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ABSTRACT: Nanosilica particles treated by irradiation grafting polymerization can
effectively improve the strength and toughness of a thermoplastic polymer at a rather
low filler content. A detailed investigation on the modified nanoparticles in the absence
and presence of a polypropylene matrix is carried out by using atomic force microscopy.
The results indicate that the loosen agglomerates of the untreated SiO2 became more
compact due to the linkage between the nanoparticles offered by the grafting polymer.
In addition, the molecules of the polypropylene matrix are able to diffuse into the
modified nanoparticle agglomerates during the melt processing. Entanglement between
the molecules of the grafting polymer and the matrix is thus available, which in turn
facilitates a strong particle–matrix interfacial interaction. © 2001 John Wiley & Sons, Inc.
J Appl Polym Sci 80: 2218–2227, 2001
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INTRODUCTION

The incorporation of nanoscale particles into a
neat polymer matrix leads to a strong interfacial

interaction when their ultrafine phase dimen-
sions are maintained after compounding. In that
case, nanocomposites possess a significant im-
provement in rigidity and reinforcement at a filler
content far less than comparable glass or mineral
reinforced polymers.1

However, polymer-based nanocomposites are
very difficult to produce by the use of processing
techniques common to conventional plastics. This
is due to the strong tendency of the nanoparticles
to agglomerate. Consequently, the so-called nano-
particle filled polymers sometimes contain a num-
ber of loosened clusters of particles and exhibit
properties even worse than conventional particle–
polymer systems. The following four approaches
were developed2–8 to break down nanoparticles
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agglomerates and to produce nanostructured
composites: in situ polymerization of metal alkox-
ides in organic matrices via the sol–gel technique,
intercalation polymerization by inserting polymer
chains into sheets of smectite clay and other lay-
ered inorganic materials, the addition of organi-
cally modified nanoparticles to a polymer solu-
tion, and in situ polymerization of monomers in
the presence of nanoparticles. Because the above
techniques are characterized by complex polymer-
ization procedures and special conditions and re-
quire polymerization equipment and solvent re-
covery, evidently a mass production of nanocom-
posites with cost effectiveness and applicability
has to follow another route.

By examining the current technical level and the
feasibility of the available processing methods, it
can be concluded that the widely used compounding
techniques for the preparation of conventionally
filled polymers are still the most convenient ways
when nanoparticles are proposed to replace micron-
scale fillers for the purposes of performance en-
hancement without variation of the processability
and density of the resultant composites. The prob-
lem is that nanoparticle agglomerates are also hard
to disconnect by the limited shear force in polymer
melts, which are characterized by high viscosity
during melt mixing. This is true even when a cou-
pling agent is used.9 Because the latter can only
react with the exterior nanoparticles, the agglomer-
ates will maintain their friable structure in the
composite and can provide neither reinforcing nor
toughening effects.10

Based on the above analyses, our research em-
phasis was shifted from the attempts of pursuit-
ing a nanoscale dispersion of the particles to the
modification of the agglomerates themselves by
means of an irradiation grafting treatment.11 The
results showed that the strength and toughness of
thermoplastics can be significantly improved by
the addition of only a small amount of modified
nanoparticles (typically ,3 vol %) using existing
compounding techniques.12,13 Such a simulta-
neous enhancement in tensile strength, modulus,
and elongation at break (Fig. 1) is hard to find in
conventional particulate composites. It is believed
that a strong interfacial interaction due to the
molecular entanglement of the grafting polymers
and the matrix polymer rather than a strict mis-
cibility matching between them accounts for the
performance improvement. That is, much more
species of monomers can be chosen for the graft-
ing polymerization onto the nanoparticles, so that
the mechanical properties of the nanocomposites

can be purposely adjusted according to the differ-
ent interfacial viscoelastic properties introduced.

Although our previous studies revealed the ef-
fectiveness of the modified nanoparticles in
strengthening and toughening of thermoplastics,
microstructural details of the particles and the
composites still lack thorough research, which
limits a full understanding of the mechanisms
involved. Because atomic force microscopy (AFM)
is able to characterize the surface structure, mor-
phology, and properties of materials from nano-
meter to millimeter scales, it is a suitable starting
point to generate the related information about
the irradiation grafted nanoparticles by means of
this technique. Therefore, the objective of this
study was to look into the fundamental aspects of
the modified nanosilica (SiO2) and its polypro-
pylene (PP)-based composites by AFM, with par-
ticular interest in the structure and properties of
the nanoparticle agglomerates in the presence of
PP spherulites. In this way we hope to form a
solid basis for further research on this new type of
nanocomposite.

EXPERIMENTAL

The nanoparticles consisted of pyrogenic colloidal
SiO2 (Aerosol 1380, Degussa Co., Germany) with
an average primary particle size of 7 nm and a
specific gravity of 2.2 g/cm3. Commercial styrene
was used as the grafting monomer without fur-
ther purification. The pregrafting of the nanopar-
ticles by irradiation followed the procedures de-
scribed in the literature.12 Powdered isotactic PP

Figure 1 A typical tensile stress–strain curve of a
SiO2/polypropylene nanocomposite with polystyrene as
the grafting polymer on the nano-SiO2 in comparison to
that of the unfilled polypropylene.
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[Coathylenet PM050, melt flow index (MFI) 5 120
g/10 min, 400-mm diameter, Herberts Polymer
Powders] was used as the matrix polymer in this
work. Granulated polystyrene (PS, type 143E,
MFI 5 10.5 g/10 min, BASF) was used as a ref-
erence when the force curves of different materi-
als were measured by AFM.

To prepare the composite specimens for the
AFM characterization, the untreated nano-SiO2

and the PS grafted nano-SiO2 (SiO2-g-PS) were
mixed thoroughly with the powdered PP at a SiO2

loading of about 15 vol % using a mortar. The
significantly higher filler content as compared
with that required for the optimum mechanical
performance of the nanocomposites12,13 was cho-
sen in order to facilitate a quick location of the
regions of interest under the AFM microscope.
The mixture of the nanoparticles and PP was
heated to 210°C in a heating stage and kept at
that temperature for 5 min, and then it was
cooled to 134°C as quickly as possible allowing a
crystallization of 120 min at this temperature.
For a comparative study, neat PP was also crys-
tallized under the same conditions.

Prior to the AFM observation, the PP and its
composite specimens were both etched using a
permanganic etchant14 in order to expose the mi-
crostructures to the AFM microscope probe tip.

A commercial AFM microscope (Nanoscope III,
Digital Instruments) was used. All the measure-
ments were conducted in air. The specimen to be
tested was placed on a piezoelectric tube scanner
that enables an accurate scan in the horizontal
(x–y) plane while moving in the vertical (z) direc-
tion (Fig. 2). The tapping mode was used in the
imaging of the surface morphologies of the speci-
mens. In addition, nanoscale indentation tests
were also carried out using the tapping mode tip
under the framework of lithography driven by the
NanoScript™ language. The tip deflection voltage
was set to 5 V, which led to an indentation depth
of about 65 nm. The probe spring constant was 38
N/m.

To measure the elasticity of the specimens, the
contact mode was executed by recording the force
curves. Typically these curves show the deflection
of the free end of the cantilever as the fixed end of
the cantilever is brought vertically toward and
then away from the sample surface.

It should be emphasized that during the above
nanoindentation and force plots measurements of
different specimens, the tapping mode and the
contact mode tips were not changed, so the re-
lated operation parameters were maintained con-

stant. This allowed a direct comparison between
the results.

RESULTS AND DISCUSSION

AFM Characterization of Nanoparticles

The morphologies of nano-SiO2 agglomerates be-
fore and after grafting are shown in Figure 3.
(The images are height ones, which are the same
as the rest of the AFM images in this article.)
Note that the latter has a rougher appearance,
implying that the particle modification has re-
sulted in finer aggregates. (It should be declared
here that, when dealing with the microstructure
of the nanoparticles, the following terms are used
in this article in the order of their size: primary
particles , aggregates , agglomerates , clus-
ters, where the aggregates are the smallest de-
tectable unit under the current condition.) This is
factually a reflection of the grafting polymeriza-
tion on the nanoparticles. Because of the low mo-
lecular weight nature, the grafting monomers can
penetrate into the agglomerated nanoparticles
easily and react with the activated sites of the
nanoparticles inside and outside the agglomer-
ates. In this way, the originally loosened clusters
of particles were transformed into a nanocompos-
ite microstructure comprising the nanoparticles
and the grafted, homopolymerized PS, which was
proved by the spectral analyses.12,13

Obviously, Figure 3 indicates that the SiO2-
g-PS possesses a higher specific surface area than
SiO2 as received. Like other porous particles, this

Figure 2 A schematic diagram of the AFM setup.
Cantilever movements are measured by the reflected
laser beam with a four-quadrant photodiode.
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leads to a higher volume fraction per unit weight
of the former in a polymer matrix. It can, in turn,
partially explain that the untreated nano-SiO2
particles are less effective in improving the me-
chanical properties of the thermoplastic matrix in
comparison to the SiO2-g-PS aggregates under
the same SiO2 content, because the reinforcing
and toughening effects are usually related to the
volumetric effect of the fillers. Besides, the higher
specific area of SiO2-g-PS will also facilitate the
absorption of more matrix molecules with lower

molecular weight in the composites so that the
interfacial interactions are enhanced.

In addition, it can be expected that the modi-
fied nanoparticle agglomerates possessing some
molecular links inside of them (due to the grafting
procedure) become stronger. This is true as illus-
trated by the tip deflection curves given in Figure
4. For a better understanding of the testing prin-
ciple and the meaning of these curves, Figure 5
gives a stepwise description of the measurement.
In step 1 the cantilever is far away from the

Figure 3 AFM images of (a,b) nano-SiO2 as received and (c,d) SiO2-g-PS.
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specimen and no deflection occurs. As the canti-
lever is brought closer to the specimen in step 2,
the tip senses the attractive force from the spec-
imen, which causes the free end of the cantilever
to bend downward or to jump into contact with
the specimen in case the attractive force gradient
exceeds the spring constant of the cantilever. In
step 3 the cantilever deflection continues to in-
crease in the other direction as the fixed end of
the cantilever is brought much closer to the spec-
imen. The corresponding slope of the plot can
provide information about the elasticity of the
specimen surface. Then the motion is reversed in
step 4. The adhesion between the tip and the
specimen maintains the contact, although there is
now a tensile load. The tensile load overcomes the
adhesion and the tip snaps out of contact with the
specimen in step 5. This can be used to measure
the rupture force required to break the adhesion.
Returning to the force plots of the nano-SiO2 in
Figure 4, the slope of the repulsive portion of the
curve for the untreated nano-SiO2 (curve 4) is
found to be smaller than that for the SiO2-g-PS
(curve 3). Because a softer material would result
in less deflection of the cantilever under a given
displacement in the vertical direction, the result
actually demonstrates that SiO2-g-PS has higher
stiffness. Considering that the total displacement
during the tip, when being pressed into the spec-
imen surface, is about 50 nm or larger (Fig. 4),
which is much larger than the size of a primary
SiO2 particle (;7 nm), the above-mentioned dif-
ference in elasticity between SiO2 as received and
SiO2-g-PS should manifest the difference in the
bulk elasticity of the nanoparticle agglomerates.
In other words, the lower stiffness of the agglom-
erated SiO2 determined from the slope of curve 4
in Figure 4 is not merely an intrinsic material

property of SiO2 (modulussilica 5 70 GPa) but also
includes the contribution of interparticle nano-
scale displacement in response to the force ap-
plied by the cantilever. In contrast, the interpar-
ticle displacement in the SiO2-g-PS agglomerates
is hindered because the grafting polymer has
combined the nanoparticles into a microcomposite
structure.

AFM Characterization of Nanoparticles
in PP-Based Composites

Figure 6 gives AFM micrographs of the spheru-
litic structure of the neat PP. Compared to tradi-
tional light microscopy, AFM is known for its
ability to reveal delicate morphological details of
a crystalline polymer. The crystalline structure of
PP was previously studied with this tech-
nique.15–17 Because the target of the present
study was not a morphological characterization of
PP, the details of Figure 6 are not discussed.

It is interesting to see the spherulitic structure
was not influenced by the incorporation of the
nanoparticles (Fig. 7). In addition, there was no
significant evidence showing that larger agglom-
erates of the untreated SiO2 acted as the nucle-
ation sites of the PP spherulites. The typical sizes
of the SiO2 agglomerates in the PP matrix deter-
mined from Figure 7 were around 100–300 nm,
much smaller than those of the SiO2-g-PS (Fig. 8).
These coincided with the results of an isothermal
crystallization investigation of the same materi-
als with differential scanning calorimetry (DSC)
cells.12 The thermal analyses indicated that the
crystalline characteristics of the PP matrix had
not changed under the presence of both untreated
and modified SiO2, and the untreated SiO2 had a
more profound nucleation effect on PP than the
grafted version. Based on the AFM images ob-

Figure 5 A schematic drawing displaying the canti-
lever bending as a function of the sample displacement.

Figure 4 A typical cantilever deflection versus z scan
of different materials.
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tained here, it can be deduced that the higher
crystallization rate of the untreated SiO2/PP sys-
tem originated from the fact that the as-received
SiO2 particles were dispersed in the matrix in the
form of tiny agglomerates, which facilitated more
particle–matrix contacts.

With respect to the distribution characteristics
of the nanoparticles, it can be found from Figure 7
that they were either located at the fanlike radi-
ated lamellae [Fig. 7(b)] or pushed to the spheru-

lites boundaries [Fig. 7(c)], besides those serving
as the heterogeneous nuclei. It was also evident
that in general that there was no strong interfa-
cial interaction between the particles and the ma-
trix. Therefore, it can be expected that this led to
rather low mechanical properties of the compos-
ites because of the breaking and splitting of the
agglomerated nanoparticles.

In the case of SiO2-g-PS/PP (Fig. 8), however,
the images were quite different. The agglomer-
ates were much larger than those of the untreated
SiO2 (Fig. 7) and a chainlike branched structure
of the agglomerated SiO2-g-PS was seen [Fig.
8(c)]. Note that the size of the particle agglomer-
ates was different than the size observed by
transmission electron microscopy (TEM).12 This
must have been a result of differences in the
preparation procedure of the samples. (The com-
ponents were mixed by a single screw extruder in
Rong et al.12) The larger clusters of the untreated
SiO2 found in the PP matrix by TEM actually
indicated that the nanoparticle agglomerates
were more difficult to disconnect in the polymer
melt during compounding compared to the modi-
fied nanoparticles. It can be considered that the
present AFM imaging produced a more exact rev-
elation of the basic morphologies of the nanopar-
ticles in the PP matrix, because here more real-
istic nanocomposites were investigated (even
when still on a model type level).

The distinct chainlike appearance of the SiO2-
g-PS agglomerates in the PP further demon-
strated the role of the grafting polymer (i.e. sep-
arating) but still connected the nanoparticles. Un-
like the untreated SiO2, the nanoparticles in the
SiO2-g-PS agglomerates bound to the grafting PS
coupled with a certain viscoelasticity. Therefore,
a percolation of the shear yielded regions inside
such agglomerates became possible, which was
assumed to be one of the toughening mechanisms
involved in the nanocomposites.12 Besides, the
chainlike branched agglomerates of SiO2-g-PS
might provide the matrix with better loading abil-
ity because they have significantly higher aspect
ratios than the individual particles.

Although the SiO2-g-PS agglomerates di not
have strong nucleation effects on the PP, as re-
flected by Figure 8(c) and the DSC measure-
ments,12 this does not mean that there was no
interaction between the particles and the matrix.
Figure 8(d) shows a cave left by the etching pro-
cess. Obviously some nanoparticle agglomerates
had been there and were removed later by the
etchant because of the higher rate of etching of
the amorphous PS. However, the nanoparticles

Figure 6 AFM images of etched PP: (a) spherulites
and (b) a close-up of the lamellae structure.
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clusters that remained at the edge of the cave
prove the above-mentioned statement. The PP
lamellae must have fully penetrated them to hold
them in place, and also the PP lamellae penetrat-
ing the cave (arrow) demonstrate that molecules
of the PP melt were able to immigrate into the
nanoparticle agglomerates. An interdiffusion and
entanglement between the molecules of the graft-
ing polymers and the matrix can thus take place
outside and inside the nanoparticle agglomerates.

Because the present specimens were prepared in
a hot stage without further shear mixing when
the heating started, it can be concluded that the
above observation should also conform to the
nanocomposites prepared by melt compounding
in an extruder.12

Figure 4 also exhibits the force curves of PP,
PS, and SiO2-g-PS in the PP matrix. Contrary to
the other materials, a rather long-range attrac-
tion, which caused the cantilever to deflect down-

Figure 7 AFM images of etched nano-SiO2/PP: (a) a spherulite of PP with its center
near the bottom of the micrograph, (b) a magnified image of that spherulite, and (c) the
boundaries of the spherulites.
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ward before it contacted the sample surface, can
be seen from the plot of PS. This could be a result
of its molecular characteristics. But because the
specimens in air might be covered by a thin layer
of water or other contaminants (which interfere
with the AFM imaging18), a discussion on the
surface properties of the specimens is not be made
under the present experimental conditions.

Nevertheless, it is still possible to compare the
elasticity of the materials by using the force
curves shown in Figure 4. It is clear that the PP
and PS had similar elasticity, which was the low-
est among the specimens tested, suggesting the
present AFM tip with particular cantilever spring
constant was not sensitive enough to distinguish
such differences in the modulus. Curves 1 and 2

Figure 8 AFM images of etched SiO2-g-PS/PP: (a) spherulites of PP in which the
nanoparticles act as nucleation sites at the right upper corner of the figure, (b) radiated
lamellae nucleated by the nanoparticles, (c) agglomerated SiO2-g-PS dispersed in the
lamellae, and (d) PP lamellae penetrating the cave resulting from etching of the
SiO2-g-PS agglomerates.
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were measured on SiO2-g-PS agglomerated SiO2-
g-PS dispersed in the PP matrix. Here the effect
of a long-range attraction of the PS was no longer
visible (curves 1–3), which was probably due to
less of a fraction and the lower molecular weight
of the grafting PS.12 In addition, it was interest-
ing to find that curves 1 and 2 were quite differ-
ent. The slope of the repulsive portion of curve 1 is
similar to that of the particles tested alone (curve
3), while the slope of curve 2 is similar to that of
the matrix tested alone (curve 6). Because it was
impossible to “see” the exact point on which the
force curve was being measured, for the moment
we cannot confirm that the above difference re-
sults from either the difference between the nano-
particles-rich phase and the matrix-rich phase or
the differences between the nanoparticles con-
taining the penetrating PP molecules and the
particles maintaining their original structure.
Further study is needed to clarify this.

The microhardness values of the untreated and
treated SiO2 in PP, as well as the PP matrix, are
given in Figure 9. The corresponding nanoscale
indentations were conducted on the particles and
the matrix of the same sample [Fig. 10(a)]. The
hardness determined by AFM (AFH) was calcu-
lated from the minor axis of the rhombic indenta-
tion marks (b) as follows19:

AFH 5 0.4388
F
b2 (1)

where F denotes the force applied. The data of
Figure 9 suggest that under the present testing
conditions the nanoparticle agglomerates of SiO2
in the PP matrix offer little in the way of hard-
ness. This implies that on the nanoscale the ag-
glomerates cannot be taken as the fillers that are

much harder than the matrix polymer. In other
words, they play only the role of physically and/or
chemically crosslinking sites in the matrix. From
Figure 10(b) it can be seen that the concave in-
dentation mark partially “healed” due to the elas-
tic recovery of the pile-ups at the edges. As the
AFM probe tip was brought into contact with the
agglomerated SiO2-g-PS during the indentation
test, the micrograph of Figure 10(b) actually in-
dicates that the raised material at the indenta-
tion edges must consist of both the modified nano-
particles and the matrix polymer. It is the latter
that provides the “self-healing” ability for the in-
dentation mark. Considering that the indentation
depth (;65 nm) is larger than the size of the

Figure 10 (a) A typical AFM image of the nanoinden-
tation marks on etched SiO2-g-PS/PP. (b) A magnified
AFM surface plot of an indentation mark on an agglom-
erated SiO2-g-PS in the PP matrix. One division in the
vertical axis corresponds to 450 nm. Both were scanned
after the indentation tests.

Figure 9 The microhardness of PP and the nanopar-
ticles in the PP matrix.
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primary particles (;7 nm) but smaller than that
of the agglomerated particles, it can be further
evidenced that the matrix PP has diffused into
the agglomerates. This is in agreement with the
analyses of Figure 8(d) and the estimation made
in the literature.12,13

CONCLUSIONS

Based on the above AFM investigations, the fol-
lowing statements can be made.

1. AFM is an effective tool to characterize
nanocomposites by providing the morpho-
logical, mechanical, and physical informa-
tion.

2. The nano-SiO2 particles modified through
the irradiation grafting polymerization had
reduced aggregate size and higher specific
surface area, as well as a more compact ag-
glomeration structure. This, in turn, im-
proved the mechanical properties of the poly-
mer matrix more effectively than the un-
treated nanoparticles.

3. The SiO2 nanoparticles in the as-received
form, as well as SiO2-g-PS nanoparticles,
did not exert a detectable influence on the
crystalline structure of the PP matrix. Dur-
ing the melt crystallization process of PP,
their agglomerates can partly serve as het-
erogeneous nuclei, but more probably they
are dispersed among the lamellae or
pushed to the spherulite boundaries.

4. The morphology of SiO2-g-PS in the PP
matrix was characterized by a chainlike
branched structure. The SiO2-g-PS ag-
glomerates were stiffer but not harder than
PP.

5. When PP was in a molten state, its mole-
cules were able to immigrate into the ag-
glomerated SiO2-g-PS. As a result, entan-
glement between the molecules of the
grafting polymer and the matrix inside and
outside the agglomerates occurred.

6. The SiO2-g-PS agglomerates in PP pos-
sessed a nanocomposite microstructure
consisting of the nanoparticles, the grafted

and homopolymerized PS, and the PP ma-
trix.
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