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ABSTRACT: In this study, polymethyl methacrylate (PMMA)-coated talc was produced
by the in situ polymerization of methyl methacrylate on the talc surface. The polymer-
ization reaction was performed by both batch and semicontinuous emulsion processes.
The polymerization kinetics, particle size and distribution, grafting efficiency, and
coated-talc morphology were systematically investigated. It was found that the talc
particles have no effect on the polymerization of PMMA. The PMMA produced was
found to cover the talc surface well. However, only a small amount can be grafted onto
the talc. The size distribution of talc particles treated by semicontinuous emulsion
polymerization is more uniform than by batch polymerization. The treated talc was
subsequently used as filler in a poly(vinyl chloride) (PVC) matrix, and mechanical
properties of the PMMA-coated-talc/PVC composites were studied. Morphological struc-
ture of PVC-matrix composites revealed that the PMMA coating on talc improved the
dispersion of talc in the PVC matrix and enhanced the interfacial adhesion between the
talc and PVC. The mechanical properties of the composites, especially the impact
strength, were found to be improved. There appears to be a critical covering thickness
of PMMA on the talc surface for optimum toughening. © 2001 John Wiley & Sons, Inc. J
Appl Polym Sci 80: 2105–2112, 2001
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INTRODUCTION

Particle-reinforced polymer composites (PRPC)
have been widely applied in the automobile,
household, biomedical, and electrical industries.

However, the inorganic fillers usually have high
surface energy because of their hydrophilic ionic
nature. The hydrophobic polymer does not wet or
interact with the fillers because of their differ-
ences in surface energy.1–3 To increase the appli-
cability of PRPC, many studies have been con-
ducted to try to improve the compatibility be-
tween the fillers and the polymer matrix to
optimize the mechanical and other physical prop-
erties. Therefore, improving the interfacial adhe-
sion between the inorganic particles and the poly-
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mer matrix by modifying the filler surface be-
comes inevitable in toughening a polymer
matrix.4–11 The traditional method of treating
filler surface by low-molecular coupling agents or
surfactants has been found to be reasonably ef-
fective.12–14 However, low molecular weight com-
pounds have a tendency to migrate out from the
interface to the surface of PRPC. As a conse-
quence, there is degradation in the mechanical
and physical properties of PRPC. Also, an unde-
sirable surface appearance cause by surface
scorching or bulging will result. To enhance the
toughness of PRPC, an elastomeric interlayer
such as butadiene acrylonitrile copolymer has
been coated on the fillers before being incorpo-
rated into the polymer matrix like epoxy res-
ins.15–17 However, nonhomogenous filler distribu-
tion greatly reduces the toughening efficiency.
Another method for surface modification is by
plasma treatment which enables a structural
change in the interface so as to increase the com-
patibility between the fillers and the polymer ma-
trix. In a study of linear low density polyethylene
(LLDPE) filled by plasma-treated CaCO3, it was
noted that the plasma could first remove all re-
siduals on the filler and then create a new coating
on them, leading to an increase in tensile strength
and toughness of polymer-matrix composites.18

However, there are some limitations for engineer-
ing application. Therefore, there is a demand for
new technologies of filler surface treatment. At
present, some new approaches, such as sol-gel
processing, in situ intercalative polymerization
and in situ polymerization, have been proposed
for particulate surface treatment to produce high-
performance PRPC. The sol-gel processing19–26

involves acid or base catalyzed hydrolysis of the
metal alkoxides (such as silicon alkoxides), fol-
lowed by polycondensation of the hydrolyzed in-
termediates such as tetraethoxysilane. This
method provides a good means for the prepara-
tion of inorganic metal oxides from organic metal
alkoxides. The formation of a crosslinking net-
work of organic metal oxides makes it difficult to
process, which prevents the widespread applica-
tion of this method. In situ intercalative polymer-
ization27–31 is a good method for production of
polymer/clay composites or nanocomposites such
as PA6/montmorillonite hybrid. It was reported
that v-amino acid can intercalate with the n-
montmorillonite layer, making the montmorillon-
ite swollen. However, this method is limited to the
preparation of high-performance clay-filled poly-
mer composites. Recently, another new fabrica-

tion method called “in situ polymerization” has
been proposed.32–34 In situ polymerization is a
method in which inorganic particles are first dis-
persed into suitable monomers and this mixture
is then polymerized using a technique similar to
bulk polymerization. The monomer layer of poly-
mer coated on the particles reduces particle sur-
face energy as well as promotes dispersion of the
particles and interfacial adhesion, leading to en-
hanced mechanical properties, toughness, and
processibility of the resulting PRPC.

In this study, the in situ polymerization of
methyl methacrylate (MMA) on the surface of the
micron-sized talc was performed by using the
batch and semicontinuous emulsion processes.
The treated talc was subsequently used to fill
poly(vinyl chloride) (PVC). It is expected that the
PMMA covered on the surface of talc can improve
the mechanical properties of the resulting PVC-
matrix composites.

EXPERIMENTAL

Materials

Talc powders (1250, 2500 mesh) were purchased
from Sichun Serpentine Mineral Factory in
China. MMA monomer was purified by distilla-
tion under reduced pressure before use. All of the
water used was deionized. PVC was donated by
Qilu Petrochemical Engineering Company in
China.

Polymerization Procedures

The polymerizations were performed by a batch
and a semicontinuous process, respectively, in a
1000-mL glass reactor (stirring rate 200 rpm). For
the batch polymerization, the ingredients [deion-
ized water, sodium dodecyl sulfonate (SDS) as
emulsifier, MMA as monomer and talc] were
added to the reactor vessel, heated, and stirred
continuously, until the reaction temperature was
reached. Then an aqueous solution of ammonium
persulfate (APS) as initiator (preheated to the
reaction temperature) was added to start the po-
lymerization reaction.

For the semicontinuous polymerization, the
doubly distilled water, APS, SDS, and the talc
powder were poured into the reactor vessel and
heated under constant stirring. Once the reaction
temperature was reached, the aqueous solution of
initiator was added. After 10 min, a continuous
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dosage of the monomer was added under mono-
mer-starved conditions.

The particle-size distribution of the untreated
and treated talc was determined by using a
LS-230 particle-size tester (Coulter Co., USA) be-
fore emulsion breaking. The products were dried
at 45°C under vacuum after emulsion breaking
and centrifugation. The conversion was deter-
mined by the following equation:

Conversion ~%!

5
precipitate ~g! 2 talc ~g!

monomer used ~g!
3 100%

Percentage of Grafting of Polymer

The polymerization products were extracted with
acetone for 24 h in a Soxhlet apparatus to remove
the ungrafted polymer and dried to a constant
weight under vacuum. The percentage of grafting
onto the surface of talc was calculated by the
following equation:

Percentage of grafting ~%!

5
Polymer grafted ~g!

Talc used ~g!
3 100%

Fourier transform infrared (FTIR) spectroscopy
was applied to characterize the changes in the
chemical structure of talc after in situ polymer-
ization. Thin film specimens were pressed with
KBr powder.

Preparation of PMMA-Coated-Talc-Filled PVC
Composites

The PVC matrix used in this investigation has the
following composition: 100 parts PVC, three parts
heat stabilizer (XP-301), 1 part process aid (ACR-
401), 0.6 parts paraffin wax (intermediate lubri-
cant), and 0.5 part stearic acid. PMMA-coated talc
and untreated talc were mixed with the PVC ma-
trix mixture in a high-speed mixer. The talc
weight fraction (Wf) was kept at 20% for all the
composites. The composite mixtures were plasti-
cized by a two-roll mill at 180°C for 10 min. Com-
posite plates with dimensions of 200 3 80 3 3.2
mm3 were compression molded at 180°C for 8
min, with a 5-min preheating period. Care was
taken at this stage to ensure precise timing so as
to eliminate any differences that might arise as a
result of the samples having different thermal
histories. These plates were cut into dog-bone-

shaped tensile bars. Notched izod impact speci-
mens were also prepared from the plates.

Mechanical Properties

The tensile behavior was determined by using an
Instron tester (model 4206, Instron Co., USA) at
room temperature under a cross-head speed of 1
mm/min. Izod impact specimens with dimensions
of 65 3 13 3 3.2 mm3 were cut from the plaques,
and were tested by a CEAST pendulum impact
tester. A blunt notch with a notch tip radius of
0.25 mm was introduced to the impact specimens
with a CEAST notch opener.

Morphology Observations

The morphologies of the fracture surfaces were
observed by using a scanning electron microscope
(model S-300). The specimens were fractured af-
ter immersion in liquid nitrogen. All fractured
surfaces were coated with a thin layer of gold
before scanning electron microscopy (SEM) exam-
ination.

RESULTS AND DISCUSSION

Reaction Kinetics of In Situ Emulsion
Polymerization

Figure 1 shows the reaction kinetics of batch in
situ emulsion polymerization at different temper-
atures. The average size of talc was 1250 mesh,
and the weight ratio of talc and MMA was 1:1.

Figure 1 Reaction kinetics curves of batch in situ
emulsion polymerization of MMA/talc at different tem-
peratures.
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The results indicated that the temperature signif-
icantly affected the polymerization rate. The
higher the temperature, the earlier the autoaccel-
eration occurred and the shorter the time to
achieve equilibrium conversion. For the different
temperatures used in this investigation, the last
conversions all approached 100%. From these re-
sults, it can be concluded that the talc does not
inhibit the polymerization of MMA. The results
are proved by X-ray photoelectron spectroscopic
analysis of talc.35

At the same polymerization conditions, the ra-
tio of water and MMA does not affect the conver-
sion of MMA (see Table I). However, for the sake
of cost consideration and the dispersion of talc in
the polymerization system, it is necessary to se-
lect the proper ratio of water and MMA. Table II
shows the influence of the initiator content to the
in situ emulsion polymerization. It can be seen
that 1% APS can already efficiently initiate the
polymerization of MMA.

Particle Size and Distribution

The particle sizes of untreated talc and PMMA-
coated talc are listed in Table III. As expected, the
particle size of the PMMA-coated talc is bigger
than that of the pure talc, which also increases
with increasing the ratio of MMA and talc during
polymerization. These results indicate that the
PMMA polymer indeed covered the surface of
talc. The particle distribution index of talc and
PMMA-coated talc are shown in Table IV. It can
be seen that the particle distribution of PMMA-
coated talc produced by semicontinuous in situ
polymerization is more uniform than that by
batch in situ polymerization. The finer the talc is,

the more uniform is the particle-size distribution.
This may be because, in the semicontinuous pro-
cess, the monomer is in a starved condition, and
the semicontinuous polymerization avoids the for-
mation of new PMMA particles. Moreover, the
polymerized PMMA easily covers the surface of
small talc particles. It leads to the uniform size
distribution of particles.

FTIR Spectra and Grafting Effect of PMMA

Figure 2 shows the FTIR spectra of the untreated
talc and the PMMA-coated talc before and after
extraction with acetone for 24 h. It can be seen
that there is an absorption peak located at about
1730 cm21 in the extracted PMMA-coated talc.
The peak is associated with the stretching vibra-
tion of the carbonyl groups of PMMA. The other
peaks of PMMA are weak because of the strong
bond vibrations in the talc.

To assess the grafting of PMMA onto the talc
surface, the percentage of grafting was deter-
mined. The results are summarized in Table V.
As shown in Table V, the percentage of grafting
onto talc is very low. It indicates that PMMA is

Table I Effect of Water/MMA Ratio on the
Polymerization Conversion of MMA

Water/MMA 10 15 20 50
Conversion (%) 97.5 98 96.7 97

Note: talc/MMA 1 : 1; APS 1%; SDS 0.5%; 70°C, 4 h.

Table II Effect of Initiator Content on the
Polymerization Conversion of MMA

APS (%) 1 2 4
Conversion (%) 97.5 98 98.5

Note: talc/MMA 1 : 1; water/MMA 10 : 1; SDS 0.5%; 70°C,
4 h.

Table III The Particle Size of Talc and PMMA-
Coated Talc (mm)

Talc/MMA Talc 8 4 2 1

Batch process 13.56 13.80 42.03 70.67 104.7
Semicontinuous

process (1250
mesh) 13.56 20.10 19.35 20.42 20.67

Semicontinuous
process (2500
mesh) 6.12 10.35 10.43 10.56 10.50

Note: APS 1%; SDS 0.5%; 70°C, 4 h and 80°C, 1 h.

Table IV The Particle Size Distribution Index
of Talc and PMMA-Coated Talc

Talc/MMA Talc 8 4 2 1

Batch process 21 5.5 82 48 50
Semicontinuous

process (1250
mesh) 21 — 11 12 11

Semicontinuous
process (2500
mesh) 24 4.8 5.2 4 3.8

Note: APS 1%; SDS 0.5%; 70°C, 4 h and 80°C, 1 h.
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mainly covered on the talc surface by physical
interaction, and there are only a few PMMA mac-
romolecules that can intercalate and be absorbed
into the talc.

Morphology

Figure 3 shows the SEM fractographs of the PVC-
matrix composites (talc content: 20 wt % of talc).
It can be seen that the edges and corners of the
untreated talc in the composite are very smooth
[Fig. 3(a)]. For the PMMA-coated-talc particles,
they are uniformly distributed in the PVC matrix,
and their surface is very rough. When the PMMA-
coated-talc particles are produced by semicon-
tinuous polymerization of MMA, the interface be-
tween talc and matrix is more adhesive. More-
over, it can be seen that the finer the talc is, the
better the interface between talc and PVC matrix

is. These results indicate that the PMMA covered
on the surface of talc enhances the interaction
between the talc and PVC, and improves the ad-
hesion and morphological structure of PVC-ma-
trix composites.

Mechanical Properties

The variation of Young’s modulus and tensile
strength for the PMMA-coated-talc/PVC compos-
ites (with 20 wt % filler content) are plotted
against coating thickness in Figures 4 and 5, re-
spectively. Apparently, the Young’s modulus and
tensile strength of the composites were enhanced
because of the PMMA surface coating on the talc.
They increased with increasing the PMMA coat-
ing thickness. Comparing the two polymerization
processes, the modulus and tensile strength im-
provement, when the PMMA coating was pro-
duced by semicontinuous in situ polymerization,
are higher than by the batch process. Moreover,

Figure 2 FTIR spectra of (a) PMMA-coated talc after
extraction with acetone for 24 h; (b) PMMA-coated talc
before extraction; and (c) untreated talc.

Table V The Percentage of PMMA Grafting
onto Talc Surface

Talc/MMA 8 6 4 2

Batch process 0.3 0.7 0.8 0.4
Semicontinuous process

(1250 mesh) 0.4 0.9 1.2 1.0
Semicontinuous process

(2500 mesh) 0.5 1.2 1.6 1.7

Figure 3 SEM fractographs of PMMA-coated-talc/
PVC-matrix composites containing 20 wt % of talc. (a)
untreated talc; (b) wPMMA/wtalc 5 1/4, 1250 mesh, batch
process; (c) wPMMA/wtalc 5 1/4, 1250 mesh, semicon-
tinuous process; (d) wPMMA/wtalc 5 1/4, 2500 mesh,
semicontinuous process.
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the modulus and tensile strength of the compos-
ites are higher when the talc fillers are finer. With
further increase of the PMMA coating thickness,
however, both modulus and tensile strength
started to decrease. In other words, there is a
critical PMMA coating thickness for tensile prop-
erties of the composites.

The poor mechanical properties of untreated-
talc/PVC composites are due to the poor interfa-
cial bonding between PVC and talc. It is well
known that PVC and PMMA are completely mis-

cible. When the surface of talc is covered by in situ
polymerized PMMA, the PMMA enhances the in-
teraction between the talc and PVC, and im-
proves the interfacial adhesion. This leads to in-
creasing Young’s modulus and tensile strength of
the PMMA-coated-talc/PVC composites. How-
ever, when the PMMA coating thickness is higher
than the critical value, the mechanical properties
of the composites decrease because of the low
modulus and tensile strength of PMMA. More-
over, as discussed above, a more uniform particle
size distribution was found for the talc treated by
semicontinuous in situ polymerization than that
by batch in situ polymerization. Also, the finer the
talc is, the more uniform the particle size distri-
bution is. These factors led to the conclusion that
the semicontinuous in situ polymerization modi-
fication, together with a small talc particle size,
are more favorable to improve the modulus and
tensile strength of PMMA-coated-talc/PVC com-
posites.

The variation of impact strength of PMMA-
coated-talc/PVC composites with the PMMA coat-
ing thickness is shown in Figure 6. From the
impact experiment, it was found that the impact
strength of pure PVC is 3.2 kJm22. The impact
strengths of PMMA-coated-talc/PVC composites
are 3.37 and 4.05 kJm22, when filled with 1250-
and 2500-mesh talc particles, respectively. It in-
dicates that the talc with 2500 mesh size provides
an obvious toughening to PVC matrix, but the talc
with 1250 mesh has almost no significant effect. A
definite size effect on impact toughening can

Figure 4 Variation of Young’s modulus with the
PMMA coating thickness for PMMA-coated-talc/PVC
composites.

Figure 5 Variation of tensile strength with the
PMMA coating thickness for PMMA-coated-talc/PVC
composites.

Figure 6 Variation of impact strength with the
PMMA coating thickness for PMMA-coated-talc/PVC
composites.
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therefore be concluded. Liang and Li36 found an
obvious toughening effect with 3000-mesh glass
bead-filled polypropylene. When the glass bead is
treated by a silane coupling agent, the impact
strength of the glass-bead/PP composite in-
creases. In the present study, the impact strength
of the PVC composites filled by 20 wt % of talc was
improved when the talc was coated by PMMA.
Their impact toughening behavior is the same as
their tensile reinforcement, as discussed above,
and there is an optimum and critical covering
thickness of PMMA on the talc surface. Moreover,
semicontinuous in situ polymerization modifica-
tion and reduction of the particle size of talc are
more efficient to enhance the impact strength of
PMMA-coated-talc/PVC composite. The results
can be explained by the following.

As discussed above, the in situ polymerized
PMMA covering the talc surface improves the
interfacial adhesion between talc and PVC ma-
trix. The improved interfacial adhesion is favor-
able to transmit impact force and to absorb frac-
ture energy. However, particles of the talc treated
by semicontinuous in situ polymerization are
finer and more uniform than those by the batch
process. The finer the talc is, the finer and more
uniform the modified talc is. Obviously, reducing
the size of filler is helpful for improving the tough-
ness of composites. According to adhesive theo-
ry,37 there is a critical adhesive thickness to get
an optimum adhesive strength. Our research re-
sults are in accordance with adhesive theory. So
the excess PMMA on the surface of talc will re-
duce the impact strength of the PMMA-coated-
talc/PVC composites by further increasing the
covering thickness of PMMA.

CONCLUSION

MMA was in situ polymerized on the surface of
talc by batch and semicontinuous emulsion pro-
cesses, respectively. The treated talc was filled
into PVC. The results showed that talc has no
influence on the polymerization of PMMA. The
PMMA thus produced was found to cover the talc
surface, with very little grafted onto the talc sur-
face. The size distribution of talc treated by semi-
continuous emulsion polymerization is more uni-
form than that by batch polymerization. Morpho-
logical structure study of PVC-matrix composites
revealed that the PMMA covered on the surface of
talc improves the dispersion of talc in the PVC
matrix and enhances the interfacial adhesion be-

tween the talc and PVC matrix. The mechanical
properties of the composites, especially the im-
pact strength, are improved. There is a critical
covering thickness of PMMA. Further increase in
the PMMA coating thickness adversely affected
the mechanical properties of the composites.
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