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ABSTRACT: Grafted inorganic nanoparticles can greatly
improve the mechanical performance of polymers. To exam-
ine the effects of the interfacial characteristics generated by
the grafting polymer bonded to nanoparticle surfaces, we
chemically grafted nano-silica with different polymers and
then melt-mixed it with polypropylene (PP). We extracted
the homopolymers produced during the graft polymeriza-
tion from the grafted products before the composites were
manufactured to get rid of the side effects of the nongrafting
polymers. We tailored the interfacial interaction between the
grafted nano-SiO2 and PP matrix by changing the amount of
the grafting polymers on the nanoparticles, that is, the graft-
ing percentage. Mechanical tests indicated that all the com-
posites incorporated with grafted nano-SiO2 particles pos-
sessed much higher impact strength than untreated SiO2/PP
composites and neat PP. The greatest contribution of the
particles was made at a low grafting percentage. Tensile

measurements showed that the treated nanoparticles could
provide PP with stiffening, strengthening, and toughening
effects at a rather low filler content (typically 0.8 vol %)
because of the enhanced interfacial adhesion resulting from
molecular entanglement and interdiffusion between the
grating polymers on the nanoparticles and matrix macro-
molecules. The presence of grafting polymers on the nano-
particles provided the composites with a tailorable inter-
phase. The tensile performance of the composites was sen-
sitive to the nature of the grafting polymers. Basically, a
hard interface was beneficial to stress transfer, whereas a
soft one hindered the development of cavities in the matrix.
© 2004 Wiley Periodicals, Inc. J Appl Polym Sci 92: 1771–1781, 2004
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INTRODUCTION

Polymer nanocomposites comprise a new class of ma-
terials in which nanoscale particulates (e.g., clay or
other inorganic minerals) are finely dispersed within
the matrices. In comparison with neat polymers and
microparticulate composites, these materials have
been reported to exhibit markedly improved proper-
ties, including modulus, strength, barrier perfor-
mance, solvent and heat resistance, and optical trans-
parency.1–3 Furthermore, these improvements are
achieved at low concentrations of the inorganic com-
ponents (1–10 wt %); this contrasts strongly with con-
ventional filled polymers, which generally require

high loadings within the range of 25–40 wt %. In this
context, the nanocomposites are much lighter in
weight and are more easily processed.

However, polymer-based nanocomposites are very
difficult to make with the processing techniques com-
mon to conventional plastics because of the strong
tendency of nanoparticles to agglomerate, which is
hardly to be overcome by the limited shear force dur-
ing compounding. To break down nanoparticle ag-
glomerates and to produce nanostructured compos-
ites, researchers have attempted many specific routes
in recent years, such as the sol–gel method,4 in situ
intercalative polymerization,5,6 and in situ polymeriza-
tion in the presence of nanoparticles.7 With respect to
the cost effectiveness and feasibility of the available
processing techniques, melt-blending nanoparticles
with polymers is still the optimum method of com-
pounding for the mass production of nanocomposites
based on polyolefins. With the help of particulate
modification or mixing technique improvement, for
example, some works on polypropylene (PP) nano-
composites containing nonlayered nanoparticles and
anisotropic nanoparticles derived from organophilic
layered silicates have already demonstrated effective
matrix reinforcement at low filler fractions. Compara-
tively, PP/clay nanocomposites have been extensively
studied.8–10 These composite materials exhibit good
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general properties when the layered silicates can be
exfoliated, but the tailoring ability of the interface is
limited.

However, very few works have been devoted to
research on PP filled with nonlayered inorganic nano-
particles. Chan et al.11 reported that an increase in the
Izod impact strength by a factor of approximately
300% was obtained when nanosize calcium carbonate
was incorporated into PP via melt mixing with a
Haake mixer. Wang et al.12 showed that the mechan-
ical properties of PP, especially the ductile properties,
were effectively improved by the incorporation of
stearic acid modified nano-CaCO3 in an ultra-high-
speed mixer. In this way, modified nano-CaCO3 can
disperse uniformly in the matrix even at a high con-
tent (more than 15 vol %). Saujanya and Radhakrish-
nan13 studied the isothermal crystallization behavior
of a PP/nano-calcium phosphate system and found
that the crystallization rate drastically increased; this
resulted in a rapid decrease in the ultimate spherulite
sizes.

In our previous works, an irradiation grafting poly-
merization method was used to modify the nonlay-
ered nanoparticles such as silica and calcium carbon-
ate first, and then the treated particles were mechan-
ically mixed with PP as usual.14 The mechanical
testing of PP filled with nano-SiO2

15–17 and nano-
CaCO3

14,18 demonstrated the feasibility of this ap-
proach. Only a small amount of the treated nanopar-
ticles (typically less than 3 vol %) can simultaneously
improve the stiffness, strength, toughness, and ther-
mal deformation temperature of the matrix. As an
explanation for the specific influence generated by the
nanoparticles at a low-filler-content regime, a double
percolation of stress volumes, characterized by the
appearance of connected shear yielded networks
throughout the composite, was proposed.19 The dis-
tinct advantage of this pretreatment is that the inter-
facial tailoring becomes quite easy through the adjust-
ment of the species of the grafting monomers and
through changes in the grafting yielding. As a result,
one may obtain the preferred structure of each com-
ponent comprising the final composites.

In fact, the outstanding characteristics of polymer
nanocomposites originate mainly from their ultrafine
phase dimensions. The properties of the composites
are strongly dependent on the nature of the filler–
matrix interface. The control and manipulation of the
surface properties of the nanoparticles are, therefore,
very important. To develop an understanding of the
important role of interfacial interactions in the prop-
erties of PP composites filled with modified nano-
silica, we added different grafting polymers to the
surfaces of silica nanoparticles through a chemical
grafting reaction in a solvent. In addition, the ho-
mopolymers surrounding the nanoparticles produced
during the grafting polymerization were removed be-

fore the melt compounding so that the complexity of
the composites was reduced. Although the particle
treatments (i.e., chemical grafting and homopolymer
isolation) are not practical enough from an engineer-
ing perspective in comparison with the technical route
applied in our earlier experiments (i.e., irradiation
grafting and homopolymer retention over the course
of melt blending),14–19 it is necessary to carry out this
investigation because the current system can be taken
as a model material. The outcomes will be provided
with more explicit scientific meaning accordingly.

EXPERIMENTAL

Materials

An isotactic PP homopolymer (F401) was supplied by
Guangzhou Petroleum Chemical Co. (Guangzhou,
China). It had a melt-flow index of 18.3 g/10 min (2.16
kg at 230°C). Nano-SiO2 with an average primary
particle size of 10 nm and a specific surface area of 640
m2/g was purchased from Zhoushan Nanomaterials
Co. (Zhoushan, China). Various commercial mono-
mers (styrene, methyl methacrylate, ethyl acrylate,
and butyl acrylate) were used as grafting monomers
without further purification.

Chemical grafting of nano-SiO2

The introduction of double bonds (i.e., reactive
groups) onto the surfaces of SiO2 nanoparticles was
achieved by the reaction of silane KH570 (�-methac-
ryloxypropyl trimethoxy silane) with the hydroxyl
groups of SiO2. A mixture of equal amounts of silica
nanoparticles and KH570 in 300 mL of a 95% alcohol
solution was refluxed at the boiling temperature of the
solution for 4 h with stirring. Afterward, the particles
were collected by filtration, dried in vacuo (at 80°C for
24 h), and extracted with alcohol for 24 h to remove
the excessively absorbed silane. Then, the KH570-
treated SiO2 was air-dried and allowed to react at 80°C
in vacuo for 24 h. The content of the silane attached to
the SiO2 surfaces by the aforementioned treatment
was 2.2 wt %, as detected by a Shimadzu TA-50 ther-
mogravimeter (Kyoto, Japan).

To obtain grafted nano-SiO2 with the aforesaid
monomers, we mixed the KH570-pretreated particles
with toluene under sonication for 30 min. Then, the
initiator, azobisisobutyronitrile (AIBN), was added
with stirring to the reactor, which had been kept at
certain temperature and protected with N2. The mono-
mers were incorporated into the system 5 min later.
The reaction went on for several hours, and then the
product was obtained from the filtration of the result-
ant suspension.
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Characterization of the grafted products

To evaluate the results of grafting and to characterize
the grafted nanoparticles, we separated the grafting
polymer and the homopolymer that were generated
during the grafting polymerization of the monomers.
For this purpose, the dried product (weight W1) was
extracted with a suitable solvent [toluene for polysty-
rene (PS) and acetone for poly(methyl methacrylate)
(PMMA), poly(ethyl acrylate) (PEA), and poly(butyl
acrylate) (PBA)] in a Soxhlet apparatus for 72 h to
isolate the polymer-grafted SiO2 (weight W2) from the
absorbed homopolymers. Then, the dried grafted
nanoparticles with different grafting polymers (de-
noted SiO2-g-PS, SiO2-g-PMMA, SiO2-g-PEA, and
SiO2-g-PBA, respectively) were transferred to a Shi-
madzu TA-50 thermogravimeter to determine the
grafting percentage (�g). Here, the weight fraction of
KH570 was deducted from the values of �g. The non-
grafted polymer in the supernatant solution was pre-
cipitated through the addition of the solution to meth-
anol. The resultant precipitate was filtered, washed,
and dried in vacuo at 80°C so that we could estimate
the amount of the homopolymer (weight W3). The
monomer conversion (�c) and grafting efficiency (�e)
were calculated as follows:

�c � ��W1 � W2� � �gWo � WAIBN�/Wm

�e � �gWo/�cWm

where WAIBN is the weight of the initiator AIBN and
Wm and Wo denote the weights of the monomer and
SiO2, respectively.

A Nicolet 210 Fourier transform infrared (FTIR)
spectroscope (Pittsfield, MA) was used to characterize
the chemical structures of the modified nanoparticles.
X-ray photoelectron spectroscopy (XPS) images of the
grafted nanoparticles were collected with a LAB
ZZOI-XL apparatus (Thermo Electron Corp., Houston,
TX) to illuminate the interaction between the particles
and the grafted polymer chains. The molecular
weights of the grafted and homopolymerized poly-
mers were determined with a Waters 410 gel perme-
ation chromatograph (Milford, MA), with tetrahydro-
furan as the solvent. The grafting polymer was ob-
tained by the removal of silica from the grafted
particles with a 20% HF solution. For the observation
of the morphologies of the nanoparticles, untreated
SiO2 and treated SiO2 were added to ethanol and
toluene to prepare 0.001 g/mL solutions, respectively.
With the aid of sonication for 60 min, the solutions
were transferred to glass slides. After the evaporation
of the solvents, a Hitachi S-520 scanning electron mi-
croscope (Tokyo, Japan) was used to examine the ap-
pearance of the particles.

Composite preparation and characterization

Before being compounded with the PP matrix, all the
grafted nano-silica particles were extracted with solvent
for the removal of the homopolymer. The nanoparticles
were first mixed with PP powder (1:2 w/w) with a ball
mill. Then, the mixture was melt-mixed and diluted to
the desired filler loading in a laboratory-size Brabender
XB20-80 plasticorder (Duisberg, Germany) under stan-
dard experimental conditions (200°C, 60 rpm, and 8
min). After being removed and granulated, the blends
were compression-molded into sheet samples (65 mm
� 45 mm � 3 mm). Specimens of desired size for me-
chanical tests were machined from the compressing-
molding plaques according to ref. 15. An XJJ-5 tester
(Testing Machine Corp., Chengde, China) was used for
measuring the unnotched Charpy impact strength.
Room-temperature tensile testing of the composites was
conducted on a Hounsfield 5KN universal testing ma-
chine (Surrey, UK) at a crosshead speed of 10 mm/min.
Five samples were tested for each case. The fractured
surfaces of the samples were also observed with a Hita-
chi S-520 scanning electron microscope at an accelerating
voltage of 20 kV.

RESULTS AND DISCUSSION

Influence of the reaction conditions and chemical
structure of grafted nano-SiO2

Because our aim is to study the tailoring of the inter-
face in PP composites by the modified nano-silica, we
will discuss the effects of the reaction conditions on
the grafting of the particles. Figure 1 shows the typical
dependence of �g on the initiator concentration for

Figure 1 Effect of the initiator concentration (CAIBN; ex-
pressed in terms of the molar ratio of AIBN to silica) on �g
of styrene grafted onto nano-SiO2 [CSiO2

(molar concentra-
tion of nano-SiO2 particles in the solvent) � 0.67 mol/L,
CKH570 (molar concentration of KH570 attached to the nano-
SiO2 surface in the solvent) � 3.56 mmol/L, CSt (molar ratio
of styrene over silica) � 173%, reaction temperature � 80°C,
reaction time � 8 h].
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styrene grafting. �g sharply increases at rather low
initiator (AIBN) concentrations and then declines
slightly when the concentration is greater than 2.2%.
This drastic increase is understandable because a
higher initiator concentration would lead to a higher
initiation rate, and so more double bonds on the sur-
face can be initiated. The decreasing trend of �g im-
plies that the termination of the initiator takes effect.
Therefore, a suitable initiator concentration of 2.2%
was chosen for the subsequent chemical grafting mod-
ification of nano-SiO2.

For a similar system, the effects of the monomer
concentration on the grafting reaction are shown in
Figure 2 and Table I. The higher the monomer con-

centration is, the higher �g is. This phenomenon can be
attributed to the fact that the polymerization rate in-
creases with the monomer concentration. As a result,
there is a greater probability of the monomers reacting
with the double bonds on the nanoparticle surfaces at
the beginning of the reaction. It is thus concluded that
the amount of the grafting polymers chemically at-
tached to nano-SiO2 can be controlled through
changes in the monomer concentration during the
grafting polymerization. Because interfacial interac-
tions in grafted nanoparticle/polymer composites
deal with molecular entanglement and interdiffusion
between the molecules of the grafting polymer on the
nanoparticles and the matrix,16 when the grafted
nanoparticles are incorporated into the PP matrix, dif-
ferent degrees of interfacial interaction might be ex-
pected for different monomer concentrations and dif-
ferent species of the grafting monomers as well.

However, the data in Table I indicate that both �c

and �e tend to decrease at higher monomer concentra-
tions. This suggests that the growth of the grafting
polymer is more significant for low monomer concen-
trations, and homopolymerization hinders the growth
of the grafting polymer under high monomer concen-
trations.

In general, �g should increase with the reaction time.
Figure 3 demonstrates that �g can be more than dou-
bled with a rise in the reaction time from 1 to 6 h, and
then it remains unchanged. Although toluene is a
good solvent for both styrene and PS, the dependence
of �g on the reaction time illustrated in Figure 3 re-
flects that the blocking effect of the grafting polymer
chains on the diffusion of the monomers still exists. In
fact, even when the reaction time is set at 8 h, �c is less
than 70%, regardless of the monomer species and
concentration (Table I); this means that the grafting
reaction takes place mainly at the beginning of the
reaction.

Figure 2 Effect of CSt on �g of styrene grafted onto nano-
SiO2 (CSiO2

� 0.67 mol/L, CKH570 � 3.56 mmol/L, CAIBN
� 2.2%, reaction temperature � 80°C, reaction time � 8 h;
see Fig. 1 for the definitions of the terms).

TABLE I
Influence of �c on �g onto Nano-SiO2

Material Cmonomer (%)a �g (%) �c (%) �e (%)

SiO2-g-PS 29 5.6 31 36
58 10.2 31 35

115 14.8 24 31
230 16.2 21 19

SiO2-g-PMMA 12 2.8 58 24
30 14.1 54 52
60 17.9 53 34

120 20.8 47 22
SiO2-g-PEA 12 4.4 65 34

30 18.2 62 59
60 21.3 55 39

120 24.0 45 26
SiO2-g-PBA 9 6.5 67 49

23 11.9 56 42
47 14.7 52 28
94 20.9 51 21

Reaction conditions: CSiO2
� 0.67 mol/L, CKH570 � 3.56

mmol/L, CAIBN � 2.2%, reaction temperature � 80°C, and
reaction time � 8 h (see Fig. 1 for the definitions of the
terms).

a Cmonomer � molar ratio of the monomer to silica.

Figure 3 Effect of the reaction time on �g of styrene grafted
onto nano-SiO2 (CSiO2

� 0.67 mol/L, CKH570 � 3.56 mmol/L,
CAIBN � 2.2%, CSt � 173%, reaction temperature � 80°C; see
Fig. 1 for the definitions of the terms).
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The dependence of �g on the reaction temperature
also reveals that the grafting polymeric chains block
the diffusion of the monomers. With increasing reac-
tion temperature, as shown in Figure 4, �g shows an
increasing trend due to the rise in the polymerization
rate. However, a further increase in the reaction tem-
perature results in a polymerization that is too fast: the
grafting chains obstruct the monomers from diffusing
toward the particle surface. Consequently, the grafting
density has to be reduced because of the lack of mono-
mer in contact with the surface of the nanoparticles. In
this work, a reaction temperature of 80°C was fixed for
producing the modified nano-SiO2 used in the PP
composites.

The number-average and weight-average molecular
weights of both grafting and homopolymerized PS in
SiO2-g-PS are shown in Table II as functions of �g.
Clearly, the grafting polymers collected from grafted
nano-SiO2 at different values of �g have similar mo-
lecular weights. That is, the aforementioned increase
in the amount of the grafting polymer with an increas-
ing monomer concentration originates predominately
from the increase in the grafting density per surface
area of the nanoparticles and not from the increase in
the molecular length of the grafting polymer.

That the molecular weight of the homopolymer is
higher than that of the grafting polymer can be as-
cribed to the higher mobility of the nanoparticles in
comparison with conventional microparticles, which
makes chain termination between radicals easier. Be-
sides, both grafting PS and homopolymer PS exhibit
quite narrow molecular weight distributions. This
means that the effect of the grafting polymer on the
interfacial interaction in the subsequent PP composites
can focus on �g rather than on the molecular distribu-
tion.

FTIR spectra of untreated and grafted nano-silica
are shown in Figure 5. In comparison with the spec-
trum of SiO2 as received, the adsorptions at 700 and
1400–1600 cm�1 appearing in the spectrum of SiO2-
g-PS represent the bending mode of COH in benzene
rings. Additionally, the bands around 1700 cm�1 in
the spectra of SiO2-g-PMMA, SiO2-g-PEA, and SiO2-g-
PBA indicate the existence of carbonyl groups. These
prove that PS, PMMA, PEA, and PBA are chemically
connected to the surface of the nano-silica, and the
grafting polymer chains cannot be removed by the
extraction procedure. Figure 6 shows the difference
between grafting PS and homopolymerized PS. The
appearance of wide bands corresponding to a hydro-
gen bond (3100–3700 cm�1) for grafting PS, which
cannot be perceived for the PS homopolymer, reveals
the existence of SiOOOC bonds between grafting PS
and KH570-treated silica. Also, the stretching peaks of
the carbonyl group at 1700 cm�1 and SiOOOSi at
1000–1150 cm�1 are indicative of KH570 in grafting
PS, which reacts with styrene by the double bonds.

The strong interaction between nano-silica and
grafting PS can be roughly evaluated from the thermal
stability of SiO2-g-PS, which is considerably higher
than that of grafting PS. As shown in Figure 7, the

Figure 4 Effect of the reaction temperature on �g of styrene
grafted onto nano-SiO2 (CSiO2

� 0.67 mol/L, CKH570 � 3.56
mmol/L, CAIBN � 2.2%, CSt � 173%, reaction time � 8 h; see
Fig. 1 for the definitions of the terms).

TABLE II
Mn and Mw Values for Grafting PS and

Homopolymerized PS in SiO2-g-PS

�g (%) Material
Mn

(� 104)
Mw

(� 104) Mw/Mn

4.64 Grafting PS 0.75 1.10 1.70
Homopolymerized PS 0.76 1.30 1.46

14.8 Grafting PS 0.65 1.03 1.57
Homopolymerized PS 0.94 1.37 1.59

Mn � number-average molecular weight; Mw � weight-
average molecular weight.

Figure 5 FTIR spectra of untreated and grafted nano-SiO2
(�g � 14.8% for SiO2-g-PS, 14.1% for SiO2-g-PMMA, 18.2%
for SiO2-g-PEA, and 14.7% for SiO2-g-PBA). To get rid of the
influence of the homopolymers, we had to remove the non-
grafted polymers from the grafted nanoparticles by extrac-
tion before the FTIR examination.
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peak pyrolysis temperature of grafting PS is 427°C,
which is significantly lower than that of SiO2-g-PS
(459°C). To examine the interaction between KH570
silica and grafting PS from another angle, we used
XPS to characterize the surface group interaction. Fig-
ure 8 compares the C1s spectrum of neat PS with
SiO2-g-PS and the O1s spectrum of KH570-treated
SiO2 with SiO2-g-PS. It is evident that the carbon at-
oms become electron-rich because the C1s peak of
aromatic carbon or aliphatic carbon around 284–285
eV shifts to a lower binding energy direction when PS
is grafted onto the particles [Fig. 8(a)]. Furthermore,
the �–�* shake-up satellite peak in the spectrum of PS
around 292 eV, which is associated with the presence
of delocalized � electrons in a conjugated phenyl sys-
tem, completely disappear in SiO2-g-PS. As the inten-
sity of this peak can be greatly reduced with an elec-
tron transfer from nanoparticles to the phenyl of PS,20

it can thus be deduced that the interaction between
KH570-treated SiO2 and PS is quite strong. Because it
is not possible for electrons to transfer from oxygen
atoms of KH570 to carbon atoms of PS, the aforemen-

tioned electron transfer has to proceed from silica to
PS.

However, the O1s spectrum of SiO2-g-PS also shows
a shift to a lower binding energy direction [Fig. 8(b)],
indicating that some of the carboxyl oxygen atoms
become electron-rich after being grafted. This can be
attributed to the formation of � complexes between
KH550 and PS. The phenyl ring of PS might act as a
typical nucleophilic agent. For KH570, the carboxyl
oxygen atom has a strong electron-withdrawing effect
on the phenylene ring and thus renders it electro-
philic. As a result, the � complexes so formed cause
the oxygen atom to be electron-rich.

The C1s spectra of KH570-treated SiO2, SiO2-g-
PMMA, SiO2-g-PEA, and SiO2-g-PBA are shown in
Figure 9. The peak positions or peak shapes of the C1s
spectra of the grafted silica are quite different from
those of the spectrum of KH570-treated SiO2, and this
suggests that the surface of silica mainly contains
grafting polymers instead of KH570. As KH570 pos-
sesses an ester structure similar to that of the grafting
polymers, it is difficult to analyze the interaction be-
tween the grafting polymers and KH570 only by XPS
measurements. Nevertheless, as reported in ref. 21, the
effect of grafted SiO2 nanoparticles on the crystalliza-

Figure 8 (a) XPS C1s spectra of PS and SiO2-g-PS (�g
� 5.6%) and (b) XPS O1s spectra of KH570-treated SiO2 and
SiO2-g-PS (�g � 5.6%).

Figure 6 FTIR spectra of grafting PS and homopolymer-
ized PS.

Figure 7 Thermal decomposition behaviors of grafting PS
and SiO2-g-PS.
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tion of PP reflects the strong interaction between the
nanoparticles and the grafting polymer, which in-
creases the regularity of the grafting molecules to a
certain extent.

The morphologies of the nanoparticles before and
after grafting polymerization are illustrated in Figure
10. Large agglomerates of particles (�400 nm) can be
observed for the silica as received, whereas the graft-
ing treatment helps to reduce the size of the agglom-
erates to about 150 nm. A very thin layer of the graft-
ing polymer covering the silica aggregates can be
identified, and it should be responsible for the alter-
ation of the interface when the particles are used to
reinforce PP. Meanwhile, the grafting polymer and
particles build up the nanocomposite structure, which
eliminates the loose structure of the agglomerated
nanoparticles and should be beneficial to the mechan-
ical performance of silica/PP composites.

Effect of the differently grafted nanoparticles on
the impact resistance of PP composites

Intuitively, it is believed that the features of the filler–
matrix interfacial layer are responsible to a great ex-
tent for the impact properties of PP composites. When
ungrafted nano-silica is added to PP, a mild increase
in the impact strength is measured up to 0.8 vol %
(Fig. 11). Above this filler content, there is a decreasing
trend in the impact strength with an increasing con-
tent of silica. It can be attributed to the worse disper-
sion of nanoparticles in the PP matrix at higher filler
contents. The loosened clusters of the nanoparticles
are surely detrimental to the impact toughness of the
composites.

The effects of different grafted nano-silicas on the
impact strength of PP composites are plotted as a

Figure 9 XPS C1s spectra of KH570-treated SiO2, SiO2-g-
PMMA (�g � 14.1%), SiO2-g-PEA (�g � 21.3%), and SiO2-g-
PBA (�g � 19.4%).

Figure 10 Scanning electron microscopy images of (a) untreated SiO2 and (b) SiO2-g-PMMA (�g � 14.1%).

Figure 11 Unnotched Charpy impact strength of PP com-
posites filled with untreated SiO2, SiO2-g-PS (�g � 5.6%),
SiO2-g-PMMA (�g � 14.1%), SiO2-g-PEA (�g � 4.4%), and
SiO2-g-PBA (�g � 6.5%) as a function of the SiO2 content.
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function of the filler content in Figure 11. The grafting
polymers, which encapsulate silica particles, result in
an evident increase in the impact strength in compar-
ison with the untreated silica counterpart. This means
that an interphase consisting of the grafting polymers,
especially those with higher molecular mobility such
as PEA and PBA, might act as a bumper interlayer
around the fillers. It absorbs the impact energy and
prevents the initiation of cracks. Besides, the nanopar-
ticle–matrix adhesion created by the entangled inter-
phase between the grafting polymer and the matrix
can also obstruct crack propagation at the interface.
There exists an optimum value for the dependence of
the impact strength on the filler content (�0.8 vol %).
This can still be explained by the poorer dispersion of
the particles at higher filler contents, being similar to
the case of untreated silica-filled PP.

The previous discussion is focused mainly on the
effects of the species of the grafting polymer and the
contents of grafted nano-SiO2 on the impact strength
of nano-silica-filled PP. In fact, the structure and vis-
coelastic characteristics of the interphase also play
important roles. At a constant filler loading, the influ-
ence of the amount of the grafting polymers on nano-
SiO2 is shown in Figure 12. A high value of �g is
generally disadvantageous to the improvement of the
impact strength for the nanocomposites. If the inter-
phase thickness can be assumed to increase with the
grafting polymer fraction, the impact strength should
increase because of the possible increase in the inter-
face entanglement. However, that is not the case.
Therefore, the evident toughening effect perceived at
such low �g values in these nanocomposites implies
that other factors should account for the mechanism
involved besides interfacial adhesion, which restricts
the propagation of cracks. Hasegawa et al.22 investi-
gated the distribution of polymer-grafted particles in a

polymer matrix and found that there was an optimum
grafting density for the good dispersion of the parti-
cles. Tada et al.23 also pointed out the importance of
the optimum molecular weight of the grafting poly-
mer in the dispersibility of TiO2 particles. It can be
imagined that the severe entanglement of grafting
polymers at high �g values might hinder the separa-
tion of nanoparticle agglomerates in the matrix poly-
mer. Consequently, the greatest contribution of
grafted SiO2 nanoparticles to the improvement of the
impact properties of PP composites is observed at low
�g values. For the moment, the optimum �g value that
facilitates nanoparticle dispersion for the current com-
posites is hard to determine on the basis of the impact
performance data because most composites filled with
grafted nanoparticles having different �g values pos-
sess an impact strength higher than that of untreated
nano-SiO2/PP composites (Fig. 12). Much more work
is needed for a deeper understanding.

Effect of differently grafted nanoparticles on the
tensile properties of PP composites

It is well known that Young’s modulus of particulate
composites is highly related to the filler–matrix inter-
facial interaction.24 As it is measured within a small
strain region, the static stress transfer efficiency at the
interface can be revealed. The stiffness measurements
of these composites show that at low filler contents
(	0.8 vol %), the grafted nano-silica particles provide
PP with a higher modulus than the untreated ones in
most cases (Fig. 13). When the filler content is in-
creased (e.g., 1.6 vol %), however, the grafting layer
tends to hinder complete stress transfer, especially for
PEA- and PBA-grafted silica, leading to lower stiffness
of the composites. Because �g of the nanoparticles is
constant for each group of composites, the interfacial

Figure 13 Young’s modulus of PP composites filled with
untreated SiO2, SiO2-g-PS (�g � 5.6%), SiO2-g-PMMA (�g �
14.1%), SiO2-g-PEA (�g � 4.4%), and SiO2-g-PBA (�g � 6.5%)
as a function of the SiO2 content.

Figure 12 Unnotched Charpy impact strength of PP com-
posites filled with SiO2-g-PS, SiO2-g-PMMA, SiO2-g-PEA,
and SiO2-g-PBA as a function of �g at a constant filler load-
ing of 0.8 vol %.
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adhesion should not change with the filler content.
Consequently, the decrease in the modulus might
again be related to the dispersion of the fillers in the
matrix polymer. The loose structure of silica agglom-
erates at higher filler loading is undoubtedly detri-
mental to stress transfer, even under the conditions for
which Hooke’s law is valid. In addition, the compliant
nature of PEA and PBA molecules also result in a
lower modulus of the composites, as demonstrated by
a comparison of the data of SiO2-g-PEA and SiO2-g-
PBA with those of SiO2-g-PS with similar �g values of
the nanoparticles (Fig. 13).

Demjen and Pukanszky25 reported that for a cou-
pling agent treatment, the particulate composite stiff-
ness usually decreases somewhat as the coupling
agent concentration increases. The explanation for this
phenomenon is the formation of a multilayer interface
of inferior properties, which allows dewetting even at
low deformation. Through an examination of the ef-
fect of �g on Young’s modulus of these composites at
a constant SiO2 content (Fig. 14), we have found that
the situation is not the same as that for the silane
coupling treatment previously mentioned. Different
species of the grafting polymer cause different results.
For SiO2-g-PS/PP composites, the modulus increases
first and then decreases with a rise in �g of the nano-
particles. In the case of SiO2-g-PMMA/PP composites,
the modulus is nearly unchanged within the testing
range of �g of the nanoparticles, whereas SiO2-g-
PEA/PP and SiO2-g-PBA/PP composites always ex-
hibit a declining trend. It is evident that the features of
the grafting polymers and their diffusion into the ma-
trix are responsible for the different responses. PS
molecular chains are stiffer than those of PMMA, PEA,
and PBA, and this accounts for the fact that the com-
posites filled with SiO2-g-PS have a higher modulus
and that those with SiO2-g-PBA have the lowest mod-
ulus. Even though no difference is evident between
the solubility parameters of PP [16.7–18.8 (J/mol)1/2],

PS [17.4–19.0 (J/mol)1/2], PMMA [18.6–22.4 (J/mol)1/2],
PEA [19.2 (J/mol)1/2], and PBA [18.0–18.6 (J/mol)1/2],
the molecules of PMMA might be more flexible than
those of PS, and this could lead to a specific stiffening
behavior of the treated nanoparticles different from
that of SiO2-g-PS, SiO2-g-PEA, or SiO2-g-PBA.

In Figures 15 and 16, the effects of PS, PMMA, PEA,
and PBA grafting onto nano-SiO2 on the tensile
strength of the composites are compared with the
effects of untreated nano-silica. Obviously, the incor-
poration of untreated nano-SiO2 tends to lower the
tensile strength of PP in most cases. In contrast, the
improvement of interfacial adhesion due to the intro-
duction of the grafting polymers to the nanoparticles
is able to strengthen PP. That is, in the composites
filled with grafted nano-SiO2, the applied load seems
to be effectively transferred from the matrix to the
filler particles because of the adhesive effect of the
grafting polymers by interfacial entanglement with PP
molecules. A careful survey of the plots given in Fig-

Figure 14 Young’s modulus of PP composites filled with
SiO2-g-PS, SiO2-g-PMMA, SiO2-g-PEA, and SiO2-g-PBA as a
function of �g at a constant filler loading of 0.8 vol %.

Figure 15 Tensile strength of PP composites filled with
untreated SiO2, SiO2-g-PS (�g � 5.6%), and SiO2-g-PMMA
(�g � 14.1%) as a function of the SiO2 content.

Figure 16 Tensile strength of PP composites filled with
untreated SiO2, SiO2-g-PEA (�g � 4.4%), and SiO2-g-PBA (�g
� 6.5%) as a function of the SiO2 content.
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ures 15 and 16 indicates that the filler content depen-
dences of the tensile strength of the composites with
different grafted nanoparticles are different, except for
a drastic increase at a rather low filler loading (�0.2
vol %). It factually reflects the role of the interfacial
effect. With respect to PS- and PMMA-grafted nano-
SiO2-filled PP composites (Fig. 15), the strength
moderately increases up to 0.8 vol %. When the SiO2
content is raised further, the strength of SiO2-g-
PS/PP decreases, probably because of a worse dis-
persion of the nanoparticles, but that of SiO2-g-
PMMA/PP does not vary; this implies that higher
miscibility between PMMA and PP helps to estab-
lish stronger interfacial bonding between the nano-
particles and PP matrix.

In the case of PEA- and PBA-grafted SiO2-filled PP
composites (Fig. 16), there is an increasing trend in the
tensile strength at a higher filler loading (�1.6 vol %).
It represents competition between the effects of the
interface adhesion and filler concentration. As dis-
cussed previously, the interphase formed in PEA- and
PBA-grafted nano-SiO2/PP composites is softer than
that in PS- and PMMA-grafted nano-SiO2/PP compos-
ites. The lowest strengthening efficiency of the com-
posites with SiO2-g-PBA supports the idea that
stress transfer at this kind of interphase is less ef-
fective. Nevertheless, the soft interlayer might be
able to hinder the development of cavities, which
merge rapidly to crack. With respect to this, the
negative effect generated by a soft interface might
be compensated by the positive effect (i.e., increased
resistance to cavitation) at a higher filler loading.
However, at a low filler concentration (e.g., 0.8 vol
%), an increase in the interphase thickness is cer-
tainly detrimental to the strengthening of the com-
posites because of the masking effect on stress trans-
fer (Fig. 17). Similarly, the systems with PMMA-
grafted nano-silica possess a stable strengthening

effect over the testing range of �g of the nanopar-
ticles, and this indicates the better solubility of
grafting PMMA with the PP matrix.

Although the values of the elongation to break mea-
sured in this work are associated with considerable
deviations (as characterized by the large error bars in
Fig. 18), the preliminary results show that the tough-
ening effect of the polymer-grafted nanoparticles on
PP composites is superior to that of untreated nano-
silica. Especially when the filler content is around 0.8
vol %, the values of the elongation to break of SiO2-
g-PS/PP and SiO2-g-PMMA/PP composites reach the
maxima (Fig. 18), whereas their tensile strengths re-
main on a high level (Fig. 15). The reinforcing effects
of the grafting polymers chemically attached to the
nanoparticles on both the strength and elongation to
break of PP composites must stem from their high-
molecular-weight feature and entanglement with ma-
trix polymers. Unlike the multilayer established by a
silane coupling agent on a particulate filler surface,25

the interfacial layer in these nanocomposites is diffi-
cult to remove and leads to a stronger interfacial in-
teraction. Moreover, the deformation of this inter-
phase might also increase the elongation to break of
the composites. A detailed study of the effect of inter-
facial tailoring on the elongation to break of PP nano-
composites will be carried out on injection-molding
specimens soon.

CONCLUSIONS

Grafting polymerization onto nanoparticles provides
polymeric composites with tailorable interphases. On
the basis of the results of PP/silica composites, we
know that filler–matrix interfacial adhesion can be
improved by the grafting polymers chemically
bonded onto the nanoparticles, which create entangle-
ments with the matrix molecules. The characteristics

Figure 17 Tensile strength of PP composites filled with
SiO2-g-PS, SiO2-g-PMMA, SiO2-g-PEA, and SiO2-g-PBA as a
function of �g at a constant filler loading of 0.8 vol %.

Figure 18 Elongation to break of PP composites filled with
untreated SiO2, SiO2-g-PS (�g � 5.6%), and SiO2-g-PMMA
(�g � 14.1%) as a function of the SiO2 content.
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of grafting polymers on nano-silica, including molec-
ular stiffness, molecular solubility with the matrix,
and grafting density, exert great influence on the re-
inforcement effectiveness of PP composites. The graft-
ing polymer, especially one with higher molecular
mobility such as PEA and PBA, increases the impact
strength in comparison with the untreated silica coun-
terpart. The mechanism can be ascribed to the energy
absorption and hindering effect on crack propagation
by the interphase. To make the most of the modified
nanoparticles, it is preferable to control the �g values
of the fillers at a low level to achieve better dispersion
of the particles in the PP matrix. The tensile perfor-
mance of the composites is also highly dependent on
the nature of the grafting polymers on the nanopar-
ticles. The stiff interphase created by PS- and PMMA-
grafted nano-SiO2 is beneficial to the enhancement of
the modulus and strength of the composites, whereas
the relatively soft interphases in SiO2-g-PEA/PP and
SiO2-g-PBA/PP composites are more suitable for use
at higher SiO2 loadings to obstruct the development of
cavities. To simultaneously increase both Young’s
modulus and the tensile strength of PP composites, we
suggest a thin interlayer because the filler dispersion
can be improved.

The results and discussions given in this article
show the necessity of modeling that considers both the
interfacial features and filler concentration in modified
nanoparticle/polymer composites. It is also important
to take �g and the solubility of the grafting polymer
with the matrix into account. This remains to be stud-
ied in the future as one part of our series on polymer
nanocomposites.

The authors are grateful for the cooperation between the
German and Chinese institutes on the topic of nanocompos-
ites.
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