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ABSTRACT: Organic–inorganic hybrid poly(styrene-co-
butyl acrylate)/organically modified montmorillonite
(PSBA/organo-MMT) latex particles have been prepared
by in situ emulsion polymerization. The effects of modifier
variety and the level of organo-MMT have been investi-
gated on the basis of the characteristics and mechanical
properties of the resulting hybrid emulsion polymers.
Although the more hydrophilic intercalated organic modi-
fiers increased the latex particle size, the hydrophobic ones
decreased the particle size. A more heterogeneous copoly-
mer chain intercalation was seen by widespread XRD
reflection as the organo-MMT (organoclay) level increases.
The tapping mode atomic force microscopy (AFM) and
transmission electron microscopy (TEM) were used to
determine the dispersion state of organoclay particles
inside the nanocomposite copolymer films. Dynamic me-
chanical thermal analysis (DMTA) showed that adding the
organoclay to the copolymer decreased the maximum loss
tangent (tand) value and caused the shift to a lower temper-

ature. Interestingly, the incorporation of organoclay
decreased the glass storage modulus of the copolymer,
while increased the rubbery storage modulus to some
extent. In addition, a standard indenter for the nanoscratch-
ing of copolymer nanocomposite films was used under low
applied loads of 150 and 250 lN. The nanoscratch results
showed that incorporation of a 3 wt % hydrophobic orga-
noclay, e.g., Closite15A, in the copolymer matrix enhanced
considerably the near-surface hardness and grooving resist-
ance of the nanocomposite film at room temperature. In
fact, copolymer nanocomposite films with higher near-sur-
face hardness and tand curve broadening exhibited more
nanoscratch resistance through a specific variety of visco-
elastic deformation, which did not create a bigger groove.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123: 2064–2073, 2012
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INTRODUCTION

The presence of a small amount of high-strength
inorganic nanofillers with a high aspect ratio, such
as layered silicates, and carbon nanotubes (CNTs),
could enhance the physical and the mechanical
properties of thermoplastic materials. 1–5 A serious
problem related to the use of nanosized hydrophilic
fillers is their homogeneous dispersion within the
organic matrix, thereby leading to macroscopic
phase separation.6 Even when the particles are well
dispersed in the matrix, nanoparticle aggregation
may occur during processing and may seriously
deteriorate the physical and mechanical properties.
A common method to prevent this undesirable
occurrence is surface treatment of nanoparticles with
organic surfactants or organosilane coupling
agents.7–9 This treatment improves the compatibility

between the polymer and the nanoparticle, and
increases the opening distance between clay silicate
layers to facilitate the monomer or the polymer
inclusion in between.10–11 On the other hand, poly-
merizing monomers inside the organoclay galleries
by emulsion polymerization is one of the approaches
to prepare more homogeneous reinforced polymer
systems.12,13 Choi et al.14 have investigated the
chemical affinity between a monomer mixture and
an organoclay by varying the initial composition of
the feed monomer used in an emulsion
polymerization.
Kim et al.15 synthesized exfoliated polystyrene/so-

dium montmorillonite (PS/Na-MMT) emulsion
nanocomposites containing 3 wt % of Na-MMT
using a reactive surfactant, that is, 2-acrylamido-2-
methyl-1-propane sulfonic acid (AMPS), and dode-
cylbenzenesulfonic acid sodium salt (DBS-Na). As a
reactive surfactant, AMPS makes the polymer tether
to the end of the pristine Na-MMT clay surface.
Zhang and Wilkie16 used carbocation-substituted
clay to prepare PS/org-MMT nanocomposites with
higher thermal stability. Yei et al.17 enhanced ther-
mal properties of the PS nanocomposites formed

Correspondence to: M.R. Moghbeli (mr_moghbeli@iust.ac.
ir).

Journal of Applied Polymer Science, Vol. 123, 2064–2073 (2012)
VC 2011 Wiley Periodicals, Inc.



from inorganic (aminopropulisobutyl polyhedral oli-
gomeric silsesquioxane) POSS-treated montmorillon-
ite. Using this type of in situ surfactant resulted in
an exfoliated nanocomposite. Aphiwantrakul et al.18

have investigated the effect of cation exchange
capacity (CEC) of the clay on the physical and the
mechanical properties of polystyrene–clay nanocom-
posites prepared by in situ intercalative polymeriza-
tion. In this case, the surface density of modifier
depends on the CEC of the clay used. Li et al.19 syn-
thesized exfoliated polystyrene/montmorillonite
nanocomposite by emulsion polymerization using a
dipole ion amino acid, i.e., aminoundecanoic acid
(AUA), as a clay modifier. Zhanga et al.20,21 pre-
pared graphite-oxide-reinforced poly(styrene-co-
butyl acrylate) to improve flammability and thermal
stability of the resulting nanocomposite prepared in
an emulsion polymerization. Sahoo and Samal22

used Na-MMT directly without any surface treat-
ment to synthesize the poly(methyl methacrylate)/
Na-MMT nanocomposite. Their results showed that
an exfoliated structure for the nanocomposite with 5
wt % Na-MMT. A hybrid poly(styrene-co-butyl acry-
late)-Brazilian montmorillonite was prepared by
miniemulsion polymerization by Moraes et al.23

Recently, nanoparticles such as clays and nanofib-
ers have been used to improve the surface and
near-surface mechanical properties of the polymer
coatings.24–28 For this purpose, nanoscratching has
been used to evaluate the scratch resistance, wear,
and friction behaviors of the polymer-based nanocom-
posites to a lesser extent. Amerio et al.29 investigated
the effect of inorganic silica domains, introduced ei-
ther by dispersing preformed silica nanoparticles or
by in situ generation by sol–gel, on the scratch behav-
ior of reinforced acrylic coatings. Their results showed
that scratch resistance of the coatings obtained by sol–
gel dual curing process is considerably higher than
that of the coatings prepared by dispersing preformed
nanosilica into the acrylic resin. The effect of nanoclay
on the scratch-deformed region and starch resistance
of the semicrystalline polymers has been investi-
gated.30,31 In this case, introduction of nanoclay signif-
icantly reduced the severity of the scratch-deformed
region and decreased the volume of nanofillers
formed in the nanocomposite films.

Although some scientists have investigated the
effect of clay level and surface treatment on the me-
chanical properties of the polymers, less attention
has been paid to the investigation of the effect of
organoclay on the nanoscratching of styrenic copoly-
mer nanocomposites prepared by in situ emulsion
polymerization. In the present research, the effects of
the surface modifier variety and the level of the
organo-MMT on the dynamic mechanical thermal
properties and nanoscratching of poly(styrene-co-
butyl acrylate) have been investigated.

EXPERIMENTAL

Materials

All reagents were purchased from Merck unless oth-
erwise stated. Styrene (St) and butyl acrylate (BA)
were distillated under vacuum to remove the inhibi-
tor and held at þ5�C before use. Potassium persul-
fate (KPS), sodium dodecyl sulfate (SDS), acetone,
tetrahydrofuran (THF), and 1, 1-aminoundecanoic
acid (AUA) (Fluka) were used without any further
purification. Twice-distillated water was prepared in
the author’s lab. The natural Na-MMT, cation
exchange capacity (CEC): 95 meq/100 g, Closite15A
(C15A), and Closite30B (C30B) were prepared from
Southern Clay (USA). In addition, the Na-MMT
was modified with 1.5 CEC AUA modifier through
the procedure reported previously. 15 In this case,
the modified clay was designated as AUA-clay. The
type and chemical structure of all modifiers used
were listed in Table I.

Emulsion polymerization

The free radical emulsion polymerization of sty-
rene/butyl acrylate (60/40 by weight) in the pres-
ence of 1 and 3 wt % organoclay, i.e., C15A, C30B,
or AUA-clay, was carried out in a glass reactor
equipped with a reflux condenser and a nitrogen
inlet. First, the organoclay was preswelled by a
monomer mixture overnight under vigorous mixing,
i.e. 2000 rpm, and then added to the reactor. The
reaction mixture was maintained at 70�C and stirred
mechanically at 300 rpm under nitrogen atmosphere.
The polymerization was conducted in a batch pro-
cess under thermostatic control and continued for
180 min. The glass reactor was immediately cooled
in an ice-water-salt mixture to stop the polymeriza-
tion after 180 min. The neat and hybrid copolymer
latexes were synthesized according to the emulsion
procedures listed in Table II. The synthesized
PSBA/ organo-MMT nanocomposites were

TABLE I
Characteristics of the Pristine Sodium Montmorillonite
(NaMMT) and Organically Modified Montmorillonites

(organo-MMTs)

Clay Modifiera 2y (�) d-spacing (Å)

ClositeNaþ – 8.83 10.0
Closite15A 2M2HT 2.78 31.7
Closite30B MT2EtOH 6.25 14.2
AUA-Clay AUA 6.46 13.7

a The clay surface modifier of Closite15A (C15A), Closi-
te30B (C30B), and AUA-Clay are dimethyl dehydrogen-
ated tallow (2M2HT), methyl tallow bis-2-hydroxyethyl
ammonium (MT2EtOH), and aminoundecanoic acid
(AUA), respectively.
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designated with a common name (NC), followed by
a code number 1, 2, or 3 which shows the nanocom-
posite sample contains various amount of C15A,
C30B, or AUA-clay organoclays, respectively.

Nanocomposite characterization

The particle size and the size distribution of the
hybrid latexes were measured by dynamic laser light
scattering with a wavelength of 632.8 nm and a laser
source light He and Ne gas. Light scattering meas-
urements were performed using a Sematech SEM-
633 steppermotor-driven goniometer. Overall con-
version of the prepared latexes was measured
gravimetrically.

The molecular weights and molecular weight dis-
tribution of the PSBA copolymer and its nanocompo-
sites containing 3 wt % oganoclay were measured
with a gel permeation chromatography (GPC) appa-
ratus (Shimadzu, Tokyo, Japan) equipped with a re-
fractive-index detector. The sample of dried copoly-
mer or nanocomposite film, each 0.25 g, was added
to 25 mL THF, and stirred at 300 rpm and room
temperature for 48 h. Then samples were centri-
fuged at 5000 rpm for 1 h. The supernatant phase
was separated from the sediment phase and dried
under vacuum to be used to molecular weight
measurement.

X-ray diffraction (XRD) (FK60-04) experiments
were carried out to investigate the structure of orga-
noclays and copolymer/organoclay nanocomposites.
Dispersion state of the organoclay within the copoly-
mer matrix was investigated by an atomic force mi-
croscopy (AFM) (Nanoscope III, Digital Instrument)
apparatus. The transmission electron microscopy
Zeiss CEM 902A was also used to investigate the
composite structure and observe the dispersion state
of the organo-MMT inside copolymer matrix. The
ultrathin sections of the samples were prepared and
transferred onto the mesh 400 copper grids and
dried in open air before microscopy for 2 h.

Nanoscratch tests were carried out on the films
cast on glass substrates using a depth-sensing nano-

indentation system (Triboscope, Hysitron) capable of
recording the lateral force and measuring the other
near-surface properties of the films scratched at
room temperature. Three nanoscratch tests were car-
ried out on each sample. Dynamic mechanical prop-
erties of the nanocomposites were determined by
means of a dynamic mechanical thermal analysis
(DMTA) (PL, UK) apparatus. The prepared films (10
� 2 � 50 mm3) were tested at a heating ramp þ5�C
under a fixed frequency mode of 1 Hz. The glass-
rubber transition temperature (Tg) of the copolymer
samples was determined based on maximum loss
tangent.

RESULTS AND DISCUSSION

XRD patterns of pristine Na-MMT and organomodi-
fied montmorillonites (organo-MMTs) having differ-
ent surface-modified characteristics are shown in
Figure 1. Intercalation of modifier molecules
between the clay silicate layers resulted in a higher
interlayer opening when compared to the unmodi-
fied clay. Thus, the intercalated modifier shifted the
maximum intensity peak of modified clay to a lower
2y angle as compared to the pristine clay (Fig. 1). In
fact, the increase of the opening depends on the mo-
lecular size of the modifier intercalated. Two large
hydrocarbon chains of dimethyl dehydrogenated tal-
low (2M2HT) modifier in the C15A organoclay
resulted in the highest basal spacing, 31.7 Å, whilst
the lowest spacing, 13.7 Å, corresponds to the clay
which was modified by 1, 1-aminoundecanoic acid
(AUA) modifier (Table I). The free-radical emulsion
polymerization of styrene/butyl acrylate (St/BA)
monomer in the presence of Na-MMT resulted in an

TABLE II
Procedures for the Preparation of Hybrid Latexes

Ingredientsa NC1 NC2 NC3

St 12 12 12
BA 8 8 8
DDI 80 80 80
KPS 0.1 0.1 0.1
SDS 0.2 0.2 0.2
Closite15A Variable – –
Closite30B – Variable –
AUA-clayb – – Variable

a Quantities are in weight parts (g).
b AUA-clay: surface-treated pristine clay with AUA.

Figure 1 XRD patterns of the pristine and organomodi-
fied montmorillonites.
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unstable emulsion product. Thus, stabilized PSBA/
organo-MMT nanocomposite latexes utilizing vari-
ous levels of organoclays were prepared in a batch
emulsion polymerization process. The overall con-
version of the prepared latexes was in the range of
96–98%.

Effect of organoclay on the latex particle size

The characteristics of the resulting emulsions are
shown in Table III. As one can observe, the incorpora-
tion of C15A organoclay in the structure of resultant
hybrid latex particles decreased the mean particle
size to some extent as compared to the particle size of
the neat copolymer latexes. In fact, the C15A organo-
clay’s modifier (2M2HT) with lower hydrophilicity as
cosurfactant would decrease the size of resulting
hybrid emulsion particles. On the other hand, more
hydrophilic surface modifiers, i.e., methyl tallow bis-
2-hydroxyethyl ammonium (MT2EtOH) and amino-
undecanoic acid (AUA), respectively, intercalated
within the C30B and AUA-clay, increased the mean
particle size of their corresponding hybrid latex par-
ticles. For instance, increasing the C30B level from 1
to 3 wt % increased the mean particle size from 102 to
116 nm. This behavior can be attributed to the differ-
ences in the compatibility between the monomer and
the organoclay used.

Effect of organoclay on the molecular weight and
Tg of copolymer

The effect of organoclay type on the molecular char-
acteristics of the PSBA copolymer is shown in Table
III. As it is shown, the incorporation of 3 wt % C30B
increased the weight-average molecular weight of
the copolymer from 127.6 to 163.8 kg mol�1. Never-
theless, using the other organoclays decreased the
molecular weight on some extent. In addition, a
decrease in the glass-transition temperature (Tg) was
observed for all the organoclay-reinforced copoly-
mers when compared with the neat copolymer. The
probable decrease in the molecular weight of copoly-
mer chains within organoclay galleries, and copoly-

mer chain slippage over the organoclay particles
may reduce the Tg of the nanocomposite.

Nanostructure of organoclay-reinforced copolymer

XRD results revealed an intercalated nanocomposite
structure for all the organoclay-reinforced copoly-
mers (Table III). As shown, an increase in the orga-
noclay interlayer spacing after polymerizing St/BA
monomer mixture was observed because of the co-
polymer chain intercalation within the montmoril-
lonite galleries. The highest d-spacing change (D ¼
9.2 Å) was observed for the nanocomposite sample
containing 1 wt % AUA-clay (Table III). A higher
tendency between the copolymer chains and the
organoclay led to a higher d-spacing increase.
Increasing organoclay level from 1 to 3 wt %
decreased interlayer opening for all the nanocompo-
site samples due to organoclay agglomeration. In
fact, the organoclay agglomeration prevents uniform
swelling of monomer mixture into the silicate layers
of organoclay. Thus, a heterogeneous polymer chain
intercalation can be seen by widespread XRD reflec-
tion as the organoclay level increases (Fig. 2). In this

TABLE III
Characteristics of PSBA/Organo-MMT Hybrid Emulsions Prepared by Emulsion Polymerization

Sample Clay Size (nm) Mn (kg mol�1) Mw (kg mol�1) PDI Tg (
�C) 2y (�) dspa (Å) D (Å)

PSBA – 89 67.2 127.6 1.90 53 – – –
PSBA/15A (1%) Closite15A 84 – – – 47 2.55 34.6 2.80
PSBA/15A (3%) Closite15A 79 58.5 113.1 1.93 49 2.66 33.2 1.45
PSBA/30B (1%) Closite30B 102 – – – 49 4.17 21.2 7.05
PSBA/30B (3%) Closite30B 116 86.3 143.8 1.70 51 4.33 20.4 6.00
PSBA/AUA (1%) AUA-Clay 109 – – - 47 3.86 22.9 9.20
PSBA/AUA (3%) AUA-Clay 113 72.4 121.2 1.67 50 4.77 18.5 4.80

a dspa: dspacing; Mn, number-average molecular weight; Mw, weight-average molecular weight; PDI: polydispersity index
is equal to Mw/Mn.

Figure 2 XRD patterns of PSBA/organo-MMT nanocom-
posites prepared by emulsion polymerization.
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case, the lowest interlayer opening change (D ¼ 1.45
Å) was observed for the copolymer nanocomposite
containing 3 wt % C15A.

Nanocomposite morphology

Tapping mode atomic force microscopy (AFM) was
used to determine the dispersion state of organoclay
particles inside the copolymer matrix. This technique
is a very sensitive tool for evaluation of local proper-
ties of materials and provides enhanced image con-
trast. 32–33 AFM phase micrographs show a rather
uniform dispersion of organoclay particles dispersed
in the nanocomposites containing 1 wt % organoclay
(Fig. 3). However, the observed morphologies con-
firmed the intercalated nanocomposite structure
composed of small organoclay tactiods well dis-
persed in the copolymer matrix. In this case, the av-
erage length and the thickness of the tactiods were
determined based on the observed AFM micro-
graphs as listed in Table IV. As indicated, the high-
est aspect ratio related to the PSBA/C15A nanocom-
posite varied in the range of 2–50. A very small
aspect ratio belongs to the nanocomposite sample
containing AUA-clay. Preparation of initial mono-

mer/organoclay premix under long-time vigorous
mechanical mixing followed by ultrasonic homogeni-
zation may break the organoclay silicate layers to
very small platelets with low aspect ratio. However,
some of the silicate layers of the organoclay particles
with bigger length and thickness than the polymer
particle size (Tables III–IV) seem to be on the surface
of polymer particles or in the aqueous phase of
hybrid latexes.
Figures 4–5 show the TEM micrographs of the

PSBA copolymer containing 1 and 3 wt % organo-
clays. The stacked silicate layers of C15A and C30B
are randomly dispersed in the copolymer matrix
containing 1 and 3 wt % organoclay (Figs. 4–5).

Figure 3 AFM phase image of copolymer nanocomposites containing 1 wt %: (a) C15A, (b) C30B, and (c, d) AUA-Clay.

TABLE IV
Length, Thickness, Aspect Ratio, and Number of Silicate
Layers of the Organoclay Particles Dispersed Within the

Copolymer Matrix

Sample
Length
(nm)

Thickness
(nm)

Aspect
ratio

Number of
layers

PSBA/15A(1%) 20–500 10–85 2.0–50 3–25
PSBA/30B(1%) 20–400 15–85 1.5–27 7–40
PSBA/AUA(1%) 0–160 50–100 1.6–3.2 22–44
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However, the thickness of dispersed stacked layers
of C30B is higher than that of the C15A organoclay.
At higher magnification, the intercalated layers were
also observed. Increasing the organoclay level from
1 to 3 wt % resulted in a more heterogeneous nano-
composite structure, exhibits some particles agglom-
eration in the copolymer matrix containing C30B
and AUA-clay [Fig. 5(c–e)]. The lower compatibility
between AUA-modified clay and PSBA copolymer
resulted in a poor dispersion of silicate layers and
consequently particles agglomeration inside the
matrix.

Mechanical properties of nanocomposites

Dynamic mechanical properties

Dynamic mechanical behavior of nanocomposite
films containing 1 and 3 wt % organoclay is shown

in Figure 6. Introduction of organo-MMT particles
with different surface modifiers decreased the glassy
storage modulus of the copolymer, while increased
the rubbery storage modulus to some extent. Figure
7 shows the tan d curves of the neat copolymer and
the organoclay-reinforced copolymers versus tem-
perature. As one can observe, the neat copolymer
itself has a slightly higher glass-rubber transition
temperature about 52�C with a sharp tan d value.
Adding the organoclay to the copolymer lowered
considerably the maximum tan d and shifted it to a
lower temperature, except for the nanocomposite
samples containing C30B. In addition, for the afore-
mentioned nanocomposites having a rather good
organoclay dispersion state, a higher maximum tand
was observed when compared with the other nano-
composite samples. In contrast, the lower interfacial
interaction in the PSBA/C15A nanocomposite sam-
ples seems to push heterogeneous molecular

Figure 4 TEM micrographs of PSBA copolymer contain 1 wt % organo-MMTs: (a, b) C15A, (c, d) C30B, and (e, f) AUA-
Clay.
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motions and copolymer chain slippage over the
organoclay particles, indicating a lower tan d value
and a greater half-height width of tand curve (Fig.
7). The tan d width and height depends upon the
heterogeneity of composition and weight fraction of
each dynamic area, respectively. On the other hand,
low molecular weight copolymer chain confined
within the organoclay galleries as well as the chain
slippage over the organoclay particles may present
new motional components to the dynamic response
of the sample that leads to local environmental het-
erogeneity and curve broadening.

Nanoscratch behavior

The nanocomposite films prepared with 1 and 3 wt
% organoclay were scratched under normal loads of
150 and 250 lN. Three-dimensional (3D) AFM
images show the nanoscratch groove for the neat co-

polymer and its nanocomposites with 1 and 3 wt %
organoclay (Fig. 8). As shown, a periodic pattern of
plastic deformation on the wall of grooves was
observed for all the samples. This behavior can be
attributed to the stick-slip process that occurred dur-
ing plugging of the copolymer film. Nanoscratching
of the copolymer films resulted in a pile up of mate-
rial pushed to the groove edges. For the organoclay
nanocomposites, the lowest pushed material was
observed for the sample containing C15A organoclay
[Fig. 8(b)]. An increase in organoclay level from 1 to
3 wt % exhibited a lower grooving and pushed
material.
The residual depth pattern on the bottom of the

nanoscratch groove is shown in Figure 9. For the
neat copolymer, a smooth residual depth pattern
was observed, while the incorporation of organoclay
in the copolymer resulted in a rough residual depth,
indicating a more plastic deformation.

Figure 5 TEM micrographs of PSBA copolymer contain 3 wt % organo-MMTs: (a, b) C15A, (c, d) C30B, and (e, f) AUA-
Clay.
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Table V displays the results of nanoscratch test on
the nanocomposite films, including mean nano-
scratch groove depth and width, hardness, rough-
ness, and grooving resistance. As shown, organo-
clay-reinforced copolymers exhibited a smaller
nanoscratch groove depth, width, and roughness
when compared with the neat copolymer. In con-
trast, the organoclay mainly increased the near-sur-
face hardness and nanoscratch resistance in the
nanocomposite films. As earlier mentioned, the mo-
lecular weight in the neat copolymer and its nano-
composite samples are almost the same to compare
the effect of organoclay type and level on the nano-
scratch behavior of copolymer. Thus, adding the
high-modulus layered silicate material improved the

nanoscratch properties in the PSBA/organoclay
nanocomposites. The lowest groove depth was
observed for the nanocomposite films containing 1
wt % C30B and 3 wt % C15A for the applied normal
loads 150 and 250 lN, respectively. On the other
hand, the increase of C15A organoclay level from 1
to 3 wt % enhanced considerably the hardness from
10.9 to 20.4 kg/mm2, and nanoscratch resistance
from 444.4 to 463.8 lJ/m at an applied normal load
of 250 lN. Deterioration of nanoscratch resistance
property was observed for the PSBA/AUA-clay
nanocomposites with a marked decrease in near-sur-
face hardness and tand dissipation factor (Table V
and Fig. 8). The increase of these two material

Figure 6 Temperature-dependence storage modules of
the neat PSBA and corresponding PSBA/organo-MMT
nanocomposite films.

Figure 7 tan d damping function variation vs. tempera-
ture for the neat and organo-MMT-reinforced PSBA.

Figure 8 AFM phase image of nanoscratching of (a) neat
PSBA and PBSA/organo-MMT nanocomposite samples
containing: (b) 1 wt % C15A, (c) 3 wt % C15A, (d) 1 wt %
C30B, (e) 3 wt % C30B, (f) 1 wt % AUA-Clay, and (g) 3 wt
% AUA-Clay (The applied normal load was 150 lN).
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properties seems to be an important parameter to
improve the scratch resistance of the nanocomposite
films without creating a bigger groove. On the other
hand, lower aspect ratios in the range of 1.6–3.2 (Ta-
ble IV), and poor dispersion of AUA-Clay layered
silicates inside copolymer matrix [Fig. 5(e)] may
induce high stress concentration around the par-
ticles, which facilitate the crack growth and make
the matrix more brittle.

CONCLUSIONS

The effects of organic modifier type and level of
organoclay, 1 and 3 wt %, have been investigated on
the characteristics and mechanical properties of the
resulting PSBA/organo-MMT nanocomposites pre-
pared by in situ emulsion polymerization. The XRD
patterns and TEM micrographs showed an interca-

lated nanocomposite structure for all the organoclay-
reinforced copolymers. Although a uniform disper-
sion of dispersed organoclay particles was observed
for the nanocomposites containing 1 wt % organo-
clay, the incorporation of 3 wt % organoclay caused
particle agglomeration to occur, especially for the
nanocomposite with AUA-clay. On the other hand,
the incorporation of C15A organoclay in the struc-
ture of resultant hybrid latex particles decreased the
mean particle size, while more hydrophilic organo-
clays, C30B and AUA-Clay, increased the size of
hybrid particles. A decrease in the glass-storage
modulus and glass-rubber transition temperature
with a lower damping function (tan d) were
obtained as the organoclay added to the copolymer
matrix.
Moreover, adding organoclay to the copolymer

increased the near-surface hardness and grooving

Figure 9 Residual depth of nanoscratch groove of (a) neat PSBA and PSBA-reinforced with 1 wt %: (b) Closite15A, (c)
Closite30B, and (d) AUA-Clay (The applied normal force was 150 lN).

TABLE V
Nanoscratch Characteristics of the PSBA/Organo-MMT Nanocomposite Films

Sample Depth (nm) Width (lm) Hardness (kg/mm2) Roughness (nm) Scratch resistance (lJ/m)

PSBA 218 (271) 1.26 (1.54) 12.0 (13.4) 25.9 (39.2) 199.6 (436.6)
PSBA/15A(1%) 187 (172) 1.16 (1.71) 14.2 (10.9) 15.3 (28.9) 216.4 (444.4)
PSBA/15A(3%) 171 (222) 1.07 (1.25) 16.7 (20.4) 12.3 (24.8) 273.6 (463.8)
PSBA/30B(1%) 183 (269) 1.15 (1.68) 14.5 (11.3) 15.0 (27.4) 237.5 (437.0)
PSBA/30B(3%) 160 (238) 1.05 (1.37) 17.3 (17.0) 10.1 (25.9) 273.8 (455.9)
PSBA/AUA(1%) 209 (300) 1.23 (1.80) 12.6 (9.8) 16.2 (31.7) 188.7 (412.0)
PSBA/AUA(3%) 172 (245) 1.10 (1.46) 15.8 (14.9) 12.8 (26.3) 262.8 (449.6)

a Amounts of scratch characteristics inside and outside the parentheses are related to the higher and the lower normal
loads applied in the nanoscratch test.

b Scratch resistance was measured on the basis of the required energy to create a nanoscratch groove length of 5 lm.
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resistance of the resulting nanocomposite films,
while decreased the groove depth and the width as
well as the residual surface roughness. The lowest
groove depth was observed for the nanocomposite
films containing 1 wt % C30B and 3 wt % C15A for
the applied normal loads of 150 and 250 lN, respec-
tively. On the other hand, the introduction of 3 wt %
C15A in the copolymer increased considerably the
near-surface hardness from 13.4 to 20.4 kg/mm2,
and nanoscratch resistance from 436.9 to 463.8 lJ/m
under an applied normal load of 250 lN. The nano-
composite films with higher near-surface hardness
and broader tan d curve seem to have a higher
grooving resistance against nanoscratching.
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