


characteristics of the nanocomposite. More accurate nanoscale models
have been reported [17 22] for the prediction of different nano
composite properties in particular cases. Other researchers conduct
homogenization in a minimum representative nanoscale domain and
extract some conclusions at the macroscale [23 26]. However, few
models take into account, by means of a generalized approach, the si
multaneous as well as the individual influence of all the relevant nano
and macroscale parameters in order to accurately predict the complete
macroscale elastic properties.

This paper presents a multiscale model capable of taking into ac
count all the nano and macroscale parameters explained, requiring a
considerably low computational effort, which shows a very good cor
relation with experimental results. In addition, the simplicity of the
nanoscale model allows for the derivation of conceptual and quantita
tive conclusions regarding the influence of each parameter and also its
combined effect on the macroscale elastic behavior. The multiscale
methodology we propose in this work can be adapted to any kind of
nanofiller. However, the particular examples we provide correspond to
an epoxy/graphene nanocomposite. As the stress state and damage
mechanisms arising at the nanoscale will strongly depend on the na
nofiller shape, size, aspect ratio and mechanical properties, the results
would differ to those obtained if other kind of nanofiller had been used.

2. Methodology

When a uniaxial strain state is imposed in a macroscale domain,
local strain states at the nanoscale will not be uniaxial if, for instance,
misalignment exists. A correct representation of the macroscale stress
tensor implies the consideration of the full strain state (1), where
subindex i represents a generic nanoscale domain.

=E E G f ε ε γ[ , , ] ( , , )x y xy i x y xy i (1)

However, constitutive Eq. (1) are governed by the mechanisms
previously cited in section 2. The resulting nanoscale behavior will be
considered by means of a cohesive finite element model able to allow
for an accurate homogenization (2) (Fig. 2).
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lF being the nanofiller length, tF the nanofiller thickness, υF the nano
filler volumetric fraction, EF, EM, GF and GM the nanofiller and matrix
Young's and shear modulus, respectively; kI and kII the in plane and out

of plane interface stiffnesses, τa and σa the in plane and out of plane
interface strengths, and GII the interfacial fracture energy.

To obtain a simple yet accurate model, at the nanoscale we only
consider the nanofiller and interfacial properties. The remaining re
levant parameters misalignment, dispersion and length distribution are
considered at the macroscale, after homogenization is carried out at the
nanoscale model. This approach does not imply a substantial error,
given the quite good correlation of both nanoscale and macroscale
models with experimental results (see sections 2.1. and 3.3.).

Homogenization is numerically carried out through application of
the generalized Hooke's elasticity equations using the calculated mean
stresses σ σ τ, ,x y xy . Homogenization results for different imposed strain
states, volumetric fractions, nanofiller lengths and interfacial char
acteristics can then be stored as lookup tables for subsequent use in the
macroscale model.

The macroscale model is also solved by means of the finite element
method. Element strains are calculated and element constitutive
equations are consequently updated at each load step by means of the
lookup homogenization maps. With this methodology, misalignment
state, dispersion quality and length distribution can be easily con
sidered, by assigning different local coordinate system orientations and
constitutive parameters at each element. Finally, macroscale stiffness
can be calculated by application of the generalized Hooke's law at the
macroscale domain.

It is important to point out that the proposed model is intended for
the calculation of the nominal elastic properties of nanocomposites,
that is, in the small strain range, in the same fashion as other re
searchers, whose results have been used for validation [27,28]. This
allows for assuming that debonding is the main nanoscale damage
mechanism, as experimentally validated by other authors [29,30].
Consequently, we do not include other damage mechanisms, as crack
tipping, bridging or shear banding, only observable at crack surfaces,
where bigger strains have occurred.

2.1. Nanoscale model

We have used a Cohesive Zone Model (CZM) with mixed mode
debonding for calculating the resulting stresses required for homo
genization. As misalignment level and dispersion quality will be con
sidered at the macroscale, a Minimum Representative Domain (MRD)
was defined by assuming a perfectly dispersed and aligned nano
composite (Fig. 2), in the same fashion as other researchers [31].Where
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Different combinations of imposed longitudinal and transverse de
flections ΔX, and ΔY, were imposed at the MRD matrix free edges
(Fig. 2), as a function of the desired strain state (εX, εY, γXY) to be im
posed, according to (4), where x and y are coordinates of each edge
position at which a displacement is imposed.
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FEM discretization and model resolution were performed with the
software Comsol®. CZM interfacial elements and a mapped, shell ele
ment mesh with adequate aspect ratio and size were used. Symmetry
boundary conditions were not considered in the MRD due to the anti
symmetry associated to shear.

We validated the nanoscale cohesive model by comparison of the
results obtained by imposing a uniaxial strain state with the experi
mental results obtained by Guo et al. [27] and Lee et al. [32]. As shown
in Fig. 3, a remarkable correlation is obtained when using the same
stiffnesses, nanofiller length and volume fraction and interfacial para
meters as those found in the experiments (kI=74 TPa/m,
τa=0.5MPa, GF=0.08 J/m).

Fig. 1. Young's modulus experimental results (Bortz et al. [3], Tang et al. [7],
Wan et al. (2014) [8], Wang et al. [9], Wan et al. (2013) [10], Wei et al. [11],
Ahmadi et al. [12]) and Halpin-Tsai results.

      





dependent constitutive equations at each element as a function of the
calculated local strain state.

3. Results and discussion

For the validation of the proposed model, graphene polymer na
nocomposites are used due to the extensive literature regarding ex
perimental measurements available for validation and wide use of

polymer composites in engineering applications [3,7 9,34]. Unless
otherwise specified, following common parameters have been used for
all the figures: EF=1TPa, EM=1.55 GPa, kI=74Tpa/m,
τA=0.5MPa, σA=0.5MPa, kII=74000 TPa/m, GF=0.08N/m.

3.1. Nanoscale model: effect of imposed angular distortion

Interesting results arose from the nanoscale model. Fig. 5 shows the

Fig. 4. Examples of the definition of the character-
istics in each mesh element. (a) Filler length dis-
tribution (L1: Data from a commercial graphene-
epoxy nanocomposite (Graphenea, S. L., Spain) and
L2: theoretical shorter length distribution). (b)
Adequate and poor filler dispersion (Tang et al. [7])
(scale adjusted to yield an average wt of 0.3%). (c)
Misalignment distributions (O1: random and O2: Li
et al. [33]). Dimensions in m.

Fig. 5. Damage distribution at the top nanofiller-matrix interface. ((a), (c)) no imposed angular distortion. ((b), (d)) 4° imposed angular distortion. υF=0.5.

      



interfacial damage distribution at the nanofiller matrix interface for
two different nanofiller lengths: one below the critical length (Fig. 5a
and b), and one twice as long (Fig. 5c and d). The critical length cor
responds to approximately 10 μm for the interfacial parameters, matrix
and nanofiller characteristics and volume fraction used. Fig. 5a and c
show the damage distribution along the interface length for no imposed
shear strain. A symmetrical distribution is observed. Fig. 5b and d de
pict the interfacial damage distribution for an imposed angular distor
tion of 4°, showing that damage distribution is greatly distorted due to
the shift of the interfacial shear stress distribution. Damage distribution
shifts to one of the interface ends, lowering damage level at the other.
The shift produced by the imposed angular distortion in the damage
distribution is much less evident for large longitudinal strains as, once
the interfacial shear strength is reached, shear stress governed by the
cohesive law remains almost constant, even if strain is increased.

3.2. Homogenization

Fig. 6 shows a graphical representation of some of the homo
genization maps for different lengths and filler contents. The map axes
represent the imposed longitudinal and transverse strains (ε and εx y)
and the imposed angular distortion in the z axis (γxy), respectively. The
maps demonstrate the considerable reinforcement effect in the long
itudinal direction associated to the increase of filler content, which
rapidly fades out when introducing imposed angular distortions and/or
out of plane strains. While filler content is relevant on the modulus
deterioration when an angular distortion is imposed, its influence is
much weaker for imposed out of plane strains. This circumstance can
be explained by the Poisson effect, which partially compensates the
imposed longitudinal strain if an out of plane strain is imposed.

Fig. 6. Longitudinal Young's modulus maps. X axis represents strain in X direction, Y axis represents strain in Y direction, Z axis represents angular distortion.

      



Fig. 7. Macroscale simulation, uniaxial imposed strain in x direction. (a) Local strain in longitudinal direction. (b) Local Young's Modulus. Random misalignment
(O1), length distribution L1 and adequate dispersion as specified in Fig. 4. Dimensions in m.

Fig. 8. Mean damage results in the macroscale model for different strains. Random misalignment (O1), length distribution L1 and adequate dispersion as specified in
Fig. 4. Dimensions in m.

Fig. 9. Effect of filler length on the macroscale elastic properties. (a) Effect of nanofiller dispersion. (b) Effect of nanofiller orientation. Commercial length dis-
tribution (L1) (see Fig. 4a).

Fig. 10. Random orientation (O1) (See Fig. 4a). a) Effect of dispersion. b) Model validation with experimental results.

      



3.3. Macroscale results

Maps as those shown in Fig. 6 are used to parametrize the con
stitutive equations of each element in the macroscale mesh. Fig. 7
shows the macroscale simulation on a particular case, corresponding to
random misalignment (O1), length distribution L1 and poor dispersion
quality specified in Fig. 4. Fig. 7a shows the strain field for an imposed
uniaxial strain of 2% at the macroscale domain vertical edges, whereas
Fig. 7b shows the effective local, homogenized Young's modulus re
sulting from these strain state. As expected, due to the different element
orientations representing misalignment , volumetric fractions [7]
representing the non perfect dispersion and eventual interfacial da

mage mainly produced by the shear and out of plane stresses arisen
due to the misalignment , the effective stiffness along the macroscale
main stress direction varies very abruptly along neighbor elements,
considerably lowering the macroscale effective stiffness and also pro
ducing abrupt changes in the local stresses.

Fig. 8 shows how mean nanoscale damage grows for increasing
imposed uniaxial strain. As expected, mean damage is greater for ele
ments whose orientation strays from the imposed uniaxial strain di
rection. The individual effect of orientation, damage level, nanofiller
length and dispersion quality on the effective macroscale stiffness was
also studied. Fig. 9 a depicts the effect of nanofiller dispersion, which
shows a small stiffness difference between adequate and poor disper
sion qualities (see Fig. 4b). Fig. 9 b shows the effect of nanofiller or
ientation. A clear worsening is shown in the macroscale stiffness for a
random orientation distribution, whereas the worsening is less evident
if a preferential direction exists (see Fig. 4c). Finite interfacial stiffness
results in a stiffness reduction with respect to the Halpin Tsai model
even for perfectly aligned nanofiller. Interestingly, comparison between
Fig. 9a and b shows an isolated effect of dispersion quality smaller than
the isolated effect of misalignment.

Fig. 10a shows the combined effect of dispersion and orientation for
two length distributions. As expected, stiffness reduction is smaller for
the length distribution with bigger mean value. Fig. 10b shows the
comparison of the model results with experimental data. Quite good
correlation is found, while the Halpin Tsai model is way above the
experimental results. The small difference between model and experi
mental results can be explained by the uncertainty in the definition of
the filler stiffness due to the uncertainty associated to the evaluation of
the filler defect density , volumetric fraction as it must be calculated
from the mass fraction by using filler density, with the associated ad
ditional uncertainty and interfacial characteristics.

Obviously, a two dimensional representation in the macroscale
model cannot be, by nature, representative of reality. However, dif
ferent authors have experimentally demonstrated that the effect of
nanofiller orientation is much less evident for 2D than for 1D nanofillers
[33,35]. The error associated to the use of a 2D domain is part of the
small deviation between model and experimental results in Fig. 10b. In
order to deeper analyze the validity of our assumption for more com
plex 3D stress states, we have completed the results by performing a
plane stress analysis in both nanoscale and macroscale models and
comparing the results with those obtained with the traditional plane
stress assumption. Results are very similar, being, as expected, the re
sults with plane strain slightly better than those calculated with the
plane stress assumption.

4. Conclusions

A simple multiscale model for the prediction of the elastic char
acteristics of nanocomposites has been developed and validated with
experimental results. The model is able to both simultaneously and
individually take into account nanofiller matrix interfacial character
istics, nanofiller misalignment, dispersion quality and filler length dis
tribution. To our knowledge, no similar model has been reported. The
model is able to quantitatively and qualitatively explain the causes

underlying the notable differences between the nanocomposite nominal
stiffness expected by present estimation models and the experimental
results. At the nanoscale level, we have demonstrated that the in
troduction of out of plane strains and angular distortions leads to an
increased interfacial damage, which has a considerable influence on the
deterioration of the elastic properties. This effect considerably lowers
the macroscale stiffness if misalignment exists, due to the shear and out
of plane local stresses appearing in misaligned fillers. While misalign
ment is the main source of the macroscale stiffness reduction, disper
sion quality and nanofiller size have a significantly smaller influence.
Although we used graphene epoxy nanocomposites for the model va
lidation due to the extensive experimental data available, the broadness
of the formulation allows for its use in other types of nanocomposites.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not for profit sectors.

References

[1] R. Atif, I. Shyha, F. Inam, Mechanical, thermal, and electrical properties of gra-
phene-epoxy nanocomposites—a review, Polymers 8 (281) (2016).

[2] K.-Y. Lee, Y. Aitomäki, L.A. Berglund, K. Oksman, A. Bismarck, On the use of na-
nocellulose as reinforcement in polymer matrix composites, Compos. Sci. Technol.
105 (2014) 15–27.

[3] D.R. Bortz, E.G. Heras, I. Martin-Gullon, Impressive fatigue life and fracture
toughness improvements in graphene oxide/epoxy composites, Macromolecules 45
(1) (01/10/2012) 238–245.

[4] S.I. Abdullah, M. Ansari, Mechanical properties of graphene oxide (GO)/epoxy
composites, HBRC J. 11 (2015) 151–156.

[5] F. Gojny, M. Wichmann, U. Kopke, B. Fiedler, K. Schulte, Carbon nanotube-re-
inforced epoxy-composites: enhanced stiffness and fracture toughness at low na-
notube content, Compos. Sci. Technol. 64 (2004) 2363–2371.

[6] M.A. Rafiee, J. Rafiee, I. Srivastava, Z. Wang, H. Song, Z.-Z. Yu, N. Koratkar,
Fracture and fatigue in graphene nanocomposites, Small 6 (2) (2010) 179–183.

[7] L. Tang, Y. Wan, D. Yan, Y. Pei, L. Zhao, Y. Li, The effect of graphene dispersion on
the mechanical properties of graphene/epoxy composites, Carbon 60 (2013) 16–27.

[8] Y.-J. Wan, L.-C. Tang, L.-X. Gong, D. Yan, Y.-B. Li, L.-B. Wu, J.-X. Jiang, G.-Q. Lai,
Grafting of epoxy chains onto graphene oxide for epoxy composites with improved
mechanical and thermal properties, Carbon 69 (2014) 467–480.

[9] X. Wang, M.S. Jie Jin, An investigation of the mechanism of graphene toughening
epoxy, Carbon 65 (2013) 324–333.

[10] Y.-J. Wan, L.-C. Tang, D. Yan, L. Zhao, Y.-B. Li, L.-B. Wua, J.-X. Jiang, G.-Q. Lai,
Improved dispersion and interface in the graphene/epoxy composites via a facile
surfactant-assisted process, Compos. Sci. Technol. 82 (2013) 60–68.

[11] J. Wei, R. Atif, T. Vo, F. Inam, Graphene nanoplatelets in epoxy system: dispersion,
reaggregation, and mechanical properties of nanocomposites, J. Nanomater. 12
(2015).

[12] B. Ahmadi-Moghadam, M. Sharafimasooleh, S. Shadlou, F. Taheri, Effect of func-
tionalization of graphene nanoplatelets on the mechanical response of graphene/
epoxy composites, Mater. Des. 66 (Part A) (2015) 142–149.

[13] H. Wu, X. Sun, W. Zhang, X. Zhang, C. Lu, Effect of solid-state shear milling on the
physicochemical properties of thermally conductive low-temperature expandable
graphite/low-density polyethylene composites, Composites Part A 55 (2013) 27–34.

[14] N. Yousefi, X. Lin, Q. Zheng, X. Shen, J.R. Pothnis, J. Jia, E. Zussman, J.-K. Kim,
Simultaneous in situ reduction, self-alignment and covalent bonding in graphene
oxide/epoxy composites, Carbon 59 (2013) 406–417.

[15] K. H, Fibre Reinforcement, Akademisk Forlag, Copenhagen, Denmark, 1964.
[16] H. JC, T. SW, Effects of Environmental Factors on Composite Materials, Report

AFML-TR 67-423 US Air Force Materials Laboratory, Dayton, Ohio, 1969.
[17] Y.X. Gan, Effect of interface structure on mechanical properties of advanced com-

posite materials, Int. J. Mol. Sci. 10 (2009) 5115–5134.
[18] M. Heidarhaei, M. Shariati, H. Eipakchi, Effect of interfacial debonding on stress

transfer in graphene reinforced polymer nanocomposites, Int. J. Damage Mech. 0
(0) (2017) 1–23.

[19] J.N. Dastgerdi, B. Anbarlooie, S. Marzban, G. Marquis, Mechanical and real mi-
crostructure behavior analysis of particulate-reinforced nanocomposite considering
debonding damage based on cohesive finite element method, Compos. Struct. (122)
(2015) 518–525.

[20] J.N. Dastgerdi, G. Marquis, M. Salimi, Micromechanical modeling of nanocompo-
sites considering debonding of reinforcements, Compos. Sci. Technol. 93 (2014)
38–45.

[21] J.N. Dastgerdi, G. Marquis, M. Salimi, Micromechanical modeling of nanocompo-
sites considering debonding and waviness of reinforcements, Compos. Struct. 110
(2014) 1–6.

[22] V. Papadopoulos, P. Seventekidis, G. Sotiropoulos, Stochastic multiscale modeling
of graphene reinforced composites, Eng. Struct. 45 (2017) 176–189.

[23] M. Quaresimin, M. Salviato, M. Zappalorto, A multi-scale and multi-mechanism
approach for the fracture toughness assessment of polymer nanocomposites,
Compos. Sci. Technol. 91 (2014) 16–21.

[24] T. Ziegler, A. Neubrand, R. Piat, Multiscale homogenization models for the elastic
behaviour of metal/ceramic composites with lamellar domains, Compos. Sci.

      



Technol. 70 (4) (April 2010) 664–670.
[25] Z. Jendli, F. Meraghni, J. Fitoussi, D. Baptiste, Multi-scales modelling of dynamic

behaviour for discontinuous fibre smc composites, Compos. Sci. Technol. 69 (1)
(2009) 97.

[26] A.R. Alian, S.I. Kundalwal, S.A. Meguid, Multiscale modeling of carbon nanotube
epoxy composites, Polymer 70 (July 2015) 149–160.

[27] G. Guo, Y. Zhu, Cohesive-shear-lag modeling of interfacial stress transfer between a
monolayer graphene and a polymer substrate, J. Appl. Mech. 82 (MARCH 2015).

[28] L. Gong, I.A. Kinloch, R.J. Young, I. Riaz, R. Jalil, K.S. Novoselov, Interfacial stress
transfer in a graphene monolayer nanocomposite, Adv. Mater. 22 (24) (2010)
2694–2697.

[29] M. Quaresimin, K. Schulte, M. Zappalorto, S. Chandrasekaran, Toughening me-
chanisms in polymer nanocomposites: from experiments to modelling, Compos. Sci.
Technol. 123 (2016) 187–204.

[30] S. Chandrasekaran, N. Sato, F. Tölle, R. Mülhaupt, B. Fiedler, K. Schulte, Fracture

toughness and failure mechanism of graphene based epoxy composites, Compos.
Sci. Technol. 97 (2014) 90–99.

[31] S. Mohammad, M.H. yas, Modeling of elastic behavior of carbon nanotube-re-
inforced polymers by accounting the interfacial debonding, J. Reinforc. Plast.
Compos. 35 (20) (2016).

[32] J.-U. Lee, D. Yoon, H. Cheong, Estimation of Young's modulus of graphene by
Raman spectroscopy, Nano Lett. (2012) 4444–4448.

[33] Z. Li, R.J. Young, N.R. Wilson, I.A. Kinloch, C. Valles, Z. Li, Effect of the orientation
of graphene-based nanoplatelets upon the Young's modulus of nanocomposites,
Compos. Sci. Technol. 123 (2016) 125–133.

[34] M. Akay, An Introduction to Polymer-matrix Composites, (2015) 978-87-403-
0980-5.

[35] C. Feng, Y. Wang, J. Yang, Effects of reorientation of graphene platelets (GPLs) on
Young's modulus of polymer composites under Bi-axial stretching, Nanomaterials 8
(1) (2018) 27.

      




