the Origin graphing software (OriginLab Corporation, Northampton,
USA). The image segmentation process was carried out by picking the
coordinates of each beginning and end of the observed GNPs to digitize
the micrograph, approximating the visible GNP morphology as lines
between the beginning and end points. Aggregates of GNPs or non-
straight GNP morphologies have been approximated, discretizing them
into several lines (polyline). In segmentation, GNPs are assumed to be
membranes, identified through digitized polylines, embedded in the
polymer matrix. An example of a segmented microstructure is shown in
Fig. 3. It is emphasized that only the surface of the sample in Fig. 2(a) is
visible by SEM; in this case, with the internal surface of the GNP-epoxy
composite of 3 wt%.

Because only a portion of the GNPs is visible from the SEM, it is
necessary to combine the segmentation with the volume and weight
fractions of the GNP filler from the processing of the composite. To this
end, it is assumed that GNPs are randomly distributed on the surface
and in the volume of the statistically representative cube with the total
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volume V as in Fig. 2(b). The schematic in Fig. 2(b) shows the enhanced
polymer by GNP, where the total volume of GNP can be represented by
Ve =1t fOL’ ds. Note that L, is the total length of the dimension in the
plane of the 2D GNP elements, while / is the depth of the GNP elements.
With the average thickness ¢ for all GNPs, the volume fraction is

n
Ug:%g:%:nd%Withng;/lidS @
where L is the visible length of the GNPs from the SEM-analysis taken
as the sum of all sub-lengths of the GNP intervals I; of the digitized
microstructure in Fig. 3. In (1) we also introduced the number of
duplicated 2D morphologies n, that are required to preserve the given
volume fraction of GNP from nanocomposite processing. Therefore,
we emphasize that n; is not the number of layers of GNP-flakes; it
is considered a representative value of the invisible flake morphology
from the 2D SEM analysis. Furthermore, the intrinsic densities of the
GNP and matrix are p, and p,,, respectively, so that the weight fraction
w8 of GNPs is

ngg P®

g — = = —— M 2
o (= o) pur 0T et g, (1= wh) @
Upon combining (1) and (2) we finally arrive at
2 g
"y a W ppy (3)

T I (1 —ws)p, + wsp,

3. Computational homogenization and elastic surrogate modeling
of the nanocomposite

3.1. Homogenization procedure

To predict the increase in the stiffness of the nanocomposite, a finite
element-based homogenization procedure has been developed. In this
method, the effective elastic representation of the 2D nanoplatelet-
enhanced epoxy composite is homogenized using computational ho-
mogenization, where the 2D GNPs are modeled as membrane rein-
forcements embedded in the neat epoxy [28]. For homogenization,
embedded GNPs are resolved using the image analysis method pre-
sented in Section 2.3. Only a portion of the GNPs are visible from
the SEM; however, we let the orientation and discrete locations in £
of the GNP elements obtained from the surface images represent the
morphology of the nanostructure. Taking into account a GNP element
in the schematic Fig. 4b, the natural coordinate s runs along the
material points x[s] of the GNP membranes. The tangent vector is
n = x'[s]. As alluded to in Fig. 4b, the dimension of the GNP elements
in the depth dimension is /. The GNP stress response is governed by
the normal force of the membrane N. In terms of interaction with the
polymer, full GNP-polymer bonding is assumed.

The planar region Qg is assumed to be a plane strain sheet with
thickness / as shown in Fig. 4. In the present context with embedded
membranes in the polymer matrix, the Hill-Mandel condition [26]
yields the virtual work equivalence between macroscopic and micro-
scopic fields as

Ao : b€ =/ ole] : 5edQ+/N[e]5eds Vée 4
on L
where A = 4 is the area of the square region 2. As mentioned, it is
assumed that the normal strain of the GNP membranes is affine with
the strain of the polymer, so that ¢ = (n ® n) : e. Furthermore, in
(4) an overbar denotes quantities at the macrolevel, whereby & is the
homogenized macrostress and §é is the virtual strain at the macrolevel.
At the microlevel, ¢ is the polymer stress, N [N/m] is the normal
membrane force of the resolved GNPs and ¢ is the engineering strain.
To link macro- and micro-stress responses, the strain at the mi-
crolevel e is subdivided into terms of a subscale strain ¢* defined as
€ = € + e[u’], where u* is the subscale displacement field. Also, note
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that € is the given macroscopic strain and u® is the subscale displace-
ment field resolved by FE from the balance relation (6) below. The
corresponding homogenized macrostress of the GNP enhanced polymer
is then obtained as

n
&= 6™ + 69 with 6™ = L 6dQ and 69N = L Z Nn @ nds
A/, A&,
O =1 i

)

where n is the number of visible GNPs of the RAE. The second part
5%NP of macrostress represents the additional contribution due to the
membrane action of the embedded GNPs. This results from the virtual
work done by the microstructure in the RAE considering the full
interaction between the embedded GNP-membranes and the matrix.
The structure tensor n ® n specifies the orientation of the membrane
action. We emphasize that the membrane force N (with unit N/m)
is a different quantity compared to the stress, while the homogenized
membrane stress NP has unit MPa.

Fundamental to the homogenized response in (5) is that the micro-
stress o[e] and membrane force N|[e] fields are self-balancing in the
sense that

/ o :eou’] dA+Z/ Nlelseds
0 i=1 i

=/ (t-6lu’l, + 6t - [w’ll,,) ds Véu®, 6t (6)
I

m

corresponding to the separate static equilibrium statements for the bulk
and for the GNP-elements within the RAE

6-V=0Vx €y (72)
dN
oo = OVxlsl €1y, (7b)

where V is the gradient operator. In (6), full bonding is assumed for all
GNPs, which is ¢ = (n ® n) : €[u*]. To allow periodic boundary condi-
tions (PBC), the tractions are t,,+t, = 0 and the subscale displacements
are uj), — u; = 0 on the master (subindex m) and backsides (subindex b)
of the RAE boundaries, as shown in Fig. 4a. As an extension of [24],
this is formulated in a weak sense in (6) where we used the notation
[w'll,, = u), — "2' More details are found in [27]. In the case of weak
Dirichlet boundary conditions (DBC), we simply let [u*],, —» u* along
the entire I'; of the RAE.

The balance relation (6) is solved using finite elements, approxi-
mating the subscale field u*[x] so that the bulk polymer is discretized
using standard 2D bilinear elements and the membrane structures are
considered consistent with the bulk polymer elements. Moreover, piece-
wise constant tractions ¢ are considered along Ity,. The membranes
are embedded within the common face between two adjacent bulk
FE elements. Here, elastic response of the bulk and the membranes is
assumed so that

6=E,: (e+eu]) with E, =2G,I,+K,1®1 (8a)
N :=ny E/ (¢ + e[u’]) (8b)

where G,, and K, are the elastic shear and bulk moduli for the isotropic
neat epoxy. We also introduce the fourth-order deviatoric projection
operator I, in terms of the fourth-order I and second-order identity
tensor 1 defined by I, = I - %1 ® 1. The fourth order projection
operator projects any second-order tensor onto its deviatoric part; for
example, the strain deviator is e; = I, : € = € — %eul. Further
elaboration on this definition can be found in a prior publication [33].
Furthermore, in (8b), E/ is the stiffness of the GNP membrane. The
membrane stiffness appears to depend on the number of layers of GNP
particles, as discussed in Section 4.
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Fig. 4. Representative area element, with side length a, of GNP elements embedded in neat epoxy. (a) Principal 2D image of GNPs embedded in the polymer matrix in the RAE
region 2. To handle periodic boundary conditions, the boundary consists of master boundaries I'5, (on top and to the “right”) alongside back boundaries I1y,. (b) Close-up of
GNP considered as a membrane with material points x[s] in terms of natural coordinates along the interval I. The unit tangent vector of the membrane is n = x'[s].
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Fig. 5. Schematic of the equivalent transverse isotropic elastic representation of
the computationally homogenized nanoplatelet-reinforced composite. The preferred
orientation is ny.

3.2. Transverse isotropic elastic surrogate model

To investigate the stiffness variation in the composite as induced
by the morphology of the SEM images, a surrogate transverse isotropic
elastic model is introduced. The homogenized composite is assumed to
have a preferred orientation n, that rotates an angle 6 with respect to
the vertical y axis of the RAE, as shown in Fig. 5. We emphasize that the
investigation concerns the degree of elastic anisotropy and that there
is no connection to any other physical orientation of the sample.

The elastic stiffness is established from three independent deforma-
tions applied to the RAE, whereby we obtain the elastic stiffness for the
planar case in Voigt form as

51 =2 53

X X X

i =2 =3
E - y %y %y (€)

=1 72 3

Xy xy  xy
Here, each column is the homogenized stress response {5’ = 64,6y,
T)}iz123 Of the triad of unit deformations {&' = (¢,,¢,,7xy)} iz123
defined as

(10)

Following the developments in [33], transverse elastic isotropy may
be represented in tensor form as

E=2GI,+2GI,+K1®1+ Emy Q@ m, with my =n, @ n, an

The fourth order shear tensor I, projects an arbitrary strain into pure
shear associated with n, defined as

1,= 2 (18my + my@1) - my @ mg a2

In (11), G and K are the isotropic shear and bulk moduli for the
nanocomposite, while the anisotropy parameters G, and E are the con-
tributions of shear and normal stiffness associated with the preferred
orientation n, induced by the platelet mixture. It appears that the
elastic parameters {G, G, K. E } are related to the classical parameters
of elastic transverse isotropy {E;, Ey,Gy;. Gy, vjp} (“1” denotes the

longitudinal “fiber” direction), cf. [33], as

4G(E(G + 3K) + 9GK)
E, = , Gy =G,
E(G + 3K) +4G(G + 3K) 13
9GK Gy 9K
E=E+— ,Gp,=G+ —, =72
T A ML Chal Yooy ot

Here, the sensitivity to the orientation of the “fiber” (or anisotropy)
is reflected in the ratio E,/E,. Note that the ratio E,/E, — 1 as
the “fiber” stiffness E — 0 and the shear stiffness G, —» G when
G, — 0. Furthermore, to obtain the equivalent transverse isotropic
elastic representation of the computationally homogenized nanoplatelet
reinforced composite in (9), a least squares fit is defined from the
minimization problem

— 2
(G.G,,K.E.0} = arg <min )g—g’ > w {Ey, Gy, E1,Gppyvpp, 0} (14)

where E is the Voigt matrix representation of the tensor in (11). The
output from the least-squares fit includes the parameters {G,G,, K, E,
0}, which define the macrolevel stiffness E, leading to the classical
transverse anisotropy parameters in (13). Note that the orientation
vector of the preferred GNP orientation vector n, is identified from the
orientation angle # in the planar case as n,y = {sin#8, cos 6,0}, cf. Fig. 5.
In practice, it turns out to be very difficult to evaluate the best fit with
respect to angle 6. Instead, a search algorithm was adopted, varying the
angle in the range 0 < 6 < 180°, to obtain the global minimum in (14).
As alluded to in (14), we make use of (13) to convert the identified
model parameters to the corresponding classical ones.
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Fig. 7. Tensile test curves for neat epoxy and GNP-reinforced nanocomposites (left); averaged elastic modulus as a function of GNP weight content (right).

3.3. Isotropic elastic surrogate model

We also consider isotropic elasticity to act as a surrogate model for
the homogenized response of the nanocomposite. Then it is assumed
from the outset that there is no preferred orientation of the stiffness
properties. This property is anticipated for well-dispersed specimens in
processing, although local anisotropy may be present without affecting
the overall behavior at the macrolevel. The procedure is completely
analogous to the one described in 3.2 for the assumed anisotropic
response, where the isotropic elasticity stiffness tensor is defined as

E =2G;

iso Id+Kisol®1 (15)

The minimization problem for the best fit is then redefined for the

isotropic elasticity parameters {K;,,. G, | as
= 2

{Kim’ Gisa} = arg | min ‘E - £| -~ {Eiso’ Viso} (16)

The elastic constants { E;,, v;,,} are related to the output fitting param-

eters from (16) through
E. 9KiSDGiso

iso = W s Viso

iso iso

_ Eiso

2G

-1 a7)

iso
4. Experimental results and data preparation

To estimate the stiffness of the GNP membrane E/ in (8b) the
results of [14] on the GNP-reinforcement of epoxy are exploited. Here,
the homogenized stiffness modulus in the lateral direction Egy ¢ is
obtained from MD simulations of a representative unit cell (RUC) as
in Fig. 6. Different results are reported for a number of polymer-
graphene functionalized layers. Upon assuming the rule of mixtures for

Table 1
Material parameters for elastic isotropy of the neat epoxy and mechanical properties
of a GNP layer.

E, Vi G, K, E/ =n t, E,
MPa - MPa MPa N/m
2674 0.36 983 3183 297.82n,

the 1D lateral response of the RUC, we find that the contribution of the
intrinsic graphene stiffness is

_ Egye —(1—09NP)E,
ES - VGNP

GNP _ _1

(18)
GNP

with v

where v9N? is the volume fraction GNP in the RUC and Egy is
the homogenized lateral stiffness from the MD-simulations in ref [14].
Here, the stiffness contribution of the polymer is included, even when it
is relatively small. From the data in [14] for v“N? and Egy based on
the cross-link density of the polymer 80%, we find that the intrinsic
stiffness is fairly insensitive to the number of layers. The average
value is E, ~ 876 - 103 MPa, taking into account the stiffness of the
matrix E, =2674 MPa. The stiffness of the GNP membrane in the
RAE representation (8b) is then E/ = p t, E,, with 1, = 3.4 A as
shown in Table 1. Here, it can be observed that E/ (with n 1) is
slightly reduced compared to the experimentally determined values of
the linear part of a graphene monolayer [34].

The neat epoxy was tested as specified in Section 2.2. The results are
shown in Fig. 7, where the linear regime is used to obtain the modulus
of elasticity. The Poisson ratio is v,, = 0.36, which leads to the elastic
isotropy properties in (8a) of the epoxy. The corresponding shear and
bulk stiffnesses are shown in Table 1. Tensile tests of nanocomposite
samples were performed for the different weight fractions considered.
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Fig. 8. Resulting image segmentation into matrix and membranes of different regions of the nanocomposite: (a) first material point at 1 wt.%, (b) second material point at 1
wt.%, (c) first material point at 3 wt.%, (d) second material point at 3 wt.%, (e) first material point at 5 wt.%, (f) second material point 5 wt.%.

Table 2
Elastic modulus from experimental test of the GNP-epoxy composites.
Sample E Stiffness increase
MPa %
GNP 1 wt.% 2941 + 55 10
GNP 3 wt.% 3193 + 85 18
GNP 5 wt.% 3366 + 113 26

The results are collected in Table 2 and are included in Fig. 7 along
with the observed scatter. According to [13], the experimental elastic
stiffness is increasing, while the tensile strength decreases with increas-
ing weight fraction of the present GNP-filler. It is also noted that the
neat epoxy exhibits slightly less brittle behavior compared to that of
the GNP-enhanced epoxy.

To study the effect of GNP enhancement on the polymer, two images
of each fraction of GNP weight were used to develop the discretized
GNP enhanced polymer using the image segmentation described in
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Section 2.3. The weight fractions considered are w¢ = 1, 3, and 5 wt.%.
Three discretizations are developed based on the three different weight
fractions, resulting in morphologies of the GNP distribution, as shown
in Fig. 8. For each weight fraction, two different local material regions
presenting different microstructures are considered.

5. Surrogate model identification

To identify the surrogate models, elastic finite element plane strain
analyzes are carried out following the sequel (5)—(14). The sample is
discretized using standard 2D bilinear elements, and the GNP mem-
branes are embedded along the boundaries between the elements.
Our experience is that the details of the mesh design and the size
of the RAE are minor for the analysis in the present examples. As
mentioned in Section 3.2, the elastic stiffness is obtained from homog-
enized stresses based on the application of normal macroscopic units
and shear strains to the RAE. To relate the homogenized response to
the model parameters for the anisotropic elastic response, the least
squares fit in (14) was adopted based on a search for each angle 0 <
0 < 180°. Fig. 9 shows the resulting microscopic stress distribution
for von Mises stress and membrane forces due to the unit shear load
considered in computational homogenization. The results are shown for
the microstructure in Fig. 8(c) at 3 wt.%. Here, the GNP distribution
stiffens the polymer through the membrane stress response of the GNP
membranes. As shown in Fig. 9, the Taylor assumption is reflected
in the too high membrane forces in the GNPs, corresponding to an
overstiff response of the RAE. When the FE-resolved fluctuation field is
considered, a more relaxed response is obtained in the GNP-membranes
of the RAE. The PBC in Fig. 9 produces a slightly more relaxed RAE
compared to the DBC.

Table 3 shows the results of the identified transverse elastic isotropy
parameters. In general, an increase in the weight fraction of GNP leads
to significant stiffening of the composite. Taking E, as a representative
parameter, we find that for the lowest weight fraction of GNP, the
increase in stiffness (compared to the isotropic neat epoxy parameters
in Table 1) is approximately 10%. A greater increase in stiffness is
obtained in the biased E, direction (20—50%) compared to the increase
in the orthogonal 2-direction (up to 10—-30%). Taylor’s assumption (T),
u® =0, is included in Table 3. As expected, unrealistic overstiffening is
obtained compared to the more relaxed RAEs. Therefore, the fluctua-
tion field u* governed by the static momentum balance of the RAE plays
an essential role in relaxing the stresses of the RAE.

For comparison, we consider the predicted isotropic elastic response
of computational homogenization along the lines set out in Section 3.3.
Table 4 shows the parameters identified for all microstructures shown
in Fig. 8. In this case, the increase in the weight fraction of GNP yields a
stiffness increase of up to ~ 13—50%, depending on the weight fraction.
Moreover, this increase is about the same for both the elastic moduli
and the shear moduli for all microstructures. As expected, E; , gives an
intermediate value between E, and E, of the transverse isotropic elastic
model. Again, it is observed that the sensitivity to the choice of DBC
or PBC is minor. Hence, we may conclude that the realizations of the
individual microstructures are representative of the elastic properties
of the nanocomposite.

6. Halpin-Tsai and Mori-Tanaka models

In order to validate the elastic stiffness predicted by the surro-
gate models, we follow the developments in [13,19,20] and apply
the Halpin-Tsai (HT) equations to the case of randomly distributed
GNPs. In the articles, the semi-empirical homogenized elastic stiffness
modulus Eyp for 3D randomly oriented flakes is composed of a 4/5
contribution from GNPs oriented off-axis to the loading direction and a
1/5 contribution from flakes aligned with the loading direction. The HT
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Fig. 9. von Mises stress distribution in polymer and membrane forces N of GNP
membranes from FE analysis for a unit shear load applied to the sample at 3 wt.% in
Fig. 8(c). Different boundary conditions for the fluctuation field are considered: Taylor
assumption (top), Dirichlet boundary conditions for u* (center), and periodic boundary
conditions for u* (bottom).

stiffness is summarized in terms of matrix stiffness E,, and the standard
HT “fiber” stiffening function f, defined as

. 1 g
Eyr=E, (%f[Z] + éf[%]) with f[&] = %
nlé) = Ee/En—1 19
Eg/Em+§

where & = 2lga10/ ake 1S the length and the thickness of the GNP flakes
and v® is the volume fraction of GNPs considered in (2). In view of
the measured lateral flake size and flake thickness in Section 2.1, we
estimate ¢ = 2(8.8 x 107)/(5.5 x 107) = 320. Moreover, assuming
that the GNP-stiffness is isotropic with respect to the longitudinal flake
orientation, the ratio E,/E,, is 876 x 103 /2674 = 328. Here, it may be
observed that f[¢ — o] corresponds to the Voigt bound (or isostrain
condition) for GNPs continuous in the loading direction, while f[¢é —
0] corresponds to the Reuss bound (or isostatic condition) for GNPs
continuous transverse to the loading.

We also consider the Mori-Tanaka (MT) method [35], applied to
a spherical inclusion in the epoxy matrix. Therefore, GNP flakes are
approximated as an embedded GNP sphere in the matrix with volume
fraction v¢. The homogenized strain € of the continuum is obtained in
terms of the homogenized matrix strain €,, and the strain in the GNP
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Table 3
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Identified transverse elastic isotropy parameters from least-squares fits to the computational homogenization for the
microstructures depicted in Fig. 8 analyzed based on the Taylor assumption (T), Dirichlet boundary conditions (DBC), and

periodic boundary conditions (PBC).

ws Mic. E, Gy E, Gy Vis [4
(MPa) (MPa) (MPa) (MPa) °
T 1% 8(a) 5309 (99%) 1983 (102%) 5591 (109%) 2320 (136%) 0.33 99.9
8(b) 4589 (72%) 1625 (65%) 8988 (236%) 1625 (65%) 0.33 62.1
T 3% 8(c) 9139 (242%) 3310 (237%) 15919 (495%) 4655 (374%) 0.31 28.8
8(d) 10606 (297%) 3985 (306%) 14505 (443%) 4397 (347%) 0.29 18.9
T 5% 8(e) 13322 (398%) 4820 (390%) 22815 (753%) 6931 (605%) 0.32 5.4
8(f) 14473 (441%) 5340 (443%) 20445 (664%) 7377 (650%) 0.31 2.7
DBC 1% 8(a) 2973 (11%) 1084 (10%) 3279 (22%) 1084 (10%) 0.35 67.50
8(b) 2879 (8%) 1033 (5%) 3495 (30%) 1033 (5%) 0.36 61.2
DBC 3% 8(c) 3012 (12%) 1075 (9%) 3715 (39%) 1236 (26%) 0.36 20.7
8(d) 3371 (26%) 1216 (24%) 3980 (49%) 1315 (34%) 0.35 18.0
DBC 5% 8(e) 3443 (29%) 1238 (26%) 4150 (55%) 1370 (39%) 0.36 10.8
8(f) 3701 (38%) 1347 (37%) 4187 (57%) 1502 (53%) 0.35 180.0
PBC 1% 8(a) 2953 (11%) 1080 (10%) 3177 (19%) 1080 (10%) 0.35 67.5
8(b) 2858 (7%) 1030 (5%) 3352 (25%) 1030 (5%) 0.36 62.1
PBC 3% 8(c) 2990 (12%) 1071 (9%) 3590 (34%) 1213 (23%) 0.36 20.7
8(d) 3324 (24%) 1204 (23%) 3820 (43%) 1285 (31%) 0.35 17.1
PBC 5% 8(e) 3424 (28%) 1236 (26%) 4013 (50%) 1505 (53%) 0.36 4.5
8(f) 3656 (37%) 1331 (35%) 4141 (55%) 1429 (45%) 0.35 171.0

Table 4

Identified elastic isotropy parameters from least squares fits to the computational
homogenization for the microstructures depicted in Fig. 8 analyzed based on the Taylor
assumption (T), Dirichlet boundary conditions (DBC), and periodic boundary conditions
(PBQ).

w# Mic. E,, Gy, Viso
(MPa) (MPa)
T 1% 8(a) 5714 (114%) 2165 (120%) 0.32
8(b) 6346 (137%) 2421 (146%) 0.31
T 3% 8(c) 11572 (333%) 4497 (358%) 0.29
8(d) 11533 (331%) 4481 (356%) 0.29
T 5% 8(e) 17712 (563%) 6946 (607%) 0.28
8(f) 18782 (603%) 7373 (650%) 0.27
DBC 1% 8(a) 3022 (13%) 1118 (14%) 0.35
8(b) 3122 (17%) 1156 (18%) 0.35
DBC 3% 8(c) 3253 (22%) 1204 (23%) 0.35
8(d) 3407 (27%) 1259 (28%) 0.35
DBC 5% 8(e) 4118 (54%) 1544 (57%) 0.33
8(f) 4024 (51%) 1502 (53%) 0.34
PBC 1% 8(a) 3005 (12%) 1111 (13%) 0.35
8(b) 3033 (13%) 1121 (14%) 0.35
PBC 3% 8(c) 3207 (20%) 1187 (21%) 0.35
8(d) 3357 (26%) 1241 (26%) 0.35
PBC 5% 8(e) 4011 (50%) 1502 (53%) 0.33
8(f) 3957 (48%) 1477 (50%) 0.34

inclusion €, as

e=uv"¢, +1v8¢, withe, = A, :

A, =(I+S,:(E,: E;'-1))"!

€,, and

(20)

where A, is the local partitioning tensor obtained from Eshelby’s
inclusion method [36]. The constitutive stress—strain relations in the
constituents are given by

6,=E, : ¢, with E,, =2G, I, +K,1®1

(21
[ with E,=2G,1;,+K,1®1

o, =E, :
where E,, and E, are the isotropic elastic stiffness tensors of the matrix
and the GNP particles when confined to the sphere. The homogeneous
stress is 6 = V"o, + V8 Gy which combined with (20) and (21) yields
the homogenized E-stiffness as

6=Eyr:ew Eyy=(E,+05(E, : A,—E,)) : (I+0°(A;-1))""

(22)

It appears that MT-homogenized stiffness Eyp is isotropic for the
embedded sphere with the Eshelby tensor §,, = a; I+a,1®1; the explicit
result is

Eyr = 2Gyr D, + Kyl © 1 (23)
where
1+ (ﬁ—1)+ug(1 —al)(ﬁ—l)
G G,
GMT=Gm G G
1 +a (G—g —1) — vtay (2 — 1)
" " 24)
K K (
1+a3(K—g—1)+ug(1—a3)<K—g—1)
Kyr = K, = -

K K
1+ a3 (K_i - l) — V83 (K_j, —1)

and the coefficients are obtained in terms of the Poisson’s ratio v,, of
the matrix defined as

2 4-5v,

1 5y, -1
15 1-v,

TI51- Vi
For comparison, the isotropic parameters of the MT model are cal-

culated in terms of the homogenized modulus of elasticity Eyr and
Poisson’s ratio vy as

a3 = a; + 3, with a; = and a, (25)

Eyr Eyr
Gyr= ————— , Ky = ————— w Eyp 26
M= 2T v - M 31— 2uyyg) | MT > MMT 26)

7. Discussion

In Fig. 10 the parameters of the identified surrogate models consid-
ering PBC in Section 5, experimental tensile tests E,,, in Table 2 are
displayed together to facilitate interpretation. For validation, predic-
tions of the nanocomposite’s elastic stiffness based on the HT and MT
methods are also included. The morphology of GNPs is considered by
applying weights to the HT stiffening function f in (19). In applying
the MT model, we limit our focus to the isotropic response of the
nanocomposite from (26), considering the GNP filler as an embedded
sphere within the matrix with a volume fraction v#, and not taking into
account the two-dimensional morphology of the flakes.

From Fig. 10, surrogate models generally overestimate the stiffness
of the nanocomposite, with a higher overprediction for the highest GNP
content (5 wt.%). The transverse isotropic surrogate model suggests
a variation in stiffness ranging from E, to E;, where the stiffness E,
is more in line with the tensile tests, while the stiffness E, overpre-
dicts the experimental observation. We also note that the stiffness for
isotropic behavior, E;,, and G;,, takes intermediate values between

iso iso>
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Fig. 10. Comparison between the experimental stiffness (E.,,) and the stiffness values
obtained with the Halpin-Tsai (Ey;), Mori-Tanaka (Ey;) and the proposed isotropic
(Ejso,ppc) and anisotropic homogenization method (E; ppc and E, pyc).

those of the transverse isotropic, {E;, E,} or {G),,Gy;}, for almost
all cases. The adopted HT model yields slightly higher estimates of
the elastic modulus compared to the surrogate model, thus supporting
the results from computational homogenization. However, predictions
from the HT model are very sensitive to the adopted weighting of the
standard HT fiber stiffening function. The present application of the MT
model with the assumption of spherical particles does not account for
the GNP morphology. As a result, a lower bound to elastic properties is
obtained corresponding to a significant underestimate of stiffness. We
also observe the Voigt bound for continuous GNPs transverse to the
loading, that is, when the flake aspect ratio & approaches infinity. In this
case, we obtain the increase in stiffness f — 1 = {182% , 552% , 928%}
for the volume fractions corresponding to w® = {1% , 3% , 5%}, which,
as expected, exceed the increases predicted by the Taylor assumption
for the RAE in Tables 3 and 4.

The limitations of the homogenization method presented here in-
clude the variation of the image throughout the material and the
correlation between the 2D and the true 3D properties. The variation
in image across the material can be seen by averaging several samples.
However, if the nanocomposite has a significant amount of inhomo-
geneity, then more samples or larger volumes may be required in the
homogenization procedure. It is emphasized that the method uses a
2D representation, which artificially creates infinite plate structures (of
the 1D GNPs) that run out of plane, possibly leading to overprediction
of the stiffness. Furthermore, a perfect bond is assumed between the
GNP membranes and the matrix. This also contributes to overstiffening,
especially for higher weight fractions, because a larger GNP content
increases the surface/length of the interface.

8. Concluding remarks

In this paper, the homogenized macrolevel stiffness of the GNP/
polymer microstructure satisfactorily describes the increase in the stiff-
ness of the epoxy matrix as a result of the GNP-reinforcement. To
account for the morphology of the graphene platelet network in ho-
mogenization, a surface image segmentation analysis of regular SEM
micrographs was developed. Detail analysis includes digitization of
SEM-visible particles, FE-discretization, and duplication analysis of the
morphology to account for the given GNP-weight fraction. The GNPs of
the microstructure are modeled as embedded membranes with perfect
bonding to the polymer. Here, MD simulations of Hadden et al. [14] on

10
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a functionalized layered graphene element were used to estimate the
stiffness of the membrane. In computational homogenization, the fluc-
tuation field of momentum balance plays an essential role in describing
microstructural relaxation. Both PBC and DBC were considered for the
fluctuation field. As expected, the PBC yields a slightly lower estimate
of the surrogate stiffness properties. Anisotropic and isotropic elastic
surrogate models for microstructural behavior have been identified
through least-squares fits of homogenized responses. From the stiffness
assessment obtained via the surrogate models, the observed increase
in stiffness with respect to the weight fraction of GNPs is verified.
From the anisotropic model, there is a “directional” variation in the
stiffness, depending on the pointwise morphology of the GNP network.
Conservative consideration of the results shows an increase in stiffness
of up to 10% to 30% for samples reinforced with 1 to 5 wt.% of
GNP, respectively, obtained from the morphological properties and the
weight fraction of the carbon content. These findings from the surro-
gate models are also supported by validation against the HT and MT
models. In this context, the anisotropic surrogate reveals a significant
local variation in stiffness (even up to 50% increase). Estimates are
generally slightly higher than those for experimental tensile testing.
This may be explained by ideal perfect GNP bonding to the polymer,
the unseen out-of-plane morphology of the GNPs, and local variations
in the dispersion state.
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