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1. Introduction

Nanotechnology has recently emerged as a suitable tool to
optimise properties of materials by designing their internal
structure at the very nanoscale thus assisting in the achievement
of desirable combinations of physical and mechanical properties
[1-3]. However, to fully exploit the potential benefits of nanomo-
dification, appropriate models able to soundly predict the macro-
scale mechanical properties from material structure need to be
developed.

With the aim to explain the significant improvements of poly-
mer toughness achievable with low nanofiller contents and consid-
ering the importance of the several damaging mechanisms that
might take place at the nanoscale, some authors have recently sug-
gested to use a “multi-mechanism” modelling strategy [4-8].

However, modelling the effects of nanoscale damaging mecha-
nisms on macroscale properties is far from easy, essentially be-
cause at that length scale classical micromechanics is no longer
valid. Instead, the adoption of a multi-scale strategy is necessary
in order to describe the nanocomposite material behaviour, physi-
cally and mathematically, in each individual scale of interest.

In the recent literature several authors dealt with the analysis of
toughening mechanisms in nanocomposites.

Chen et al. [9] carried out a theoretical study on the amount of
energy dissipated by interfacial debonding of nanoparticles and
provided a close form solution for the critical detachment stress.
The size distribution of particles and the debonding probability
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were included into the analytical formulation using a logarithmic
normal distribution and the Weibull distribution function,
respectively.

Some years later, the present authors refined the analysis car-
ried out in [9] studying the effects of a small interphase zone
embedding the nanoparticle [10] and of surface elastic constants
[11] on the critical debonding stress. In both cases, the range of
the nanoparticle radii where those effects are significant was
proved to be limited to the nanoscale [10,11].

The energy dissipation phenomena due to particle debonding,
voiding and subsequent yielding of the polymer have been ana-
lysed by Lauke [4] who used a simple geometrical model of parti-
cle-particle interaction in a regular particle arrangement. By
further applying a critical stress criterion, Lauke found a dissipa-
tion zone which was independent of the particle diameter and jus-
tified the increase of crack resistance with decreasing particle size
by the increase in the specific debonding energy [4].

Williams [5] re-analysed in detail the toughening of particle
filled polymers assuming that plastic void growth around debond-
ed or cavitated particles is the dominant mechanism for energy
dissipation. He assumed a tri-axial state of stress around the spher-
ical particle and supposed the debonding and cavitation conditions
to be controlled by either surface energy or the cohesive energy of
the particle. Williams further noted that, even if the debonding
process is generally considered to absorb little energy, it is essen-
tial to reduce the constraint at the crack tip and, in turn, to allow
the epoxy polymer to deform plastically via a void-growth mecha-
nism. A similar result was found also by the present authors [12].

Hsieh et al. [6,7] studied the fracture toughness improvements
resulting from nanomodification of epoxy resins with silica
nanoparticles. Based on experimental observations, they identified
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two dominant mechanisms responsible of toughening improve-
ments, namely localised shear banding of the polymer and particle
debonding followed by subsequent plastic void growth. They final-
ly adapted a previous model due to Huang and Kinloch [13] for
rubber modified epoxy polymers to predict the fracture toughness
improvements resulting from nanomodification.

The investigations in [4-7] support the idea, recently formulated
also by the present authors [8], that the most effective approach to
predict the nanocomposite toughness is a “multi-mechanism” mod-
elling strategy, in which the contribution of each mechanism is
appropriately determined and weighted according to the specific
case (accounting for the type, the morphology and the functionalisa-
tion of the nanofiller). Accordingly the nanocomposite fracture
toughness can be written as the summation of the fracture tough-
ness of the unloaded matrix, Gy, and the fracture toughness
improvement due to the each i-th damaging mechanism, AG;.

Great efforts have been recently devoted by the present authors
to develop analytical formulations for AG; contributions due to the
most relevant toughening mechanisms occurring in nanoparticle
filled polymer resins. Among these, debonding of nanoparticles fol-
lowed by plastic yielding of nanovoids [12] and plastic shear band-
ing of the polymer [14] have been analysed. The major novelty of
these recent works, with respect to those in the previous literature
dealing with the same subject [4-7], lays on the fact that the effect
of an interphase zone surrounding the nanoparticle, characterised
by mechanical properties different from those of the constituents,
is explicitly considered.

Starting from the analytical models developed in previous
works [12,14], the main aim of the present paper is to provide a
multiscale analytical procedure useful to evaluate the overall frac-
ture toughness of a polymer/nanoparticle nanocomposite.

The proposed multiscale-multimechanism model accounts for
particle debonding, plastic yielding of nanovoids and shear band-
ing of the polymer, thus allowing to quantify the effect of the asso-
ciated energy dissipation phenomena on the overall fracture
toughness of the material. Theoretical predictions for the nano-
composite fracture toughness are compared with a large bulk of
experimental data taken from the literature, showing a satisfactory
agreement.

2. Description of the multiscale strategy adopted for the
analysis

Nanocomposites are endowed with a hierarchical structure,
which encompasses the nano and the macro length-scales. A suc-
cessful prediction of the mechanical properties of these materials
thus requires models able to account for the phenomena peculiar
of each length-scale and to bridge their effects from the nano scale
to the macroscale.

According to [8] it can be stated that, generally speaking, three
stages should be addressed in nanocomposite modelling, each
stage being referred to a specific length scale and to be tackled
with the aid of dedicated models. Basic models can be finally
assembled to build a multiscale modelling strategy.

The present authors have recently proposed a hierarchical mul-
tiscale strategy according to which the nanocomposite material is
mathematically decomposed into three systems of interest.

Briefly:

- the macroscale system is thought of as an amount of material
over which all the mechanical quantities (such as stresses and
strains) are regarded as averaged values [15] and are supposed
to be representative of the overall material behaviour;

- the micro-scale system is thought of as being sufficiently small
to be regarded, mathematically, as an infinitesimal volume of

the macro-scale one. At the same time it has to be, by definition,
large enough to be statistically representative of the properties
of the material system (described by a Representative Volume
Element, RVE);

- the nanoscale system represents a single unit cell of those
compounding the micro-scale system and it accounts for the
material morphology at the nanoscale.

- The link between different system is obtained through the
combined use of the Mori-Tanaka theorem and the Global Con-
centration Tensors of Eshelby dilute solution (see Fig. 1).
Accordingly, the stress acting on the boundary of a single
nano-inhomogeneity (nanoscale) is approximated as:

an:H:{‘l//vé'dV}:H:a (1)

where H is the Global Concentration Tensors of Eshelby dilute solu-
tion [10], and { [, 6dV is the mean value for the stress fields over
the RVE which, thanks to Mori-Tanaka theorem equates the macro-
scale stress field.

The system under investigation at the nanoscale, shown in
Fig. 2a, is constituted by:

- a spherical nanoparticle (nanovoid) of radius rp;

- a shell-shaped interphase of external radius a and thickness t
(a=t+ro) and uniform properties;

- a volume of matrix of which the size are much greater than a
and ry.

This system accounts for molecular interactions at the nano-
scale through the size and elastic properties of the interphase layer
[10]. Unfortunately there is a lack of reliable data about the law of
variation of the interphase properties across its thickness [16]. This
urged some authors [10,12,14,16-19] to assume that a through-
the-thickness average is representative of the overall property dis-
tribution within the interphase. Consequently, the interphase is
supposed to be homogeneous and isotropic.

The system at the macro-scale is constituted, instead, of a
cracked nano-modified matrix (see again Fig. 2b) under mode I
loadings. It is assumed that the macroscopic stress fields due to
the crack, given by Irwin’s solution (see [14] for more details)
enhances the formation of a process zone containing all the nano-
particles subjected to damage, thus promoting energy dissipation
at the nanoscale, and resulting, in turn, in an overall fracture
toughness improvements of the nanocomposite.
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Fig. 1. Multiscale strategy and systems of interest.
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Fig. 2. Description of the systems under analysis at the nanoscale (a) and at the
macroscale (b).

As discussed in the introduction, on the basis of recent
experimental observations [6,7], it can be reasonably assumed that
several nanoscale damaging mechanisms might simultaneously
contribute to the overall fracture toughness of the nanocomposite.
Accordingly, the nanocomposite toughness can be written as

Gic = Gim + ZIAG:‘ 2)

where Gy, is the toughness of the unloaded matrix and AG; is the
toughness improvement due to the i-th damaging mechanism.
Denoting with U; the energy produced at the nanoscale by a
particular mechanism, the corresponding microscale strain energy
density is:

3
ui = Ui X pr
4mr}

(3)

where fpo is the volume fraction of nanoparticles. Finally, the frac-
ture toughness enhancement due to the single damage mechanism,
to be inserted in Eq. (2), can be determined as [12,14,20]:

Pi
AG,:ZX/ u; dp (4)
0

where p; denotes the extension of the damaged zone ahead of the
crack tip.

3. Modelling of the fracture toughness enhancements due to
the different damaging mechanisms

It is acknowledged in the literature that the two dominant
mechanisms responsible of toughening improvements for poly-
mers reinforced by rigid nanoparticles (such as silica or alumina
nanoparticles) are the localised shear banding of the polymer and
particle debonding followed by subsequent plastic yielding of
nanovoids [6,7,12,14].

In the following sections close form expressions useful to eval-
uate the fracture toughness improvements, AG;, due to the above
mentioned mechanisms are given. Finally, in Section 3.4 a unified
expression for the overall nanocomposite fracture toughness is
derived.

3.1. Fracture toughness enhancement due to particle debonding

In Ref. [12] it is assumed that in a damaged region close to the
crack tip (Debonding Region, DBR) the high level of the crack-
induced hydrostatic stress promotes debonding of nanoparticles.
The microscale strain energy density dissipated by this mechanism
can be calculated as:

gy = 328 f0 (5)
To

where fpo is the nanofiller volume fraction and yq, is the interfacial
fracture energy. The macroscale increment in terms of Strain Energy
Release Rate due to this mechanism can be estimated inserting Eq.
(5) into (4):

AGgp = fro X Ygp x Gic (6)

where G is the fracture toughness of the nanocomposite and 4, is
a term accounting for energy dissipation [12]
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(7)

In Eq. (7) E, and v, are the elastic properties of the nanocomposite,
o is the critical debonding stress [10]:

acrg\/% En \/X(4+6)6(Xl)(ro/a)3 s
To 14Vm\ 4+ c+4(x—1)(ro/a)’

and Gy, is the reciprocal of the hydrostatic part of the global stress
concentration tensor [9]
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where E,;, and v,, are the elastic modulus and Poisson’s ratio of the
matrix, Km, K, and K}, the bulk moduli of the matrix, the interphase
and the nanoparticle, G, and G, are the shear elastic moduli of the
matrix and the interphase, y = G4/G, and ¢ = 3K,/Gy

3.2. Fracture toughness enhancement due to the plastic yielding of
nanovoids

Debonding of nanoparticles creates a number of nanovoids of
the same diameter of the initial nanoparticles. Whenever the stress
field around a nanovoid is high enough it might cause local yield-
ing of the nanovoids. Through a multiscale analysis of the energy
dissipation process due to plastic yielding of nanovoids, Zappalorto
etal. [12] provided the following expression for the fracture tough-
ness enhancement due to this mechanism:

Apr :pr X !Pp x Gic 9)

where G, is the fracture toughness of the nanocomposite and v, is
a term accounting for energy dissipation and can be written as:

4 E, (14v)(1+vp)

I//DZQTCC},'E 1-w
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for an elastic perfectly plastic behaviour of the matrix and the inter-
phase or as:

Nm
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PTY9nC, 1=V, Gp O To [ (a)*me
1 G T g ) () 1] e

(10b)

for a hardening behaviour of the matrix and the interphase, where
oym and ay, are the yield stress of the matrix and the interphase, n,,
and n, are the hardening exponents of the matrix and the
interphase, respectively.
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Table 1

Summary of all the systems considered, related references and the properties used in the present analysis.

Series Reference Matrix Nanofiller ro(nm) t(nm) E,(MPa) yx oym (MPa)  oyem (MPa) g

1 Hsieh et al. [7] DGEBA SiO, nanoparticles (Nanopox F400) 10 4 2960 1.7 88 120 0.75

2 Zamanian et al. [23] DGEBA Nonporous silica (Aerosil 200) 6 4 3530 1.7 88.15 96.12 0.72

3 Zamanian et al. [23] DGEBA Nonporous silica (Aerosil 90) 10 4 3530 1.7 88.15 96.12 0.72

4 Zamanian et al. [23] DGEBA Nonporous silica (0X50) 20 4 3530 1.7 88.15 96.12 0.72

5 Dittanet and Pearson [24] DER331 SiO, nanoparticles (nano-Si02) 11.5 4 3500 1.7 85 107.2 0.71

6 Dittanet and Pearson [24] DER331 SiO, nanoparticles (nano-Si02) 37 4 3500 1.7 85 107.2 0.71

7 Dittanet and Pearson [24] DER331 SiO, nanoparticles (nano-Si02) 85 4 3500 1.7 85 107.2 0.71

8 Ma et al. [25] DGEBA, Araldite-F SiO, nanoparticles (Nanopox F400) 10 4 3200 1.7 882 120° 0.4°

9 Ma et al. [25] DGEBA SiO, nanoparticles (Nanopox F400) 10 4 2750 1.7 57.1 120° 0.72°%
10 Chen et al. [26] DGEBF SiO, nanoparticles (MEK-ST) 6 4 2760 1.7 86 120° 0.75°
11 Liang et al. [27] DGEBA/F SiO, nanoparticles (Nanopox E430) 10 4 2410 1.7 50° 94.4 0.71

12 Liang et al. [27] DGEBA SiO, nanoparticles (3 M) 40 4 2410 1.7 50° 94.4 0.71

2 These data were not provided by the Authors of the original works. These properties have been supposed by the present authors on the basis of similar systems.
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Fig. 3. Comparison between Eq. (14) (solid line) and the experimental data from
DGEBA/Nanopox system [7].

3.3. Fracture toughness enhancement due to localised shear banding

In a damaged region close to the crack tip (Shear Banding
Region, SBR) the stress concentrations around nanoparticles might
promote local shear yielding, with the formation of less or more
pronounced plastic shear bands [14]. Through a multiscale analysis
of the process the following expression for the fracture toughness
enhancement linked to this mechanism was provided [14]:

AGSB Iﬁ,o X l//SB X GIC (11)
where /s accounts for the energy dissipation at the nanoscale:
U = b Lo (12)
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Fig. 4. Comparison between Eq. (14) (solid line) and the experimental data from
DGEBA/Aerosil 200 system [23].
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Fig. 5. Comparison between Eq. (14) (solid line) and the experimental data from
DER331/SiO, nanoparticles [24].

In Eq. (12), p is a dimensionless pressure coefficient, oy, is the
interphase yielding stress under compression, whereas function I
quantifies the energy produced at the nanoscale and Isg accounts
for the stress concentration around nanooparticles [14]:

H
- m\’ 52 Tyl Tl \[32,, (1 @\ | @ . .
Fffym,fm{ <6f,,g> —ﬁrymyfm— <1 7Tym")’[m ﬁQ §+§ +ﬁ(45—32t1 Z+128a°M)

(13a)
I :l<pH2 + k uHyH +ju2H2) (13b)
SB 27 vM hilyM h
a:rg Q=Vva2-1 M=a-Q
0
S=105a-88Q Z=9a-7Q (13¢)

In Eq. (13a) Tym and 1y, are the shear yielding stress of the matrix
and of the interphase, whereas g, and ¢, are the shear fracture
strains.

In Eq. (13b), parameters p, k, j are functions of the Poisson’s
ratio, H, = 1/C, and H,y is the deviatoric component of the global
stress concentration tensor. It can be evaluated numerically or
analytically [14,17].

3.4. Overall fracture toughness of the nanocomposites

As far as the fracture toughness improvements due to each rel-
evant damaging mechanism, AG;, are known, the overall nanocom-
posite fracture toughness can be estimated according to Eq. (2).
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Fig. 6. Summary of the comparisons between Eq. (14) (solid line) and the experimental data from Series 3-5, and 7-12 (see Table 1).

Thus, substituting Egs. (6), (9), and (11) into (2) one obtains the
overall fracture toughness of the nanocomposite as a function of
Gim and pr
— C;Im

1= foo(Wap + ¥ +sp)

Gic (14)

4. Estimation of interphase size and elastic properties

In order to apply Eq. (14) the properties and size of the inter-
phase need to be determined.

The elastic properties and the thickness of the interphase can be
computed by means of numerical simulations carried out within
the frame of MD as done for example by Odergard et al. [18] and
Yu et al. [19], which provide, as outputs, the radial extension of
the interphase as well as the elastic properties averaged through
the thickness.

Alternatively, for a specific system, they could be determined a
posteriori by fitting the experimental values for the elastic proper-
ties of the nanocomposite by a multi-phase, micromechanical
model.

In this paper we have used the model provided by Dunn and
Ledbetter [21], who suggested:

1 F0(@/r0)* (Ko — Kn) T + foo(Kp — Ko)TH

Ko =Ky +
"3 1= foo + fyo(a/ro)’Th,

(15)

where:

i _q_gy [y K-Km [ oy KaoKw
T =1 3/0“{(a) 3))00(Kp71(m)+1<m+{] (a) 3Y0a(Ka—Km) + K
TH_1_ 3Yom(Kp —Kim)

4 3Yom (Kp —Kin) + K

3700 =1+Va)/B(1=Va)] 3Vpn=1+Vm)/[B(1—=Vm)] (16)

The best fitting of elastic properties of nanocomposite materials
using Eq. (15) allows to estimate the “optimum” combination of
interphase elastic properties and size to be used in the proposed
modelling strategy.

As highlighted by Eq. (10) and (13), in principle, the estimated
value of the overall fracture toughness of the nanocomposite
depends also on the strength and yield properties of the
interphase. However, precise information on these interphase
properties are unavailable. Accordingly, for the sake of simplicity,
in this work we propose to equate all the yield and strength
properties of the interphase to those of the matrix.

5. Model validation by comparison with experimental data

In this section, the theoretical estimations of the nanocomposite
fracture toughness obtained by Eq. (14) are compared to a bulk of
experimental data taken from the literature. A summary of the
data used, the relevant references and the properties used in the
analysis are reported in Table 1.

It is worth mentioning here that in some cases the authors
explicitly provided, in the original work, all the data necessary to
the analysis, while in other cases some data have been assumed
by analogy with similar systems.

Initially the attention has been focused on the data by Hsieh
et al. [7], on which an accurate reverse engineering analysis has
been carried out in order to determine the elastic properties and
the size of the interphase, using Eq. (15). The resulting best fitting
values have been found to be y = 1.7 and t = 4 nm, respectively. As
a second step, it has been verified that these values allow a satis-
factorily accurate fitting of the elastic properties for all the other
considered data so that the same values (t =4 nm and y = 1.7) have
been used for all the systems analysed in the present work.

It is interesting to note that y =1.7 is very close to the value
measured by Watcharotone et al. [22] for polymethyl-methacrylate
via nanoindentation experiments on thin films coupled with finite
element modelling.

For the sake of simplicity, the plastic properties of the inter-
phase zone have been supposed to equate those of the matrix.

With reference to the data provided by Hsieh et al. [7], Fig. 3
shows a comparison between the fracture toughness predicted
by Eq. (14) and experimental results. It is evident that for low filler
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Fig. 7. Comparison between experimental values and the predicted values (Eq.
(14)) of the fracture toughness for all the nanocomposite systems re-analysed in the
present work.

weight fractions (up to 8%) the agreement is very satisfactory.
Instead, for higher filler content, Eq. (14) predicts a monotonically
increasing fracture toughness, while experimental results exhibit a
plateau, commonly acknowledged as due to filler aggregation. This
deviating behaviour of theoretical predictions with respect to
experiments should not surprise the readers; indeed, as basic
assumption of the proposed model, the nanofiller is supposed to
be uniformly dispersed and distributed, neglecting the high ten-
dency to agglomerate exhibited by nanoparticles beyond a certain
value of the weight fraction. It is clear that this approximation
hampers the application of the model to high nanofiller contents.
On the other hand, the great potential of nanomodification lays
on the achievement of significant improvements of polymer
toughness at low nanofiller contents, while the knowledge of the
material behaviour besides this zone of steep property increase is
less important. Nevertheless an agglomeration model is going to
be developed by the present authors.

A satisfactory agreement at low filler weight fraction is evident
also in Fig. 4, where a comparison between the fracture toughness
predicted through Eq. (14) and the experimental results provided
by Zamanian et al. [23] is presented.

However, in few cases of those analysed, the agreement is less
satisfactory. Fig. 5 for example, shows the data by Dittanet and
Pearson [24]. In this case experimental data exhibit an initial very
steep increase and then tend toward an almost constant value; the
theoretical curve is not able to seize this trend, and an accurate
prediction is possible only for the data at 8% Wt.

A summary of all the other data not discussed before is reported
in Fig. 6: on the basis of the overall good agreement with the
experimental data, it can be concluded that Eq. (14) allows, in gen-
eral, a satisfactory estimation of the fracture toughness of poly-
mers reinforced with nanoparticles.

Eventually, predicted values are plotted versus experimental
values for all the analysed data in Fig. 7, limiting the attention only
to low filler contents. The satisfactory agreement is confirmed: the
majority of data fall within a £10% scatter band, while a +20% scat-
ter band includes all the experimental set of data but one.

6. Conclusions

In the present work, a multi-scale multi-mechanism modelling
strategy has been provided for the prediction of toughness
increments caused by the emergence of debonding, plastic yielding
and localised plastic shear bands in nanoparticle filled resins. The
model is based on the quantification of the energy absorbed at the

lower scale and accounts for the emergence of an interphase, created
by the inter- and supra-molecular interactions arising at the nano-
scale, with mechanical properties different from those of the matrix.
The model has been compared to a large bulk of experimental data
collected from the literature, showing good agreements.
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