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Abstract

There have been a number of review papers on layered silicate and carbon nanotube reinforced polymer nanocomposites, in which the
fillers have high aspect ratios. Particulate-polymer nanocomposites containing fillers with small aspect ratios are also an important class
of polymer composites. However, they have been apparently overlooked. Thus, in this paper, detailed discussions on the effects of par-
ticle size, particle/matrix interface adhesion and particle loading on the stiffness, strength and toughness of such particulate—polymer
composites are reviewed. To develop high performance particulate composites, it is necessary to have some basic understanding of
the stiffening, strengthening and toughening mechanisms of these composites. A critical evaluation of published experimental results

in comparison with theoretical models is given.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

To cope with the obvious limitations of polymers, for
example, low stiffness and low strength, and to expand
their applications in different sectors, inorganic particulate
fillers, such as micro-/nano-Si0,, glass, Al,O3;, Mg(OH),
and CaCOj; particles, carbon nanotubes and layered sili-
cates, are often added to process polymer composites,
which normally combine the advantages of their constitu-
ent phases. Particulate fillers modify the physical and
mechanical properties of polymers in many ways. This

* Corresponding authors. Tel./fax: +86 10 82543752 (S.-Y. Fu), tel.: +61
2 9351 2290; fax: +61 2 9351 3760 (Y.-W. Mai).
E-mail addresses: syfu@mail.ipc.ac.cn (S.-Y. Fu), y.mai@usyd.edu.au
(Y.-W. Mai).

1359-8368/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compositesb.2008.01.002

review is concerned with the latter properties, which are
stiffness, strength and fracture toughness. The manufactur-
ing processes and techniques for such particulate—polymer
composites are, however, not covered here.

It has been shown that dramatic improvements in
mechanical properties can be achieved by incorporation
of a few weight percentages (wt%) of inorganic exfoliated
clay minerals consisting of layered silicates in polymer
matrices [1-12]. Commonly used layered silicates have a
thickness of ~1 nm and lateral dimensions of ~30 nm to
several microns or larger. The large aspect ratios of layered
silicates are thought to be mainly responsible for the
enhanced mechanical properties of particulate—polymer
nanocomposites. There have been many papers on layered
silicate reinforced polymer composites including some
reviews [1,2,13, and references therein] and hence the case
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Nomenclature

a, b, c and d constants in Eqgs. (18) and (23)
A; and B; constants in Eq. (3)

B empirical constant

Cy and C, constants for a given composite

d, particle diameter

D average interparticle distance

E. composite Young’s modulus

E., matrix Young’s modulus

E, particle Young’s modulus

f particle/matrix friction coefficient

fe a factor of phase morphology varying between 0
and 1

F(d,) parameter as a function of d, and 0 < F(d,,) < 1

g constant

G. composite fracture toughness, also critical en-
ergy release rate

G matrix fracture toughness, also critical energy

release rate
constants in Eq. (26)
kg Einstein coefficient

k(Vp) slope of the tensile strength against d,

kp(Vp) constant as a function of particle volume frac-
tion

kg enhanced fracture surface volume fraction

K. composite fracture toughness, also stress inten-
sity factor

n parameter for G, taking into account the extra
fracture path around the particles

np a parameter related to particle size and particle

volume fraction

pressure

particle aspect (length to width) ratio
parameter accounting for weaknesses in the
composite structure caused by the discontinu-
ities in stress transfer

s crowding factor for the ratio of the apparent
volume occupied by the particle to its own true
volume and its value is between 1.0 and 2.0

Qv

S constant in Eq. (30a)

S; strength reduction factor

T line tension

Ve particle volume fraction

Vomax maximum packing fraction

K, composite bulk modulus

W, impact toughness (work of fracture) of the com-
B posite, notched specimen

Km matrix bulk modulus

Ky particle bulk modulus

G. composite shear modulus

Gm matrix shear modulus

Gp particle shear modulus

o particle/matrix adhesion coefficient
Oc composite strength or yield strength
Om matrix strength

O, particle/matrix adhesion strength

0 Ep/ Em

Ap particle strengthening factor

Vin matrix Poisson ratio

of layered nanoparticles will not be discussed here. In con-
trast, much attention has been paid to carbon nanotubes
(CNTs) as reinforcing fillers for polymers. There are many
research papers and several reviews on the mechanical
properties of CNT reinforced polymer nanocomposites
[13-15, and cited references]. Improvements in mechanical
properties have been observed by adding a few wt% of
CNTs. In these studies, both layered silicates and CNTs
have high aspect ratios.

Polymer composites containing particles with a small
aspect ratio of 1 or thereabout have also been studied
extensively because of their technological and scientific
importance. Many studies have been conducted on the
mechanical properties of these particulate-filled polymer
composites. Stiffness or Young’s modulus can be readily
improved by adding either micro- or nano-particles since
rigid inorganic particles generally have a much higher stiff-
ness than polymer matrices [16-24]. However, strength
strongly depends on the stress transfer between the parti-
cles and the matrix. For well-bonded particles, the applied
stress can be effectively transferred to the particles from the

matrix [25]; this clearly improves the strength [16,26-30].
However, for poorly bonded micro-particles, strength
reductions occur by adding particles [17-19,31-37]. The
drawback of thermosetting resins is their poor resistance
to crack growth [38-41]. But inorganic particles have been
found to be effective tougheners for thermosetting resins
[22,42,43]. Though they do not increase the toughness as
dramatically as rubber particle inclusions [44,45], they
increase the elastic modulus and hardness much better than
rubber particles. In contrast, most studies on thermoplas-
tics filled with rigid particulates reported a significant
decrease of fracture toughness compared to the neat poly-
mers [19,35,46-48]. There are, however, several studies that
show toughness increase with introduction of rigid particles
in polypropylene [49,50] and polyethylene [50-57]. Impres-
sively enhanced impact toughness has been reported for
polyethylene filled with calcium carbonate particles by Fu
and Wang [53-56] and Bartczak et al. [57]. Enhancement
of impact properties of some pseudo-ductile polymers by
the introduction of inorganic particles has also been
achieved [57,58].



S.-Y. Fu et al. | Composites: Part B 39 (2008) 933-961 935

The mechanical properties of particulate—polymer com-
posites depend strongly on the particle size, particle-matrix
interface adhesion and particle loading. Particle size has an
obvious effect on these mechanical properties. For exam-
ple, smaller calcium carbonate particles provide higher
strength of filled polypropylene composites at a given par-
ticle loading [14]. Sumita et al. [58] underlined the interest
of replacing microscale silica by its nanoscale counterpart,
since nanoscale silica particles possess superior mechanical
properties. They found that these nanoparticles give higher
rigidity and superior yield strength to the polymers. Smal-
ler particle size yields higher fracture toughness for calcium
carbonate filled high density polyethylene (HDPE) [57].
Similarly, alumina trihydrate filled epoxy containing smal-
ler particles show higher fracture toughness [21]. Particle—-
matrix interface adhesion and particle loading are two
important factors that also affect mechanical properties.
For example, the tensile strength of glass bead filled poly-
styrene composites depends on the particle-matrix adhe-
sion and increases with it [17]. Thus, the use of coupling
agents that increase the particle-matrix adhesion leads to
higher strength [22,38,42,59-62]. When chemical treatment
was applied to the silica particles in HDPE, the toughness
of the filled polymer was significantly improved [46]. The
strength of polyimide/silica composites increases with par-
ticle loading to 10 wt% [16] and decreases beyond that.
However, their modulus increases monotonically with sil-
ica particle loading [16]. Moreover, the fracture toughness
of glass bead filled epoxy composites increases initially with
increasing filler loading till a plateau value is reached at a
critical particle volume fraction [63].

From the preceding paragraphs, it is clear that the
mechanical properties of particulate-filled polymer micro-
and nano-composites are affected by particle size, particle
content and particle/matrix interfacial adhesion. This
review will focus on how these factors influence the
mechanical properties of polymer micro- and nano-com-
posites containing fillers with a small aspect ratio of
approximately one. Meanwhile, theoretical models that
have been proposed to predict elastic modulus, strength
and fracture toughness of particulate—polymer composites
are also critically examined.

Polymer composites are noted to show mechanical prop-
erties which depend on time, rate and temperature [64].
Viscoelastic moduli are mainly governed by the volume
fraction of particles [65] and strain rate has important
effects on matrix/particulate interface adhesion and other
mechanical properties [66—-69]. Whilst this is a relevant
topic, it is beyond the scope of this review and thus will
not be discussed here. Interested readers may refer to the
cited Refs. [64—69] and others in the published literature.

2. Young’s modulus
Young’s modulus is the stiffness (the ratio between stress

and strain) of a material at the elastic stage of a tensile test.
It is markedly improved by adding micro- and nano-parti-

cles to a polymer matrix since hard particles have much
higher stiffness values than the matrix.

2.1. Experimental results

2.1.1. Effect of particle size

The effect of particle size (average diameter: 1, 2, 5, 8
and 12 pm) on the elastic modulus of epoxy/alumina trihy-
drate composites is shown in Table 1 [21]. It is seen that the
modulus is not very much affected by particle size in the
range studied.

The effects of particle loading and size (4.5-62 pm) on
the elastic modulus of epoxy/spherical glass particle com-
posites are given in Fig. 1 [22]. For lower volume fractions
of glass beads (10-18 vol%), the modulus is almost inde-
pendent of particle size. For higher glass bead loadings
(3046 vol%), there is a slight decrease in modulus with
increasing particle size. These results imply that particle
size has little effect on composite stiffness.

The effect of particle size on the modulus of an epoxy/
silica composite has also been studied [70]. Spherical and
irregular-shaped silica particles have different mean sizes
in the range of 2-30 pm. Results show that the modulus
remains constant with increasing particle size. Support is
provided by test data obtained for a similar composite sys-

Table 1
Tensile modulus of the alumina trihydrate filled epoxy composites.
Adapted from [21]

Particle size (um) Volume fraction (%) Tensile modulus (GPa)

Unfilled 0 3.8
1 29.5 6.9
2 29.5 7.2
5 29.5 7.4
8 29.5 6.6

12 29.5 6.6

15

0\0*‘\‘
10 -

Young's modulus, E. (GPa)

o 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70

Mean particle diameter, dp (LLm)

Fig. 1. Dependence of the modulus of glass bead filled epoxy composites
with different volume fractions upon the particle size. The particle volume
fraction is 10%, 18%, 30%, 40% and 46%, respectively from the bottom to
top lines. Adapted from [22].
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tem over a similar range of silica diameter 6-42 um [15].
Note that the modulus of angular-shaped silica/epoxy
composites decreases marginally with mean particle size
(2-47 um) [71]. The same observation is obtained for alu-
minum hydroxide filled polypropylene composites (where
the average particle diameter varies from 1 to 25 um)
[72]. The elastic modulus of CaCOj3-filled polybenzoxazine
composites increases with filler content but does not
depend on particle size (1, 5 and 20 um) [73]. Also, the
modulus of aluminum particle/polyester composites is
unaffected by particle size (100 nm, 3.5 and 20 pm) [74].
Similarly, particle size (1-12 pm) does not affect the modu-
lus of epoxy/alumina trihydrate powder composites [75].

The tensile moduli of organo-soluble polyimide (PI)/sil-
ica composite materials are shown in Fig. 2 [16]. The silica
particle size is dependent on its loading in the composite.
Thus, it is 100-200 nm, 200-450 nm and 1-2 um, respec-
tively, for silica loading of 5, 10 and 20 wt%. Since Young’s
modulus increases linearly with silica content, the particle
size effect is insignificant. Otherwise, the relationship will
be non-linear [16].

In the above, it is shown that the particulate composite
modulus is insensitive to particle size. However, when the
particle is decreased to a critical size such as 30 nm, there
will be an obvious effect of particle size on the modulus pre-
dicted theoretically as shown in Fig. 3 [76]. Indeed, it is also
experimentally observed, Fig. 4 [77], that polypropylene
(PP)/CaCO; composites containing smaller (21 nm) nano-
particles have higher Young’s modulus than those compos-
ites with larger (39 nm) nanoparticles. Moreover,
nanoindentation modulus has been obtained on composite
coatings reinforced with silica of different sizes [78], as
shown in Fig. 5. Clearly, the modulus decreases with
increasing particle size from 15 to 35 nm, especially at high
particle loading.

To summarize, it seems that there is a critical particle
size above which there is no effect on composite modulus.
When the particle size is below this critical value, the effect

4.5

Young's modulus, E¢ (GPa)

1.5 1 1 1 1 ]
0 10 20 30 40 50

Silica weight fraction (%)

Fig. 2. The influence of silica content on the tensile modulus of polyimide/
silica composite materials. Adapted from [16].
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Fig. 3. The predicted modulus of spherical particle filled polymer
composite as a function of particle size, where the particle to matrix
modulus ratio E,/E,, = 40. Adapted from [76].
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Fig. 4. Young’s modulus of 21 nm and 39 nm CaCOj; reinforced PP
composites at different compositions. Adapted from [77].
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Fig. 5. The Young’s modulus of polysiloxane nanocomposite coatings
with different silica particle sizes as a function of the volume filler content.
Adapted from [78].
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on composite modulus is more significant. The magnitude
of this critical particle size cannot be predicted a priori
for it depends on the particle, matrix and particle/matrix
adhesion.

2.1.2. Effect of particlelmatrix interfacial adhesion

The tensile modulus of polystyrene (PS)/glass-bead
composites is shown in Fig. 6 as a function of glass loading
[17]. The bonding between glass and PS is varied by using
different coupling agents. It is seen that the modulus is
independent of the interfacial adhesion but increases
almost linearly with glass loading. Since Young’s modulus
is measured at relatively low deformation, there is insuffi-
cient dilation to cause interface separation. Thus, it is easy
to understand that the adhesion strength does not notice-
ably affect the elastic modulus.

Many studies have supported the above observation.
Young’s modulus of epoxy/glass bead composites increases
with glass bead loading [79] but is unaffected by glass sur-
face treatment. Moreover, the effect of interfacial bonding
on flexural modulus of glass bead (d}, ~ 30 um) filled epoxy
and polyester resins is studied as a function of particle vol-
ume fraction and interfacial bond strength [62]. The latter
parameter can be varied by chemical surface treatment of
glass using a silicone mold release to prevent chemical
bonding at one extreme and a silane coupling agent to
maximize bonding at the other extreme. No clear effect of
interfacial bonding on modulus can be seen. Similar results
are also obtained on the modulus of nanocomposites. For
example, the modulus of a polypropylene composite filled
with 0-40vol% of ultra-fine calcium carbonate (d,=
70 nm) is studied [35]. Untreated and surface treated parti-
cles are considered. A monotonic increase in modulus is
noted with filler loading but no noticeable effect of interfa-
cial adhesion on modulus has been found.

Conversely, it is observed that the modulus of polypro-
pylene (PP)/BaSO,4 composites depends on interfacial mod-
ification but this is an indirect effect [80]. It is shown from

Young's modulus, E_ (GPa)

2 1 1 1 1 1 1 ]
0 4 10 15 20 25 30 35

Particle volume fraction, V, (%)

Fig. 6. The Young’s modulus at 20°C for PS—glass bead composites with
excellent (O) and poor (M) interfacial adhesion. Adapted from [17].
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Fig. 7. The Young’s modulus of the PP/BaSO, composites. M-0: virgin
PP + BaSO, without pretreatment; M-SA: virgin PP + BaSO, pretreated
with 1 wt% stearic acid; M-SI: virgin PP + BaSO, pretreated with 1 wt%
silane AMPTES; M-MAH: PP-g-MAH + BaSO, without pretreatment.
The resultant composites were designated hereafter as C-0 for PP/M-0, C-
SA for PP/M-SA, C-SI for PP/M-SI and C-MAH for PP/M-MAH,
respectively. Adapted from [80].

Fig. 7 that the composite modulus is controlled to some
extent by particle surface modification. This phenomenon
is due to two possible factors: interfacial adhesion and
matrix crystalline structure. The direct effect of the former
is insignificant since modulus is a property at low deforma-
tion which is not sensitive to adhesion. The second factor is
mainly responsible for the improvement of composite mod-
ulus because the crystallinity of semi-crystalline polymers,
and hence the composite modulus [80], is affected by the
filler.

In conclusion, interfacial adhesion has little effect on the
Young’s modulus of particulate-filled composites.

2.1.3. Effect of particle loading

The effect of particle loading on composite modulus has
actually been already shown in Figs. 1-7 for some material
systems, in which the modulus increases with increasing
particle loading. More examples are given below to demon-
strate this effect.

Table 2 lists Young’s modulus of hydroxyapatite (HA)
filled polymer composites [24]. It is clear that modulus is
strongly dependent on particle loading. When 10 vol% par-
ticles are added, the modulus is increased by ~50-100%.
Similar results for other particulate-polymer composite
systems have also been obtained. For example, it is
observed that the tensile modulus of ternary polymer com-
posites: polyamide 6,6 (PA 6,6)/poly[styrene-b-(ethylene-
co-butylene)-b-styrene] grafted by maleic anhydride
(SEBS-g-MA)/glass beads, is enhanced by adding glass
beads (with an average size ~32 um) [33]. Also, the modu-
lus of epoxy/glass bead composites increases with glass
bead volume fraction [23]. Similarly, the elastic modulus
of nylon 6/silica nanocomposites increases constantly with
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Table 2

Young’s modulus of hydroxyapatite (HA) particle filled polymer composites. Adapted from [24]

HA volume fraction (%) Young’s modulus (GPa)

HA P88/HDPE*

HA P81B/HDPE*

HA P88/XPE* HA P81B/XPE

0 0.65 £+ 0.02 0.72 £0.03 1.37 £0.07 1.37 £0.07
10 0.98 +0.02 0.98 +0.07 2.04 +0.11 2.074+0.03
20 1.60 £ 0.02 1.55 £ 0.04 2.77£0.14 3.05+0.09
30 2.73 £0.10 2.46 +0.21 438 +£0.18 448 +0.17
40 4.29+0.17 3.74 +£0.14 597 +0.25 6.48 +0.17
45 5.54 +0.62 5.39 +£0.81 7.63 +£0.42 6.95 4+ 0.40

& Note: HA P88 and HA P81B have, respectively, average particle size of 4.14 and 7.32 um. HDPE: high density polyethylene and XPE: cross-linkable

polyethylene.

increasing silica loading as shown in Fig. 8 [30], where the
particle size varies from 50 to 110 nm.

Hence, addition of rigid particles to a polymer matrix
can easily improve the modulus since the rigidity of inor-
ganic fillers is generally much higher than that of organic
polymers. The composite modulus consistently increases
with increasing particle loading.

2.2. Theories for elastic modulus

The elastic modulus of a particulate—polymer composite
is generally determined by the elastic properties of its com-
ponents (particle and matrix), particle loading and aspect
ratio [19,81-83]. When the aspect ratio of particles equals
unity, such as for spherical particles, the composite modu-
lus will then depend on the modulus of the components and
particle loading or particle size as described in Section 2.1.
Since the modulus of inorganic particles is usually much
higher than that of the polymer matrices, the composite
modulus is easily enhanced by adding particles to matrix.
Many empirical or semi-empirical equations have been
proposed to predict the modulus of particulate—polymer
composites and these are summarized below.

2.7 -

Young's modulus, E, (GPa)

2.0 1 1 1 |
0 5 10 15 20

SiO, content (wt%)

Fig. 8. Tensile modulus of nylon 6 nanocomposites as a function of SiO,
particle content. Adapted from [30].

Based on the rigid particle assumption, Einstein’s equa-
tion for prediction of the Young’s modulus of particulate
composites is [84,85]

Eo/Em=1+25V, (1)

where E. and E,, are Young’s modulus of composite and
matrix, and V7, is particle volume fraction. Einstein’s equa-
tion was originally derived for the effective shear viscosity
for dilute suspensions of rigid spheres and was extended
to study the effective viscosity of concentrated suspensions
of mono-sized spheres [86]. The above simple Einstein
equation (1) for Young’s modulus of particulate compos-
ites is valid only at low concentrations of filler and assumes
perfect adhesion between filler and matrix, and perfect dis-
persion of individual filler particles [87]. This equation im-
plies that the composite modulus is independent of particle
size and predicts a linear relationship between E. and V,. It
is useful for low particle loading but not suitable for large
loading due to the interaction of the strain fields around
the particles. Hence, there are several modifications to Ein-
stein’s equation. Guth [88] added a particle interaction
term in the Finstein equation which becomes

E/Em=1+42.5V,+ 141V 2)

where the linear term is the stiffening effect of individual
particles and the second power term is the contribution
of particle interaction.

Halpin and Tsai found that the modulus of particulate
polymers can be predicted by the semi-empirical relation-
ship [89,90]

1+ 4,B,V,

E./En =
/ 1 =BV,

3)

where A; and B; are constants for a given composite. 4, is
a function of the particle shape and matrix Poisson ratio,
and B, is related to the modulus of the particle (E£,) and
matrix (E,). Another elaborate equation for estimating
the modulus of a composite that contains spherical parti-
cles in a matrix is due to Kerner [91] and given below

Ve o 15(1 —vy)

Ee/En =1 H 75 (8~ 10 @
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for E, > E,, and v,, is the matrix Poisson ratio. Based on
Egs. (3) and (4), Nielsen [92-94] suggested the following
more general equation:

1+ 4B,V
EC/Em_u

T 1B, (5a)

where ¥ depends on particle packing fraction and con-
stants 4, and B, are defined below. Thus, we have

 E,JEn—1
 E,JEnm+A4
Y=1 + [(1 - VP max)/sz) max] VP

where kg is Einstein’s coefficient and Vmax is maximum
packing fraction.
Mooney [95] made another modification to the Einstein

equation as follows:

2.5V
E./Ey = exp (1 —s; ) (6)
p

A]ZkE—L B] (Sb*d)

where s is a crowding factor for the ratio of the apparent
volume occupied by the particle to its own true volume,
and its value lies between 1.0 and 2.0. This modified equa-
tion is reduced to Einstein’s equation (1) at low volume
fractions of spherical particles and represents test data at
high volume fractions. For non-spherical particles, Moo-
ney’s equation is further modified to [96]

2.5V, +0.407(P — 1)"%y,
1 —sV,

E./En =exp < (7)

where P is the aspect ratio of the particle with 1 < P < 15.

The simplest arrangements of fibres in a two-phase
material containing continuous fibres and matrix are series
(Reuss) and parallel (Voigt), and assuming iso-stress and
iso-strain criteria for these two cases, respectively, a
lower-bound of the composite modulus

Efzower = EpEn/[Ep(1 = V) + Enly] (8)
and an upper-bound
EPP = EgVy + En(1 = V) )

can be derived. Voigt’s model gives a linear relationship be-
tween E; and 1, and a gross over estimate of E.. The mod-
ulus of real composites lies between these two bounds.
These upper- and lower-bound models are applicable to
most particulate micro- and nano-composites. Generally,
the modulus of composites should be lower than the
upper-bound predicted by Eq. (9) and higher than the low-
er-bound by Eq. (8) [97], although it is possible for a com-
posite to violate the Voigt—Reuss bounds due to Poisson’s
effect [98]. An example is shown in Fig. 9 for silica filled PA
6 nanocomposites [29], where the particle size varies in a
narrow range of 12, 25 and 50 nm. The experimental data
lie between these two bounds. And Kerner’s equation (4)
gives much better agreement with the test results, where
the matrix Poisson ratio was assumed to be 0.3 [29]. Based
on the series and parallel models, Coran [99] suggested the

3.6 Pparallel Particle diameter: o 12 nm
- coupling o 25nm
S 3.4 . A 50 nm
o i \; ————— Kerner's approach
o ! B
w [ 1.
y 3.2F ' A -~
3 ' AL
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g sof -
) [ 7 -
fo)) ' e -
S 28} /% ]
o T S Series coupling
> x'—/—/’ -
2.6 1 1 1 1 1 )
0 5 10 15 20 25

Particle weight fraction (%)

Fig. 9. Variation of the tensile modulus of silica-filled PA6 nanocompos-
ites with respect to the filler content for various mean particle sizes: 12, 25
and 50 nm. Adapted from [29].

following equation to estimate the effective Young’s
modulus:

Ec _ ﬁ(Egpper _ Eiower) 4 Eiower (10)

where f. is a factor of the phase morphology and can vary
between 0 and 1. Coran’s equation has been adopted by
George et al. [100,101] with good effect.

In addition, Hashin and Shtrikman [102] and others (see
[103] and references therein) have developed sharper
bounds (namely in a narrower range between the two
bounds) for elastic moduli of composites. This type of
methods can only give two bounds but cannot predict the
exact value of the composite modulus.

Counto [104] proposed a simple model for a two-phase
particulate composite by assuming perfect bonding between
filler and matrix. The composite modulus is given by

1 1=y 1

— + 11
E. En (1=V2)VEn+ E, (1

This model predicts moduli in good agreement with a wide
range of test data.

Ishai and Cohen [105] and Paul [106] assumed that the
two constituents are in a state of macroscopically homoge-
neous stress and adhesion is perfect at the interface of a
cubic inclusion in a cubic matrix. When a uniform stress
is applied on the boundary, the elastic modulus of the par-
ticulate composite is given by

2/3
14+ (-1

T o- D07y "

Eo/En =

which is another upper-bound solution. Using the same
model, with uniform strain applied at the boundary, Ishai
and Cohen [105] obtained a lower-bound solution

EofEm=1+——'»

-1 vy "
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where 6 = E,/E,,. The dependence of Young’s modulus of
epoxy/glass bead composites and epoxy/rubber has been
tested by using the model, that is, Eqgs. (12) and (13)
[107]. However, only the lower-bound solution fits the data
well. This observation has also been found by Young et al.
[108]. Nonetheless, the model should give upper- and low-
er-bounds to the composite modulus [109], namely, all data
lie between the two bounds described by Egs. (12) and (13).
Indeed, the modulus results obtained for PP/ultra-fine
CaCO; composites fell within these two bounds.

For simplicity and without loss of accuracy, an approx-
imate method, that is, the modified rule of mixtures, can
also be used to predict the elastic modulus of particulate
composites [110]

Ec= 1, EpVp + En(1 = V)) (14)

where 0 <y, <1 is a particle strengthening factor. The
elastic moduli of particulate composites predicted by Eq.
(14), originally developed for modulus of short-fibre com-
posites [18,111-113], fall between those predicted by the
Reuss (Eq. (8)) and Voigt models (Eq. (9)).

Verbeek [114] provided another model for evaluating the
composite modulus by the following equation:

E. = 1,E V) +En(1-7V,) (15)

where y, =1 — tanh(Vpmax)/ Vpmax- The model assumes
perfect adhesion between the phases and that stress is
transferred via a shear mechanism. Good agreement is ob-
tained for the moduli of low density polyethylene (LDPE)/
phlogopite composites at different particle sizes as shown in
Fig. 10. The two sets of data correspond to both narrow
and wide size distributions. It does not seem that particle
size has any significant effect on the modulus.

The modulus of silica filled ethylene—vinyl acetate
copolymer is found to be very sensitive to particle size,
e.g. changing the size from 600 nm to 14 nm increases the
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Fig. 10. Variation of Young’s modulus with particle size and size
distribution of phlogopite, at constant aspect ratio for narrow (M) and
wide (@) distributions. The predicted values from Eq. (15) are shown as
the solid line. Adapted from [114].

modulus several-fold [115]. Indeed, the elastic moduli of
several polymer/inorganic nanocomposites are so high that
two-phase models cannot describe the test results [116—
120]. Takayanagi et al. noticed the formation of micro-
fibrils with diameters 10-30 nm and these micro-fibrils were
more influential at interphase boundaries than in bulk
[121]. Thus, an interphase region was added to formulate
the tensile modulus of such polymer nanocomposites and
the effect of nanosized spherical particles could thus be
accommodated [76]. From the predicted results, there is a
critical particle size of ~30 nm below which composite
modulus increases with decreasing particle size. Supporting
experimental evidence has come from Mishra et al. [77] and
Douce et al. [78].

Besides the abovementioned empirical or semi-empirical
formulas and the bounding techniques micromechanics has
already made a great success in prediction of the overall
effective elastic moduli of composites [103,122]. Microme-
chanics approaches deal with the weak and strong depen-
dences of material properties on particle interaction.
Various micro-mechanics schemes have been established
to estimate the effective moduli, which depend mainly on
the statistically averaged effect of particle interaction. The
simplest one is the non-interacting method (also referred
to as Taylor’s model or dilute concentration model,
DCM), which neglects completely the interaction of parti-
cles. It may offer quite accurate results in most cases of low
volume fractions of the reinforcing phase. When consider-
ing statistical effects of inclusions, the effective moduli may
be estimated using the self-consistent method, Mori—
Tanaka method [123], differential method, generalized
self-consistent method and other approaches based on
the concept of effective medium or effective field. These
conventional techniques, with few exceptions, neglect the
precise locations and orientations of particles. Therefore,
their applications are limited to solids that are statistically
homogeneous and subjected to uniform tractions or dis-
placements on their surfaces. In addition, the statistical
micromechanical theory, stochastic defect theory, and
some other micromechanical theories [103] may be consid-
ered to elucidate the effects of particulate interaction. How-
ever, due to cumbersome calculations, they are difficult to
be implemented in a framework of effective moduli of
materials with profuse particles.

In micromechanics methods, the key problem in estima-
tion of effective moduli of composites is how to calculate
the average strain of an Eshelby inclusion embedded in a
solid containing many dispersed inclusions. Evidently, it
is difficult to determine the exact solution due to the large
number of interacting particles whose orientations and
locations are often distributed statistically. Therefore, some
simplifications or approximations are necessary. On one
hand, the medium surrounding an inclusion is disturbed
by the complex microstructure, and then has a stiffness dif-
ferent from the pristine matrix. Conversely, the stress field
around an inclusion is perturbed due to the existence of
other particles. Thus, as a straightforward approximate



S.-Y. Fu et al. | Composites: Part B 39 (2008) 933-961 941

model, the inclusion is assumed to be surrounded by an
effective medium, also referred to as the reference matrix,
with a stiffness (or compliance) and subjected to an effective
stress (or strain) in the far field. This approximation, which
renders the analytical evaluation of the effective moduli of
a heterogeneous solid, is common to all the effective med-
ium methods and the effective field methods aforemen-
tioned, although the definitions of the effective medium
and the effective field in these methods are different.

A rather simple and accurate micromechanics method is
Mori-Tanaka method [123]. It assumes each inclusion in
the infinite pristine matrix loaded by an effective stress that
equals the average stress over the matrix. The effective
moduli of inclusion-dispersed composites may be easily
derived with good accuracy even for a high volume fraction
of inclusions. For a composite reinforced by particles of
spherical shape, this method leads to the effective Young’s
modulus E., bulk modulus K, and shear modulus G. as

]?CNC
E, = 2K:Ge (16a)
3K, + G.
Ke=Kp+—= VoKn(Kp = Kn) (16b)
Ko+ Bo(1 = Vp)(Kp — Kum)
Ge = G + V5 Gun(Gp — Gm) (16¢)

ém + By (1 - Vp)(ép - am)

where 5, = ?5‘:1_3:;’ B>=3— 5B, K and G denote the bulk

modulus and the shear modulus, the subscripts “m” and
“p” stand for matrix and particulate, respectively. Many
other analytical or semi-analytical solutions from microm-
echanics methods are available in the literature but are
omitted here for conciseness.

The effect of particle size on the effective elastic modulus
of composites has recently attracted much attention, espe-
cially for nanoparticle-reinforced composites. The particles
restrict the mobility and deformation of the matrix by
introducing a mechanical restraint. The restriction in poly-
meric molecular diffusion in the presence of solid particles
occurs because of an effective attraction potential between
segments of the chain and the repulsive potential that the
polymer is subjected to when it is close to solid particles.
The degree of the particle restriction depends on the prop-
erties of the filler and the matrix [124,125]. This effect of
interfacial phase or interphase also makes a contribution
to the enhancement in the composite modulus. For parti-
cles of size larger than 1 um, however, this contribution will
be negligible compared to that of the particles. The zero-
thickness assumption for interfaces is generally acceptable.
The reasons are twofold. First, the restriction to the mobil-
ity and deformation of matrix by particles should be lim-
ited to a very small volume for a low V), because the
thickness of interphase is generally about 1 nm or smaller
and the content of particles added in composites is usually
small. Second, while for a high ¥V, the elastic modulus of
the confined polymer near interfaces is much lower than
that of the particles, though higher than the unconfined

polymer. This independence of elastic modulus of parti-
cle-filled micro-composites is consistent with the prediction
of conventional micromechanics which neither has an
internal length parameter in its constitutive relation nor
accounts for the interphase effects. In addition, Christensen
and Lo’s three-phase model [126], Mori-Tanaka method,
self-consistent method, Halpin and Kardos’ model [127]
of micromechanics can also be extended to account for
the interface effect by including an interphase region
between the matrix and particles [128,129]. For instance,
Colombini et al. [130,131] used the self-consistent scheme
based on a ‘“‘particle-interphase-matrix” three-phase unit
cell model to study the influence of the particle size and
shape on the mechanical properties of bimodal hard/soft
latex blends. They found that the smaller the size of the
hard particles, the better the mechanical enhancement of
the mechanical film properties. Sevostianova and Kacha-
nov [132] used a differential scheme suggested by Shen
and Li [133] to account for the interphase effect on effective
elastic moduli. Lutz and Zimmerman [134] addressed the
effect of an inhomogeneous interphase zone on the bulk
modulus and conductivity of particulate composites.

For reviews and recapitulations of micromechanics the-
ories and the related results, the reader is referred to Refs.
[103,122] and references cited therein. Most previous work
was conducted based on Eshelby’s inclusion theory [135]
for those composites comprised of well-defined inclusions
dispersed in a connected matrix phase. The conventional
Eshelby’s tensor was derived for elliptical inclusions per-
fectly bonded to the matrix by assuming that the interface
region has a zero thickness. To account for the size effect of
particles, the classical formulation of Eshelby’s theory has
been revisited to include the surface/interface stresses, ten-
sion and energy [136]. The influences of such factors as par-
ticle agglomeration and interface debonding on the elastic
moduli have also been studied recently (see for example,
[137-141] and references therein).

3. Strength

The strength of a material is defined as the maximum
stress that the material can sustain under uniaxial tensile
loading. For micro- and nano-particulate composites this
relies on the effectiveness of stress transfer between matrix
and fillers. Factors like particle size, particle/matrix interfa-
cial strength and particle loading that significantly affect
the composite strength are discussed below.

3.1. Experimental results

3.1.1. Effect of particle size

The effect of spherical particle size on the tensile yield
strength of polypropylene (PP)/CaCO; composites is
shown in Fig. 11 [27]. The particle size varies from
10 nm, 80 nm, 1.3 to 58 um. It is clearly shown that, for
a given particulate volume fraction, the composite strength
increases with decreasing particle size. Smaller particles
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Fig. 11. Effect of spherical filler particle size on tensile yield strength of
PP-CaCOj; composites. Particle diameter: (O) 0.01 pm, (A) 0.08 pm, ()
1.3 um and (V) 58 pum. Adapted from [27].

have a higher total surface area for a given particle loading.
This indicates that the strength increases with increasing
surface area of the filled particles through a more efficient
stress transfer mechanism. However, it is noted that for
particles at and larger than 80 nm, the composite strength
is reduced with increasing particle loading. For the 10 nm-
particle composites the trend is reversed. If nanocompos-
ites are defined as having particles with at least one dimen-
sion smaller than 100 nm [6], then the strength results in
Fig. 11 suggest that nanocomposites with CaCO3 nanopar-
ticles may show a decrease in strength as the particle load-
ing increases.

The effect of particle size on composite strength of PA 6/
silica nanocomposites is shown in Fig. 12 [29], where the
mean sizes are 12, 25 and 50 nm, respectively. Addition
of particles leads to an increase in strength; and smaller
particles give better reinforcement. These results are in
agreement with those obtained by Sumita et al. [58] over
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Fig. 12. Variation of the tensile yield strength of silica-filled PA6
nanocomposites with respect to the filler content for various mean particle
sizes: 12, 25 and 50 nm. Adapted from [29].

the same range of filler size. In a similar study of mechan-
ical properties of kaolin filled nylon 6,6 composites [142], it
is found that the composite strength also increases with
decreasing mean particle size (0.4-4.8 um).

Fig. 13 presents the tensile strength results of epoxy/silica
composites as affected by the mean silica particle size within
the micro-scale range [28]. There is a large improvement in
tensile strength with decreasing particle size. This trend is
supported by the tensile strength results of epoxy/alumina
trihydrate particulate composites in Table 3 [21] and other
composites [70,71,143] such as Mg(OH),/ethylene—propyl-
ene—diene terpolymer (EPDM) [71] in Fig. 14. It is shown
that, at the same particle loading, nano-Mg(OH), is more
efficient than micro-Mg(OH), to strengthen epoxy matrix.

To conclude, particle size clearly has a significant effect
on the strength of particulate-filled polymer composites,
which generally increases with decreasing size.

3.1.2. Effect of particlelmatrix interfacial adhesion

As in fibre-reinforced composites, the quality of adhe-
sion at the interface is of crucial importance for the behav-
iour of particulate composites. The adhesion strength at
the interface determines the load transfer between the com-
ponents. The Young’s modulus, however, is not affected by
this parameter because, for small loads or displacements,
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Fig. 13. Effect of particle size on tensile strength of epoxy composites
filled with spherical silica particles with particle contents of 55 wt% (O)
and 64 wt% (@). The dotted line represents the matrix strength oy,.
Adapted from [28].

Table 3
Tensile strength of alumina trihydrate filled epoxy composites. Adapted
from [21]

Particle size (pm) Volume fraction (%) Tensile strength (MPa)

Unfilled 0 759 £ 8.8
1 10 58.0£34
8 10 299+ 1.7

12 10 272+24
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Fig. 14. Effect of Mg(OH), loading with different particle sizes on tensile
strength of Mg(OH),/EPDM composites. [In the inset: nano, 2500 mesh,
1250 mesh and 800 mesh mean 50/100 nm, 2.03 pm, 2.47 ym and 2.93 pm,
respectively.] Adapted from [71].

debonding is not yet observed. On the other hand, compos-
ite strength and toughness are very much dependent on the
adhesion quality.

To evaluate adhesion between two different materials
there are different approaches. The work of adhesion can
be determined by contact angle measurement or by contact
mechanics, a critical discussion is given by Packham [144].
To understand the basic mechanisms at a polymer surface,
which are responsible for adhesion at the molecular level,
the reader, is referred to the survey given by Creton et al.
[145]. Another method was direct determination of the
adhesion strength between a single particle and the sur-
rounding matrix. Harding and Berg [146] used a cylindrical
specimen with an embedded single particle, whereas
Mower and Argon [147] and Lauke [148] used curved spec-
imens. The tests provide the adhesion strength at the inter-
face between particle and matrix and between particle and
interphase, respectively.

In Fig. 11, the strength of micro-particle-filled compos-
ites decreases with particle content. In Figs. 13 and 14, the
reverse is true, i.e. in micro-size, strength increases with
particle content. This contradiction is because, besides par-
ticle size and loading, the particle/matrix interfacial adhe-
sion also significantly affects the strength of particulate
composites, and this is discussed below. Effective stress
transfer is the most important factor which contributes to
the strength of two-phase composite materials. For poorly
bonded particles, the stress transfer at the particle/polymer
interface is inefficient. Discontinuity in the form of debond-
ing exists because of non-adherence of particle to polymer.
Thus, the particle cannot carry any load and the composite
strength decreases with increasing particle loading. How-
ever, for composites containing well-bonded particles,
addition of particles to a polymer will lead to an increase
in strength especially for nanoparticles with high surface
areas.
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Fig. 15. The tensile strength at 20 °C for PS-glass bead composites with
excellent ((J) and poor (@) interfacial adhesion. Adapted from [17].

The tensile strengths of polystyrene (PS)/glass bead
composites are shown in Fig. 15 [17]. The glass beads have
a diameter ~10-53 um. The interface bonding strength
between glass and polystyrene is varied by using different
coupling agents. The composite strength decreases with
increasing glass content and is lower than that of the poly-
mer matrix; but better interfacial adhesion gives higher
composite strength. During tensile testing, crazes form at
a critical applied stress. In poorly bonded beads, de-wetting
along the phase boundary [149] introduces a small cap-
shaped cavity at the top of the bead. This cavity will induce
extra stress concentration in the vicinity of its relatively
sharp edge. Thus, craze formation at the edge of the cavity
occurs at a lower applied stress when compared to the case
of well-bonded beads, in which de-wetting is absent as the
crazes directly form near the poles of the bead.

In nylon 6-based nanocomposites, an obvious effect of
particle/matrix interface adhesion on composite strength
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Fig. 16. Tensile strength of nylon 6 nanocomposites filled with modified
(M) and unmodified (@) silica (Si0,) particles, respectively. Adapted from
[30].
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also exists [30]. If the particles, whose size varies from 50 to
110 nm, are untreated, the strength decreases only margin-
ally with increasing particle content. However, when the
surface of silica nanoparticles is modified by aminobutyric
acid to improve the filler/matrix adhesion, the tensile
strength of nylon 6/silica nanocomposites shows a bell-
shaped curve with silica loading (Fig. 16). The modified
composites have good particle dispersion and strong poly-
mer/silica interface adhesion for effective stress transfer.
Therefore, the composite strength is increased. When silica
content is above 5 wt% particle aggregation occurs, thus
leading to degradation in composite strength as the particle
content increases.

The incorporation of a small amount of BaSO, particles
in polypropylene (PP) does not significantly affect the yield
strength of the composites (Fig. 17) [80], whereas a rela-
tively high content of BaSOy particles (>16 wt%) has a neg-
ative effect on the yield strength. It is noted that the yield
strength depends on the interfacial modification. C-MAH
(PP/M-MAH) and C-SI (PP/M-SI), with interfaces modi-
fied with PP-g-MAH and silane, have higher yield strength
than that without modification (C-0) or modified with stea-
ric acid (C-SA), showing pronounced reinforcements.

Zhang and co-workers [141,150] studied the effect of
interfacial adhesion on the strength of PP/silica nanocom-
posites, in which nanosilica particles were treated by vari-
ous monomers (e.g., styrene, methyl and methacrylate) to
obtain different interfacial interactions. Thio et al. [151]
also examined the influence of interfacial adhesion on the
mechanical properties of PP/glass composites. The glass
particles were treated with two silanes having different
functional groups, hydrocarbons and fluorocarbons. These
investigations found that the tensile strengths of the rein-
forced polypropylenes increased with increasing interface
adhesion. The tensile strengths of nylon 6,6/kaolin com-
posites, whereby the particles were treated with an
amino-silane coupling agent, were determined [142]. It is
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Fig. 17. The yield stress of the neat PP and the PP/BaSO,4 composites.
Adapted from [80].

also shown that the composite strength is increased when
the interface adhesion is improved.

From the above discussions, it is apparent that the par-
ticle/matrix interfacial adhesion has a prominent effect on
the strength of particulate-filled polymer micro- and
nano-composites. A strong interfacial bonding between
particles and polymer matrix is critical for effective stress
transfer leading to high composite strength. Vice-versa, a
weak particle/matrix interface bonding will only give low
composite strength.

3.1.3. Effect of particle loading

The effects of particle size and particle/matrix interface
adhesion on the strength of particle reinforced micro-
and nano-composites are discussed above. For some sys-
tems, the effect of particle loading on strength is also
shown. To cover a wider range of materials, however, more
details are given below for other micro- and nano-
composites.

The tensile strength of organo-soluble polyimide (PI)/
silica hybrid films is shown in Fig. 18 [16]. The silica parti-
cle size in the hybrid (composite) is 100-200 nm for the sil-
ica content of 5 wt%. When the silica content is increased
to 10 and 20 wt%, the particle size is increased to 200-
450 nm and 1-2 pm, respectively. The strength increases
with silica content up to ~10 wt% at which time the tensile
strength is improved by ~33%. For larger silica content,
the particles are micron-sized and the composite strength
decreases. For ultra-fine calcium carbonate particle-filled
polypropylene composites (particle diameter is 70 nm),
the strength has been studied in the composition range 0—
40 vol% [35]. Untreated and surface-treated fillers are used.
The results show monotonic decrease in strength with par-
ticle volume fraction for both fillers. Recently, Kuo et al.
[107] fabricated poly(ether—ether—ketone) (PEEK) polymer
composites reinforced with nanosized (15-30 nm) silica or
alumina particles (5-7.5 wt%) by vacuum hot pressing.
The optimal increase in tensile strength is ~20-50%. Jiang
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Fig. 18. Influence of silica content on the tensile strength of polyimid/
silica composite films. Adapted from [16].
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Fig. 19. The tensile strength of SiO,/PI hybrid films at room temperature
and 77 K as a function of silica content. Adapted from [153].

et al. recently reported fabrication of semi-crystalline poly-
lactide (PLA) nanocomposites with nanosized precipitated
calcium carbonate (NPCC) by melt extrusion [152]. How-
ever, the addition of NPCC in the range ~2.5-7.5 wt%
results in a reduction of tensile strength of the resulting
nanocomposites.

Fig. 19 displays the tensile strength of polyimide (PI)/
SiO, hybrid films prepared using in situ sol-gel process as
a function of silica content [153]. The tensile strength at
both room (298 K) and liquid nitrogen (77 K) temperatures
increases first to a maximum, and afterwards decreases
with increasing silica content [153]. These results are caused
by the fact that silica particle size is in nm when its content
is below 8 wt% and, beyond that, silica particle size
increases rapidly with silica loading [154].

It is found that increase in filler content reduces the
strength of three polyethylenes (PE) filled with CaCO; with
an average particle diameter of 2.3 um [32]. The tensile
strength of the ternary polymer composites, polyamide
6,6 (PA 6,6)/maleated poly[styrene-b-(ethylene-co-butyl-
ene)-b-styrene] (SEBS)/glass beads, is reduced by addition
of glass beads [33]. Table 4, however, shows the tensile
strength of glass bead filled epoxies increasing with filler
loading [23]. Also, the strength of hybrid particulate epoxy
composites with various glass bead loading and different
rubber content increases with the amount of glass beads
(whose size varies from 3 to 70 um) [155]. But, it is
observed that the strength of low density polyethylene
(LDPE)/glass bead composites is insensitive to weight frac-

Table 4
Tensile strength of epoxy composites filled with glass beads (GB) with
particle sizes in the range 4-44 pum at room temperature. Adapted from [23]

Material Tensile strength (MPa)
Epoxy matrix 108
10 vol% GB 113
20 vol% GB 119
30 vol% GB 128
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Fig. 20. Tensile strength of polyurethane/nanosilica composites prepared
via in situ polymerization and blending methods as a function of silica
concentration (silica particle size 66 nm). Adapted from [156].

tion of the beads (whose diameter varies from 1.4 um to
116 pm) [31].

Fig. 20 plots the tensile strength of PU/nanosilica com-
posite films against silica loading [156]. There is a large
increase in strength even at very low silica content regard-
less of in situ polymerization or blending. Also, the tensile
strength is higher by in situ polymerization than by blend-
ing because at the same filler wt% the former method
results in more polyester chains chemically bonded to
nanosilica that are more homogeneously dispersed in the
polymer matrix.

The tensile strength of polyvinyl chloride (PVC)/nano-
CaCO; nanocomposites at various weight ratios was stud-
ied [24]. At a weight ratio of 95/5, the nanocomposite
exhibits a slightly higher tensile strength than neat PVC,
indicating that the nanoparticles have enhanced the
strength of the PVC matrix. However, further increase in
nano-CaCOj; particle loading decreases the tensile strength.
This is explained by the poor filler—polymer interaction.
Thus, nano-CaCO; particles are surface modified with
chlorinated polyethylene (CPE) by preparing the CPE/
nano-CaCO; master batch, which functions to strengthen
the interaction between PVC and nano-CaCOs. As a result,
the strength is enhanced but only partially.

To summarize, the strength of particulate composites is
determined not only by particle size and particle/matrix
interfacial adhesion but also by particle loading. Various
trends of the effect of particle loading on composite
strength have been observed due to the interplay between
these three factors, which cannot always be separated.

3.2. Theories for strength

The ultimate strength of a composite depends on the
weakest fracture path throughout the material. Hard parti-
cles affect the strength in two ways. One is the weakening
effect due to the stress concentration they cause, and
another is the reinforcing effect since they may serve as bar-
riers to crack growth. In some cases, the weakening effect is
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predominant and thus the composite strength is lower than
the matrix; and in other cases, the reinforcing effect is more
significant and then the composites will have strengths
higher than the matrix.

Prediction of the strength of composites is difficult. The
difficulty arises because the strength of composites is deter-
mined by the fracture behaviours which are associated with
the extreme values of such parameters as interface adhe-
sion, stress concentration and defect size/spatial distribu-
tions. Thus, the load-bearing capacity of a particulate
composite depends on the strength of the weakest path
throughout the microstructure, rather than the statistically
averaged values of the microstructure parameters. Hence,
although numerous theories of composite strength have
been published before, there is no universally accepted the-
ory todate. In what follows, we summarize some phenom-
enological models and semi-empirical equations available
because they are simple and easy to use in practice and
can give correct predictions for appropriate cases.

Assuming that the stress cannot be transferred from the
matrix to the filler and that the strength of a particulate-
filled polymer composite is determined from the effective
sectional area of load-bearing matrix in the absence of
the particles, a very simple expression for the composite
strength is given by [34,35]

o =0n(l —=7,) (17)

where o, and oy, are, respectively, composite strength and
matrix strength, and V), is particle volume fraction. Eq.
(17) was proposed for poorly bonded particles. This equa-
tion indicates that the strength of a particulate composite
decreases linearly with increasing particle loading. How-
ever, test results have shown that the relationship between
o. and V,, is not always linear even if a decreasing tendency
was observed. A modified form of Eq. (17) is thus obtained
by replacing the particle volume fraction by a power law
function of the volume fraction as [36,37]

JC:am(l—aV’;) (18)

where ¢ and b are constants depending on particle shape
and arrangement in the composite. Eq. (18) still predicts
a decrease in strength with increase of particle loading.

For poorly bonded particles, Nielsen’s equation is often
used for the prediction of strength of particulate compos-
ites. For cubic particles embedded in a cubic matrix, Niel-
sen gave [157]

oc = om(l = V)0 (19)

where the parameter Q accounts for weaknesses in the
structure caused by the discontinuities in stress transfer
and generation of stress concentration at the particle/poly-
mer interface. When there is no stress concentration, the
value of Q will be the maximum equal to unity.

Based on the hypothesis that there is no adhesion
between filler and polymer, that is, the load is sustained
only by the polymer, Nicolais and Nicodemo [158,159]

derived, with simple geometric considerations, the follow-
ing expression:

o = om(1 —1.21777) (20)

which gives a lower-bound strength of the composite. An
upper-bound is immediately obtained by considering that,
for perfect adhesion, the strength of the composite is sim-
ply equal to the strength of the polymer matrix. So, the
strength is intermediate between these two bounds and can-
not be higher than that of the matrix.

Jancar et al. [160] believed that stress concentration
depends on particle volume fraction and presented a mod-
ified form of Eq. (20) as

0e = om(1 — 1.217/%)S, (21)

where S, is a strength reduction factor and varies in the
range from 1.0 to 0.2 for low and high volume fractions,
respectively.

Leidner and Woodhams [161] considered the contribu-
tions of particle/matrix friction and residual pressure to
the composite strength and gave a modified equation

0. = 0.83pfV, + kon(1 - V}) (22)

where p is pressure, fis friction coefficient, and £ is relative
change in strength of matrix due to the presence of the fil-
ler. The first term on the right side of Eq. (22) is the friction
contribution.

When some adhesion exists between particle and matrix,
the interface can transfer a part of the stress to the parti-
cles, making a contribution to the composite strength.
Thus, Eq. (18) may be modified for better prediction of
composite strength as [162]

. = om(l — an) + cVﬁ) (23)

where ¢ and d are constants. Eq. (20) can also be modified
to include cases with some adhesion so that [163]

oe = om(1 — 1.07V27) (24)

Piggott and Leidner [164] argued that the assumption of
uniform filler distribution in most models was unlikely in
practice and then proposed an empirical equation below

0. = goy —alp (25)

where o is coefficient of the particle/matrix adhesion, and g
is a constant.

It can be seen that in the case of nil or some adhesion,
addition of particles generally leads to reduction in
strength. But in the case of strong filler-matrix adhesion,
where the stress is transferred through shear from the
matrix to the particles, Eq. (22) can be rewritten as [161]

0. = 0.83pfV, +kon(1 = Vy) + o H(L = V) (26)

where g, is the particle/matrix adhesion strength and H is a
constant.

Furthermore, for very strong particle-matrix interfacial
bonding, Pukanszky et al. [165,166] gave an empirical
relationship
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where B is an empirical constant, which depends on the
surface area of particles, particle density and interfacial
bonding energy. For poor interfacial bonding, the particles
do not carry any load, so B=0[165,167]. Eq. (27) has been
applied to analyse the strength results of epoxy/glass bead
composites in which glass beads were subject to different
treatments [23]. As shown in Fig. 21, B increases from
3.49 to 3.87 when the adhesion is improved by silane treat-
ment of the glass beads compared to the untreated
composites.

There have been a few attempts to correlate the strength
of particulate composites with the diameter of the particle,
d,. An empirical linear relationship between composite
strength and particle size was proposed [168], which is

oc =om(l = Vp) —k(Vy)dy (28)

where k(1) is the slope of the tensile strength against the
mean particle size (diameter) and is a function of particle
volume fraction V},. It can be easily seen that Eq. (28) is
an extension of Eq. (17) with an additional negative term
on the right side and it predicts a significant reduction in
strength by adding particles. So, it is applicable to poorly
bonded micro-particles but cannot be applied to strong
interfacial adhesion, especially for nanocomposites. In
addition, Hojo et al. [169,170] found that the strength of
silica-filled epoxy decreased with increasing mean particle
size d,, according to the relation

G = om + kp(Vp)d; ' (29)

p

where ky(V},) is a constant being a function of the particle
loading.

Young and Beaumont [26] also proposed a relation
between strength and average interparticle distance Dy:

0c = Om + S/D; (30a)
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Fig. 21. Normalized tensile strength of glass bead filled epoxy composites
versus the volume fraction of glass beads: (V) untreated glass, (@) silane
treated and (M) elastomer coated. Adapted from [23].
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Fig. 22. The tensile strength of glass bead filled epoxy composites versus
the average interparticle distance, 1/D,: (V) untreated glass, (@) silane
treated and (M) elastomer coated. Adapted from [23].

where S is a constant. D can be expressed as

Dy =2d,(1-7,)/3V, (30Db)
Egs. (29) and (30) predict the same trend that composite
strength increases with decreasing particle size, as is consis-
tent with published experimental data. For example,
Fig. 22 shows that the effect of interparticle distance, Dj,
on strength, o., of an epoxy/glass bead composite [23]
can be fitted very well to Eq. (30). Note that S depends
on interface adhesion and varies from 9.8 x 10°* to
1.74 x 107> MPam.

Liet al. [171] developed a model that includes the effects
of particle/matrix adhesion, particle size distribution,
matrix degradation, etc. But the final expression of integra-
tion/summation is difficult to use in practical prediction of
composite strength. Moreover, there is another disadvan-
tage that the model is unsuitable for prediction of the
strength of nanocomposites because it predicts a constant
strength for particle sizes in nanoscale. To show the effect
of particle size, two cases are considered [171]. In the first
case (n,=1), the particles are perfectly bonded to the
matrix and no degradation of matrix is assumed. In the sec-
ond case (n, =1 — V},), perfect bonding between particles
and matrix is also used, but the matrix is assumed to
degrade linearly with inclusion of particles due to the pres-
ence of particles and complications developed during the
preparation of the composite. Using composite properties
[171]: for glass particles — Young’s modulus = 71 GPa,
bulk modulus = 53.3 GPa, Poisson’s ratio =0.279, and
epoxy — Young’s modulus = 3.53 GPa, bulk modulus =
4.21 GPa, Poisson’s ratio =0.35 and tensile strength =
80 MPa, the effect of particle size on tensile strength is
shown in Fig. 23 (where d,, is mean particle size). It is clear
that composite tensile strength increases as particle size
decreases; this effect is more pronounced for larger parti-
cles. This suggests that when the particle size is relatively
large, reducing its size is very effective to improve the ten-
sile strength of the composites. But if the particle size is
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Fig. 23. Effect of particle size on the tensile strength of particulate-filled
composites. Adapted from [171].

already small, further reducing its size is ineffective to
enhance the composite strength. This conclusion is valid
for the micro-composites considered in Fig. 23 but it does
not apply to nanocomposites since the nanoparticle size
effect is very significant on strength as shown by many
results mentioned above.

In summary, strength of particulate—polymer compos-
ites relies on the parameters of particle size, interface adhe-
sion and particle loading. Whilst many phenomenological
and semi-empirical models have been proposed, there is
no single equation that can apply to all particulate compos-
ites under all conditions. However, these models can pre-
dict the changing tendency of the strength against any
specific parameter.

4. Fracture toughness

Fracture mechanics concept to material design considers
the effects of cracks and defects on strength. Strength con-
cept works with critical stresses but in fracture mechanics
the critical crack length is an extra parameter. There are
two approaches to determine fracture toughness which is
a material property: stress intensity approach and energy
approach. The first approach yields a fracture toughness
(K.) which relates the crack size to fracture strength. The
energy approach provides a critical energy release rate
(G.) which is the work dissipation required to spread a
crack of unit area. For non-linear elastic materials, the crit-
ical J-integral is used instead of G, which is for linear elas-
tic materials. Further discussions on these fracture analyses
and related topics can be found in Atkins and Mai [172].

The expressions for K. and its relation to G, are origi-
nally derived for homogeneous, isotropic materials. Cor-
rections for anisotropy have been given by Sih et al.
[173]. However, these equations can be applied to parti-
cle-filled composites provided that the heterogeneities are
very small compared to specimen dimensions and crack
length. Under these conditions, G, and K, are connected by

G. = K?/E, (31)

where E. is effective composite modulus. It will be shown
that the fracture toughness, G, and K., measured macro-
scopically is affected by particle size, interfacial adhesion
and particle loading.

Michler [174] and Nakamura and Yamaguchi [175]
examined micromechanical methods to study the deforma-
tion and fracture characteristics of toughened polymers and
addressed the interrelationships between microstructure or
morphology and mechanical properties. Fracture toughness
depends on loading conditions, such as rate and tempera-
ture. So, the dependence of toughness on microstructural
parameters, e.g. particle loading, is expected to be affected
by both loading rate and temperature.

In ductile matrices, particulate fillers increase the brittle-
ness of composites if there is no or little interfacial adhe-
sion. In brittle matrices, the reverse holds and the
brittleness is reduced. Micro-cavitation and micro-debond-
ing can easily occur (see Fig. 24) and can introduce cracks
of considerable sizes [151]. Design against brittle failure in
composites is of critical importance.

Such transition from brittle to ductile fracture is already
important for the bulk polymer material and it is influ-
enced by internal and external conditions. Important exter-
nal parameters are loading speed, notch radius and
specimen thickness. The effects of these parameters were
discussed and modelled by Brown [176]. Of special impor-
tance is the fact that the crack moves through areas in the
middle of the specimen where plane strain prevails and at
the surface where plane stress exists. The plane stress
regions are able to yield and thus have a large crack
resistance.

In the discussion of toughness of filled polymers these
effects are superimposed to the effect of the inclusions on
the modification of the polymer’s bulk properties. To
improve the toughness of the composite it is important
that, in between the particles, regions with plane stress
should be provoked that allows the material to yield. Thus,
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Fig. 24. Debonded glass particles surrounded by the void created due to
deformation of the PP/glass composite. Adapted from [151].
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a macroscopic brittle matrix may show localized plastic
deformation or craze formation. This point has been
addressed in calculating the fracture toughness of polypro-
pylene blends [177] and glass sphere filled epoxy compos-
ites [178].

4.1. Experimental results

4.1.1. Effect of particle size

It will be shown below that the effect of particle size on
composite fracture toughness is significant.

The fracture toughness (K;) and critical energy release
rate (G.) of cured epoxy resin filled with 55 and 64 wt%
angular-shaped silica particles prepared by crushing fused
natural raw silica were studied over a range of particle size
(247 pm) [175]. Both K. and G, values increase with
increasing silica size and loading as shown in Figs. 25
and 26. The higher fracture toughness relative to the pure
matrix was due to crack deflection around particles and
energy dissipation in the damage zone.

Nakamura and Yamaguchi also studied the effect of
particle size on the fracture behaviour of epoxy resin filled
with five kinds of spherical silica particles prepared by
hydrolysis of silicon tetrachloride having different mean
sizes, ranging from 6 to 42 pm [179]. G, and K, were mea-
sured by single edge notched beam loaded in three-point
bending (SENB-3PB), double torsion (DT) and Charpy
impact tests. Both G, and K increase with particle size at
the same content though the improvements of DT and
Charpy impact tests are smaller than SENB-3PB test due
to different constraint effects on the crack-tip stresses.
SEM study on the broken SENB-3PB specimens shows a
smooth fracture surface with small particles (d, = 6 pm)
and a rough surface with large particles (d, =42 pm).
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Fig. 25. Effect of particle size on the fracture toughness (K.) measured by
single edge notched bending (SENB) test of cured epoxy resins filled with
classified angular-shaped silica particles at particle contents of 55 wt% (O)
and 64 wt% (@), respectively. Broken line indicates the fracture toughness
of unfilled cured epoxy resin. Adapted from [175].
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Fig. 26. Effect of particle size on the fracture toughness (G,) measured by
SENB test of cured epoxy resins filled with classified angular-shaped silica
particles at particle contents of 55 wt% (O) and 64 wt% (@), respectively.
Broken line indicates the fracture toughness of unfilled cured epoxy resin.
Adapted from [175].

The latter is caused by crack deflections around large
particles.

The particle size effect on fracture toughness, which is
identical to G, of alumina trihydrate (ATH) filled epoxies
was studied by Radford [21] and Lange and Radford [75]
using a double-cantilever-beam (DCB) technique, and the
results are shown in Table 5 and Fig. 27. Obviously, as
the particle size dj, increases, so is G.. But higher particle
loading does not necessarily lead to higher toughness.
Clearly, maximum toughness occurs at ~22 vol% particles
and it decreases on either side of this point.

In the above, for composites with micron-size particles,
fracture toughness increases with particle size. But there
are exceptions as shown below, particularly when the par-
ticles are in the nanosize range and under high loading
rates.

Fig. 28 shows the composite fracture toughness plotted
against volume fraction of 20 um, 3.5 um and 100 nm alu-
minum particles added to polyester [74]. For the cases of
3.5 and 20 um particles, the toughness increases monoton-
ically with particle loading being more pronounced for the

Table 5
Fracture toughness of alumina trihydrate filled epoxies at room temper-
ature. Adapted from [21]

Particle size, d, (um)  Fracture toughness, G; (J m?)

Volume fraction = 0.10 Volume fraction = 0.295

Unfilled 110.5
1 130.9 67.7
2 - 75.4
5 - 124.2
8 182.9 177.6
12 243.7 197.2
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Fig. 27. Effects of particle size and volume fraction on the fracture
toughness of alumina trihydrate powder filled epoxy composites at room
temperature. Adapted from [75].
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Fig. 28. Normalized fracture toughness of aluminum-polyester compos-
ites plotted against particle volume fraction for various particle sizes.
Adapted from [74].

smaller particles. For example, at 4.4 vol% aluminum par-
ticles, the toughness increases by 51% and 22%, respec-
tively, compared to neat polyester. Further reduction in
particle size to 100 nm, a different trend is obtained, as
shown in Fig. 28, in which the toughness has a maximum
value at 2.3 vol% particles and decreases on either side of
this loading.

The notched Izod impact toughnesss of polypropylene
(PP)/CaCO; (CaCO;3 1: 1 um and CaCOs 2: 50 nm) com-
posites and PP/elastomer (EOC, Dupont-Dow Chemical)
blend as a function of the modifier content are shown in
Fig. 29 [180]. In PP/EOC blends, there is a huge increase
in the impact toughness as expected. The modification of
PP with CaCOs; particles also leads to toughness improve-
ment but it depends strongly on the particle size. For exam-
ple, adding 12vol% 1 um CaCO; to PP increases the
impact toughness by merely 60% but this is very much lar-
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Fig. 29. Impact toughness of composites as a function of modifier
content. Adapted from [180].

ger at over 350% with the same loading of 50 nm CaCO;
particles.

Under impact loading, when rigid calcium carbonate
particles of three sizes (3.50, 0.70 and 0.44 um) and varying
volume fractions are added to high density polyethylene
(HDPE) [57], the 1zod toughness is also found to increase
with decreasing particle size in the range studied.

To sum up the above observations, it is clear that parti-
cle size has an important effect on the composite toughness,
which can be improved or reduced with increasing particle
size. These results can be explained in terms of different
operative toughening mechanisms in Section 4.2.

4.1.2. Effect of particlelmatrix interfacial adhesion

The impact toughness of nylon 6/silica nanocomposites,
in which most particle sizes fall in the range 50-110 nm, is
shown in Fig. 30. A bell-shaped curve with a peak at 5 wt%
particle is obtained and attributed to the evolution of
microstructure [30]. The silica particles are treated by
26
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Fig. 30. Impact toughness of nylon 6 nanocomposites filled with modified
(M) and unmodified (@) silica (Si0,) particles, respectively. Adapted from
[30].
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amino-butyric acid to improve the particle/matrix adhe-
sion. For untreated silica particles, the impact toughness
decreases monotonically with increasing particle volume
fraction probably due to the poor interfacial adhesion
between silica and nylon 6 [30].

Three composites, PP/CaCOj3, PP/CaCOs-1La and PP/
CaCOs-5La, in which CaCOj particles averaged ~40 nm
modified with a lanthanum compound (CaCOj3-La) [181]
and La,O5; concentrations of 0, 1 and 5 phr, respectively,
were studied. The surface treatment improved the adhesion
between particles and PP matrix. Fig. 31 shows the effects
of CaCOs3, CaCO;3-1La and CaCOs-5La concentrations on
the notched Izod impact toughness of PP, which clearly
points to peak values of 4.3, 6.6 and 7.9 kJ/m?, respectively,
at ~15 phr particle loading. Compared to the PP notched
impact toughness of 2.6 kJ/m?, these increases are significant
for CaCOj treated by the lanthanum compound.

The beneficial effect on toughness of surface treated
ultra-fine CaCOj; particles (~70 nm) with stearic acid and
a titanate coupling agent in PP over a range of concentra-
tion 0-40 vol% has also been confirmed [35]. Untreated
particles decrease the toughness whereas a maximum, at
10 vol%, is observed for the treated particles. The crack-
pinning model is used to analyse the fracture toughness
but due to the very small size of particles the pinning con-
tribution is proven to be negligible.

In contrast, for thermosetting matrices, increasing parti-
cle-matrix adhesion by using coupling agents does not give
much enhanced toughness [22,38,42,59-62]. Crack growth
is dominated by matrix failure and particle breakage. Thus,
interface debonding is irrelevant and hence efforts to
improve the interfacial adhesion are not effective to
increase the toughness.

In general, therefore, interfacial adhesion between parti-
cles and matrix has a very significant effect on composite
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Fig. 31. Effect of the filler content on the impact toughness of PP/CaCO;
composites: () CaCO;, (@) CaCO;-1La, and (A) CaCO;-5La. Adapted
from [181].

fracture toughness. Strong adhesion leads to high tough-
ness in thermoplastic matrices but not necessary in thermo-
setting matrices due to different failure mechanisms.

4.1.3. Effect of particle loading

Alumina (Al,O3) nanoparticles with an average particle
size of about 13 nm were added to an epoxy matrix [182]
and their Charpy impact energies were determined as
shown in Fig. 32. The results indicate strong enhancement
of the impact toughness even at very low particle loadings
of 0.5-2 vol%. There is a slight drop in toughness beyond
1 vol% but it is still larger than neat epoxy.

The effect of CaCO; (d, = 0.6 um) volume fraction (V)
on the notched Izod impact toughness of HDPE/CaCOj3
composites with various w, (equal to weight ratio of cou-
pling agent (isopropyltriiso-stearoyl titanate) to CaCO;
particles) is shown in Fig. 33 [183]. The impact toughness
reaches a peak at 20 vol% and decreases with higher parti-
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Fig. 32. Charpy impact toughness of epoxy/Al,O3 nanocomposites as a
function of the filler content. Adapted from [182].
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Fig. 33. Notched Izod impact toughness of HDPE/CaCO3; composites
(d=0.6 pm) as a function of CaCOj; volume fraction V.. O: w, = 0.025;
0O: w, =0.05; A2 w, =0.075; {: w, =0.1. Adapted from [183].
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Fig. 34. Notched Izod impact toughness of CaCOs/PP composites as a
function of CaCOj particle content at 20 °C. Adapted from [184].

cle loading showing no toughening at ~30vol%. The
toughening efficiency also depends on w,. A small amount
of coupling agent (w, = 0.025 and 0.05) gives rise to good
dispersion of CaCOj; particles and hence effective toughen-
ing of the composite. At higher w, (=0.1), toughening is
not as efficient probably due to the agglomeration of
CaCO; particles [183].

Fig. 34 shows the effect of CaCOj; particles with a diam-
eter of 0.7 um on the notched Izod fracture toughness of
PP [184]. There is an almost linear increase and at
60 wt% (34.5 vol%) CaCO; the toughness is improved by
fourfold. The toughening mechanisms are thought to be
associated with debonding of particles. This prevents craz-
ing of the polymer matrix and allows extensive plastic
deformation, resulting in high fracture toughness. Without
debonding there is no toughness increase.

The fracture energies (G.) of unmodified and rubber-
modified epoxies are plotted against the volume fraction of
glass particles in Fig. 35 [63,185]. The inclusion of glass
beads increases G, of both materials but there is an optimal
loading for maximum effect. For unmodified epoxy this
occurs at V, = 0.3 when G, is increased by ~400%. For rub-
ber modified epoxy, the optimum ¥, = 0.12 at which G, is
increased by ~40%. Similar results are also reported by other
authors. The fracture toughness of glass-filled epoxy and
polyester resins was studied as a function of glass loading
[59]. It was shown that toughness peaked at a medium glass
loading (~30%) and decreased with more glass added. The
fracture properties of ternary polymer composites: PA 6,6/
maleated SEBS/glass beads were also studied in [33]. The
average size of glass beads used was ~32 um. It was found
that the toughness reached a maximum at 5 wt% of glass
beads and then decreased with more glass beads added.

The G, results in Fig. 35b was re-plotted in Fig. 36 in
terms of the fracture toughness K, at the onset of crack
growth at various temperatures [63]. K, increases monoton-
ically with glass loading and temperature. Addition of glass
beads to epoxy matrix enhances K. against fracture
initiation.

Fig. 37 shows the improvement of fracture toughness K.
of epoxy by adding different types of particles. Clearly, K
increases linearly with particle loading, which can be
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Fig. 35. Effect of glass loading ¥, on fracture toughness G of glass bead
filled epoxy composites. (a) Unmodified epoxy at the temperature of 40, 0
and —70 °C; and (b) rubber-modified epoxy at the temperature of 50, 40,
30, 0, —20 and —70 °C respectively from top to bottom. Adapted from
[63,185].

related to the progressive increase in frequency of trans-
particle fracture [38,61]. The improvement due to the par-
ticles is in decreasing order: silicon carbide > silica > alu-
mina trihydrate (ATH) > glass beads.

However, in ductile thermoplastics, it is observed that
the addition of rigid particles often brings about a reduc-
tion in fracture toughness. Table 6 shows the fracture
toughness G. of calcium carbonate—polypropylene (PP)
composites decreasing with increase of particle volume
fraction [47].

4.2. Toughening mechanisms and theories for prediction of
fracture toughness

There have been numerous experimental studies on
toughening of particulate—polymer composites using inor-
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Fig. 36. Fracture toughness K. of glass bead filled epoxy composites as a
function of glass bead volume fraction v,. Adapted from [63].
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Table 6
G, (kJ/m?) of PP filled with CaCO; particles with average particle size of
3.6 um. Adapted from [47]

Filler content Strain energy release rate, G, (kJ/m?)

0 5.1
0.05 4.6
0.10 4.1
0.15 3.7
0.21 34
0.25 3.1
0.30 2.8

ganic particles. Many models have been published which
are valuable to characterize the microstructure—property
relationship, determine the key parameters that affect frac-
ture toughness, reduce the number of necessary tests and
provide guidance to design novel composites. Because of
the complexity of damage and toughening mechanisms,
few models apply to all composite systems. Some recent
models are reviewed in [186-188] but as yet efficient models
to provide reliable toughness predictions of particulate
composites are wanting.

To-date, a range of possible toughening mechanisms
have been proposed [22,35,189-200] and they include: (a)
crack front bowing (or crack pinning), (b) crack-tip blunt-
ing, (c) particle-matrix interface debonding, (d) diffused
matrix shear yielding, (e) micro-cracking, (f) crack deflec-
tion by hard particles, (g) micro-shear banding, and (h)
breakage of particles, etc. Some of these toughening mech-
anisms may occur cooperatively in particulate composites;
and many of them have already been discussed in a previ-
ous review paper [189]. It should, however, be noted that
recently the plastic void growth model [195] and the 3-D
interphase network model [196] were advocated as possible
toughening mechanisms for epoxy/nanosilica composites.
In the following, the first two toughening mechanisms of
crack-pinning and crack-tip blunting are presented in more
detail. As to other mechanisms, readers are referred to the
appropriate references cited above.

The concept that crack pinning (bowing) could lead to
increased fracture toughness was first postulated by Lange
[43], subsequently refined by Evans [197] and later devel-
oped further by Green et al. [198,199] for different particle
shapes. The concept is simple in that a crack pinned by two
impenetrable particles needs more energy to propagate if
its front is lengthened by bowing [195,199]. For weak par-
ticles, there is no crack bowing (and this will not be further
considered).

In many studies [26,42,45,59,63,75,185,201,202], crack
pinning (bowing) is considered a major mechanism for par-
ticle toughening. This offers simple but satisfactory expla-
nations about the effect of particle loading. Accordingly,
rigid particles pin down the crack and its front bows
between them acting as anchors. The increase in line energy
is akin to the line tension in dislocation pinning in metals.
A characteristic feature of crack pinning is the “tails” left
behind the particles [22,42,43,75,199,203]. The following
simple model given by Lange [43] relates the fracture
toughness G, to the line tension 7T

T
G. =Gy + D. (32)
where D; is interparticle spacing depending on particle
diameter d, and particle loading V}, defined by Eq. (13);
and G, is matrix toughness.

Combining Egs. (32) and (30b) yields an equation which
predicts that G, should improve with increasing V}, for a
given d,. This is precisely what has been found for low vol-
ume fractions of filler [26,193,204]. But, for some brittle
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matrix composites, G, was found to reach a maximum at a
critical ¥}, and then fall with further addition of particles.
Another problem that arises with Eq. (32) is that when
G, is plotted against 1/D; for different sizes of particles in
a given brittle matrix, lines of different initial slope are
obtained [192,204]. This clearly implies that the line ten-
sion, 7, is a function of particle size. Lange [203] intro-
duced a non-dimensional parameter F{d,) to Eq. (32) to
overcome this problem. That is,

F(dy)T

S

G. =Gy + (33)
where 0 < F(d,) < 1. However, this modification is not sat-
isfactory and the physical meaning of F(d,) is unclear.
Moreover, Eq. (33) always predicts a higher composite
toughness G, than matrix toughness G,,. This contradicts
many experimental results especially those for ductile poly-
mer matrix composites. Lange’s equations also predict
that, for a given V/},, small particles d,, should give better
toughening. This was not supported by experimental re-
sults [21,35,175]. Lange assumed a flat surface in his model,
but the fracture plane is always quite rough [21,59] imply-
ing high surface energy absorption to the total composite
toughness.

Lange’s modification [75,203] was improved by Evans
[197], Green et al. [198,199,205] and Rice et al. [206-208].
Using Lange’s line tension concept, Evans [197] and Rice
et al. [206-208] expanded the line energy calculations for
various particle configurations, which explain the depen-
dence of composite toughness on interparticle separation,
particle size, bowed crack shape and interaction between
bowed cracks. Green et al. [198,199,205] suggested that
the impenetrability of particles might depend on various
factors: size, loading, toughness of particles, interfacial
adhesion, coefficients of thermal expansion and elastic
modulus mismatch. According to the modified crack bow-
ing theories, the line energy or the stress for crack growth
depends on the ratio of particle size and interparticle spac-
ing. This ratio is a function of particle volume fraction.
Hence, line tension, size and volume fraction of particles
can be interrelated, namely 7T = T(V},d,, D). However,
quantitative prediction of toughness is still difficult because
the effects of interfacial bonding strength, strain rate on
matrix and other material variables have not been included
in the revised models. Using the modified theory of Green
et al. [198,199,205], Spanoudakis and Young [22,42] pre-
dicted the fracture toughness of glass bead filled epoxies
in reasonable agreement with test results.

In addition to the crack-pinning mechanism, crack-tip
blunting was proposed as another underlying mechanism
for glass bead filled epoxies, since the strain rate depen-
dence of toughness could not be understood by crack pin-
ning alone [22,42]. For unmodified epoxy filled with glass
beads, crack pinning is the main toughening effect [155]
strongly supported by “tails” behind the particles on the
fracture surface and Eq. (33) fits the experimental data
well. For the rubber-modified epoxy filled with glass beads,

crack pinning cannot explain the high values of G, or K,
since crack-tip blunting is involved [155]. The effects of
strain rate and temperature on crack-tip blunting and
hence toughness of unmodified and rubber-modified epox-
ies filled with zirconia particles (<l pm) were studied by
Low and Mai [209]. Two crack-tip blunting mechanisms
were proposed: (a) thermal blunting caused by adiabatic
heating at the crack tip; and (b) plastic blunting due to
shear yielding. Crack-tip blunting also affected the crack
growth characteristics of these materials, e.g. stick-slip
and stable growth [210]. Kinloch and Williams [211] sug-
gested that plastic blunting is favoured when the epoxy
yield stress is lower than 100 MPa.

Damage mechanics indicates that the energy required to
fracture a material is related to its effective load-bearing
area [212,213]. For poorly bonded particulate composites,
the crack-pinning mechanism may not apply. Bucknall
[214] assumed that all dissipated energies during fracture
are absorbed by the matrix material and the unbonded
beads reduce the effective load-bearing area. Using the
effective area model developed by Ishai and Cohen [215]
and Nicolais and Narkis [159], the composite toughness
was estimated by [186]

Ge = Gn(1 — 1.21777) (34)

which applies to the toughness results of some glass bead-
poly(phenylene) oxide composites but some pronounced
errors are also found compared to other test data. Zebarjad
et al. [216] studied the influence of weakly bonded CaCO;
particles on the deformation and fracture mechanisms in
PP/CaCO; composites with three-point bend tests and
found the toughness of PP decreased with increasing
CaCOj; loading (Fig. 38). These results are consistent with
Eq. (34).

It is noted that Eq. (34) assumes that the crack propa-
gates through the minimum cross-sectional area of the
matrix and that the particles do not influence the fracture
process. These assumptions are inappropriate for most real
composites, and hence it often underestimates G.. To
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Fig. 38. Dependency of fracture toughness K. of polypropylene (PP)
composite on calcium carbonate content. Adapted from [216].
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redress this problem, Kendall [46] assumed that when a
crack meets a particle, it will grow along the particle/matrix
interface whose fracture toughness is Gy. Then considering
the extra area of fracture surface due to the presence of
particles, he obtained the relation below to calculate the
composite fracture toughness:

GC = Gm(l — k¢) + Gﬂ’lk¢ (35)

where kg is enhanced fracture surface volume fraction,
which depends on the fracture path, and n takes into ac-
count the extra path around the particles. Eq. (35) without
the second term on the right side, since this is thought to be
negligible, has been used by Friedrich and Karsch [217] to
describe the toughness of a series of silica—PP composites
with good accuracy. Naturally, these two models assume
no or weak adhesion between particles and matrix and
hence predict toughness to decrease with particle loading.

Lange and Radford [75] studied the fracture of alumina
trihydrate (ATH) filled epoxy resins and reported that G,
was improved by adding the particles. This was attributed
to crack pinning. They used three different median particle
sizes: 1, 8 and 12 um (see Fig. 27). As the particle size
increased, the peak value G, also increased. They explained
this by assuming large particles were better able to support
crack pinning than small particles, and thus more efficient
in improving the overall G.. Conversely, the decrease in G,
beyond the peak value suggests a reduced extent of crack
pinning at high volume fractions. Furthermore, crack
blunting was concluded to be the dominant toughening
mechanism for large ATH particles because the particles
were weak, frequently undergoing cleavage and unstable
to participate extensively in crack pinning. For most parti-
cles, the higher the particle strength, the larger the enhance-
ment of fracture toughness achieved per unit volume
fraction. The leveling of K. sometimes observed at high
volume fractions may be due to an increase in the fre-
quency of trans-particle fractures.

The mechanism of crack interaction with a second phase
dispersion is qualitatively consistent with the results
obtained by Lange and Radford [75] where two different
types of fracture surfaces were observed. One type included
surface steps associated with each particle encountered by
the moving crack front. They are a characteristic feature
of the interaction of a crack with inhomogeneities, such
as voids and second phase particles. This type of surface
was only observed for composites containing dispersed
phase volume fractions smaller than that resulting in peak
toughness. The second type of surface appeared similar to
that of polycrystalline materials. Such surfaces were found
for composites with volume fractions larger than that yield-
ing peak toughness. A combination of both types of frac-
ture surfaces was observed for composites with peak
toughness. In general, for large interparticle spacing, a sur-
face containing steps was observed. For small interparticle
spacing, the surface appeared polycrystalline. During frac-
ture, a moving crack is momentarily pinned at positions of
inhomogeneities within the brittle matrix. This interaction

leads to crack front bowing, thus increasing its total length
when the particle spacing decreases and the line tension
rises. However, a maximum is reached inferring that the
dispersed particles become too closely spaced to interact
effectively with the crack front. Smaller particles are less
effective as anchors than larger particles. Therefore, the
fracture toughness is higher for the composite containing
larger particles.

Particle/matrix interface adhesion was found to affect
both the crack growth behaviour and the appearance of
the fracture surface of glass bead filled epoxy micro-com-
posites [42]. The main toughening mechanism is crack pin-
ning. For poorly bonded particles, the crack is attracted to
the equators of the particles and moves around the parti-
cles. The fracture surface consists of hemispherical holes
and top surfaces of debonded particles. For well-bonded
particles, the crack is attracted to the poles of the particles.
The crack then propagates through the matrix above or
below the particles leaving a layer of epoxy resin covering
them.

Weak interfacial adhesion between rigid particles and
matrix makes crack pinning less effective because debonded
particles are ineffective as pinning sites [63]. Moreover,
Levita et al. [35] reported that the crack-pinning contribu-
tion to G is negligible for very small particle size. Small
particles differ from coarse ones if the interface adhesion
affects the composites properties (since surface to volume
ratio increases with reciprocal particle size). If interfacial
debonding dominates, smaller particles will lead to larger
G. due to their higher total surface area than larger parti-
cles at a given volume fraction.

As mentioned above, another approach to explain the
toughness variation of particle-filled polymers is based on
the fracture process zone concept. Evans et al. [218] argued
that energy dissipation processes within a dissipation zone
in front of the crack are responsible for toughness enhance-
ment by adding hard particles to ductile polymers. They
found that particle debonding and subsequent yielding of
local polymer regions are the dominant mechanisms. Sim-
ilar argument was used by Bohse et al. [219].

The toughening mechanisms of semi-crystalline poly-
mers (e.g., polyamides and isotactic polypropylene) rein-
forced with rubber particles have been extensively studied
[220-224]. The effects of such parameters as rubber particle
size, volume fraction and interparticle distance on the effec-
tiveness of toughening have been examined. It has been
concluded [222] that for a blend to be tough, the particles
must be smaller than a critical size, which depends on the
matrix type and rubber concentration. Similarly, rubber
concentration must be above a critical level that, in turn,
is a function of particle size. Based on experimental obser-
vations of a series of rubber-modified polyamide-6,6
blends, Wu [225,226] found that the thickness of the matrix
ligaments between rubber particles is a key parameter for
rubber toughening. He noted that a sharp brittle-tough
transition occurs when the average thickness of the matrix
ligaments is smaller than a certain critical value. Several
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explanations for this phenomenon were proposed by Wu,
but rejected by Muratoglu et al. [227] who concluded that
the change of the local matrix structure caused by the inclu-
sions is responsible for the change of toughness. This idea
was extended and proven for certain semi-crystalline poly-
mers in subsequent papers [222,228]. The primary role of
the filler is to introduce a high amount of interface that
affects the crystallization process and modifies the structure
of the polymer in the neighborhood of the particle surface.
The role of the trancrystalline regions due to nanosized soft
and hard particles, such as rubber and clay, on toughness
has been recently studied by Dasari et al. [229].

5. Concluding remarks

A critical review of the experimental results and theories
of the mechanical properties including modulus, strength
and fracture toughness of polymer based particulate micro-
and nano-composites is presented. The effects of particle
size, particle/matrix adhesion and particle loading on com-
posite stiffness, strength and toughness of a range of partic-
ulate composites having both micro- and nano-fillers with
small aspect ratios of unity and thereabout are examined
in detail. It is shown that composite strength and toughness
are strongly affected by all three factors, especially particle/
matrix adhesion. This is expected because strength depends
on effective stress transfer between filler and matrix, and
toughness/brittleness is controlled by adhesion. Various
trends of the effect of particle loading on composite
strength and toughness have been observed due to the
interplay between these three factors, which cannot always
be separated. However, composite stiffness depends signif-
icantly on particle loading, not particle/matrix adhesion,
since the fillers have much larger modulus than the matrix.
There is also a critical particle size, usually in nanoscale,
below which the composite stiffness is greatly enhanced
due to the significant effect of the particle size, probably
caused by the much larger surface areas imparting a
“nano”-effect. A critical evaluation of existing test data
and available theoretical and phenomenological models is
given to obtain basic knowledge of the strengthening, stiff-
ening and toughening mechanisms in these particulate
composites. The applicability of existing models, both phe-
nomenological and empirical/semi-empirical, to describe
the experimental results for polymer-based particulate
composites are discussed.
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