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Abstract

ABS/organo montmorillonite (OMT) nanocomposites and ABS/brominated epoxy resineantimony oxide (BEReAO)/OMT nanocomposites
were prepared via melt compounding. The dispersion of OMT in nanocomposites was investigated by wide-angle X-ray diffraction and trans-
mission electron microscopy. The results revealed an intercalated structure in ABS/OMT nanocomposites and the OMT layers mainly distribute
in SAN phase. However, a completely exfoliated structure was found in ABS/BEReAO/OMT nanocomposites and OMT layers preferentially
located in the BER phase which indicated that the OMT platelets had a much higher affinity with brominated epoxy resin than ABS resin. Based
on the above morphological results, a schematic diagram of the ABS/OMT, ABS/BEReAO/OMT nanocomposites was established. The thermal
degradation behavior was characterized by thermogravimetry. The results showed that the exfoliation of OMT can enhance the thermal stability
of pure ABS resin and ABS/BER blends. An increase in the limited oxygen index (LOI) value was observed with the addition of OMT and it was
found that such an enhancement is closely related to the morphologies of the chars formed after combustion. A synergistic effect between OMT
and BEReAO during the combustion of the nanocomposites was found and a schematic mechanism was presented.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Acrylonitrileebutadieneestyrene; Brominated epoxy resin; Organo montmorillonite; Nanocomposites; Thermal degradation
1. Introduction

Acrylonitrileebutadieneestyrene (ABS) is a widely used
thermoplastic material due to its good mechanical properties,
chemical resistance and easy processing characteristics. ABS
is composed of a styreneeacrylonitrile copolymer (SAN) ma-
trix phase, with grafted polybutadiene particles whose composi-
tion, shape and size are complex and vary from product to
product. One of the main drawbacks of ABS is its inherent flam-
mability. Brominated epoxy resin (BER) is a high molecular
weight polymeric flame retardant designed for a broad range
of thermoplastic applications and used in ABS and PC/ABS
blends with antimony oxide as a synergist. The polymeric nature
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of BER and its chemical structure offer many advantages includ-
ing high thermal stability and thermal aging, excellent process-
ability, high UV stability and non-corrosive, etc. ABS/BEReAO
composites are of significant commercial importance and widely
applied in many electronic fields.

Polymer/layered silicate nanocomposites (PLSNs) are
a new class of materials which have attracted much attention
from both scientists and engineers in recent years due to their
excellent properties such as high dimensional stability, heat
deformation temperature, gas barrier performance, flame re-
tardancy, and enhanced mechanical properties when compared
with pure polymer materials or conventional composites
(micro- and macro-composites) [1e7]. The properties of
ABS/clay nanocomposites prepared in different ways includ-
ing melt-processing, emulsion and in situ polymerization
have been reported [8e12]. However, few work has been car-
ried on the nanocomposites based on ABS/BEReAO flame
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retarded systems. It is thought that ABS/BEReAO/clay nano-
composites may lead to a new kind of material with better heat
performance and flame retardant properties, which combines
the advantages of BER and the merits of clay which has excel-
lent barrier properties.

In this work, ABS/clay and ABS/BEReAO/clay nanocom-
posites were prepared via melt compounding. The dispersion
and intercalation/exfoliation of organoclay in nanocomposites
were investigated by X-ray diffraction and transmission elec-
tron microscopy, based on which the preferential distribution
model of clay in the nanocomposites was established. The
thermal stability of the nanocomposites was measured by ther-
mogravimetric analysis, and the degradation mechanism of
nanocomposites was discussed. The fire retardancy was mea-
sured using limiting oxygen index (LOI). Studies on the
char residue after LOI tests were performed using a Field
Emission Scanning electron microscopy.

2. Experimental

2.1. Materials

The organically modified clay (Naþ-montmorillonite) was
supplied by Zhejiang Huate Clay Products of China, which
was ion-exchanged with octadecyl trimethyl ammonium bro-
mide (C18). The ABS resin (HI-121H) was obtained from
LG Industries, Korea. Brominated epoxy resin (F-2100H
showing in the following scheme) was purchased from ICL In-
dustrial Products, the molecular weight is 2.5� 104, the den-
sity is 1.8 g/cm3, and the bromine content is 53.0%.
Antimony oxide (AO, Mw¼ 292) was supplied by Hunan Hua-
chang Antimony Industrial Co. Ltd and had the particle sizes
of 2.0e5.0 mm.
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2.2. Preparation of ABS/clay and ABS/BEReAO/clay
nanocomposites

The ABS/clay, ABS/BEReAO, ABS/BEReAO/OMT in dif-
ferent proportions were mechanically mixed and then extruded
in a twin screw extruder (TE-35, L/D¼ 35:1, Nanjing, China)
at a rotational speed of 360 rpm. The temperature profiles of
the barrel were 180e190e195e195 �C from hopper to die for
all the samples. The mixed samples were transferred to a mold,
then pressed at 14 MPa, and successively cooled to room temper-
ature while maintaining the pressure to obtain the composite
sheets for further measurements. Before mixing, all the polymers
and clay were dried in a vacuum oven at 80 �C for at least 12 h.
Table 1 shows the sample identification and composition.
2.3. Characterization

Wide-angle X-ray diffraction (WAXD) was used to examine
the dispersion of clay in composites. WAXD was carried out by
using a Rigaku X-ray generator (Cu Ka radiation with
l¼ 1.54 �C) at room temperature. The diffractograms were ob-
tained at the scattering angles from 0.5 � to 10 �, at a scanning
rate of 2 �/min. The transmission electron micrograph was ob-
tained with a JEM-1200EX electron microscope to examine
the dispersion and intercalation states of clay in composites.
The nanocomposite samples for TEM observation were ultra-
thin-sectioned using a microtome equipped with a diamond
knife. The sections (200e300 nm) were cut from a piece of
about 1� 1 mm2, and they were collected in a trough filled
with water and placed on a 200 mesh copper grid.

Thermogravimetry analysis (TGA) experiments were done
in a TA SDT Q600 thermal analyzer using a scanning rate of
10 �C/min under air, from 60 to 600 �C.

The fire retardancy was measured using limiting oxygen in-
dex (LOI). This method followed the ASTM D2863-77 proce-
dure, using specimens of 130� 6.5� 3.0 mm. Studies on the
char residue after LOI tests were performed using a Field
Emission Scanning electron microscopy (FEI Sirion FESEM).

3. Results and discussion

3.1. The dispersion of clay in nanocomposites

XRD is usually used to characterize the basal spacings of
clay in polymer/clay hybrids and therefore the dispersion of
the clay in nanocomposites. Fig. 1 shows the WAXD profiles
of OMT, ABS/OMT, ABS/BEReAO/OMT nanocomposites.
The peaks correspond to the (001) plane reflections of the
clays. The (001) diffraction of OMT was at 2q¼ 2.40 �, corre-
sponding to an interlayer spacing of 1.92 nm. For the ABS/
OMT composites, the characteristic (001) peak of the clay
was shifted to 2q¼ 2.42 � (corresponding to a basal spacing
of 3.65 nm), and shows 1.74 nm gallery height increase than
that of OMT. The increased spacing indicates that some
ABS molecular chains were intercalated between the clay gal-
leries forming an intercalated structure. On the other hand, the
WAXD did not show any clay diffraction peaks for the ABS/
BEReAO/OMT nanocomposites, suggesting that the clay
platelets were completely exfoliated in the matrix. It had
been reported that completely exfoliated structure can be ob-
tained in epoxy/clay nanocomposites [13e16]. The WAXD re-
sults indicate that the clay has a much higher affinity with
brominated epoxy resin than ABS. Therefore, clay may

Table 1

The sample identification and composition

Identification Weight ratio

ABS ABS

ABS/OMT 100/2

ABS/BEReAO 100/12/4

ABS/BEReAO/OMT 100/12/4/2
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Fig. 1. WAXD profiles of the pristine OMT (a), ABS/OMT (b) and ABS/

BEReAO/OMT (c) nanocomposites.
intercalate preferentially and selectively locate in the BER
phase in the blend nanocomposites.

However, it is difficult for WXRD to draw definitive con-
clusions about the visualized dispersion of clay in nanocompo-
sites. Thus, TEM techniques are necessary to characterize the
morphology of the composites.

Fig. 2 shows TEM micrographs for the nanocomposites. In
the ABS/OMT composites, the grey continuous region corre-
sponds to SAN phase and the spherical rubber particles with
different sizes spreading from 100 to 200 nm diameters appear
as islands (Fig. 2A). The black lines correspond to clay plate-
lets. The TEM micrograph for ABS/OMT nanocomposites
shows that the clay layers consisted of multilayered stacks,
about 20e50 nm in composites and clay mainly dispersed in
SAN phase (the grey continuous region) (Fig. 2B). No serious
agglomeration and individual silicate layers were seen in the
composites and it indicates that no exfoliation occurred in
the composites. On the other hand, in the micrographs of
ABS/BEReAO/OMT nanocomposites, the region with scat-
tered grey rubber particles is ABS phase (Fig. 2C) and the
smooth region with more clay platelets is BER phase
(Fig. 2D). Only a few discernible clay layers can be seen in
Fig. 2. TEM micrographs for ABS/OMT (A and B) and ABS/BEReAO/OMT (C, D and E) nanocomposites.
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Fig. 3. Schematic diagram of the ABS/OMT (A) and ABS/BEReAO/OMT (B) nanocomposites.
the ABS phase in Fig. 2C, much less than that in BER phase,
and the higher magnification TEM image (Fig. 2D) displays
clearly the distribution of the clay platelets. The organoclay
is well-dispersed and highly exfoliated into single platelets
and is selectively located in the BER phase. Moreover, inter-
phase region (Fig. 2E) between ABS and BER is obvious in
which a higher density of dispersed organoclay layers is ob-
served compared to the integral dispersion in the composites.
The preferential intercalation of the clay in BER phase is due
to the differential polarity between ABS and BER. The higher
polarity of the BER chains than ABS results in stronger affin-
ities between the organoclay and BER. All the TEM results are
consistent with the WXRD data shown in Fig. 1.

Based on the morphological results obtained from TEM,
a schematic diagram of the ABS/OMT, ABS/BEReAO/
OMT nanocomposites is given in Fig. 3. It was expected
that the exfoliated structure of organoclay in BER can improve
the properties particularly enhance the thermal stability of the
nanocomposites due to its excellent barrier properties.

Fig. 4. TGA thermograms of ABS, ABS/OMT, ABS/BEReAO, ABS/BERe
AO/OMT nanocomposites in air.
3.2. Thermal analysis

The thermal stability of ABS/BEReAO/OMT hybrids was
discussed and compared to that of pure ABS, ABS/OMT and
ABS/BER systems. Typical TGA and DTG thermograms in
air are shown in Figs. 4 and 5. Tables 2 and 3 summarize the
TGA and DTG data for thermograms corresponded to Figs. 4
and 5, respectively. The results show that two steps of degrada-
tion, one around 300e500 �C and the other greater than 500 �C
exist in pure ABS resin and ABS/OMT nanocomposites in com-
plete agreement with the results obtained by Wang et al. [10].
ABS/OMT nanocomposites have a lower Tonset than pure
ABS resin, which is attributed to thermal decomposition of or-
ganic modifiers of the clay. ABS/OMT nanocomposites have
a higher T50% temperature and a larger residue showing an en-
hanced thermal stability due to the barrier properties of clay
layers. The DTG results show a higher temperature at maxi-
mum degradation rate and a lower maximum degradation rate
in ABS/OMT than that in pure ABS resin.

Fig. 5. DTG thermograms of ABS, ABS/OMT, ABS/BEReAO, ABS/BERe
AO/OMT nanocomposites in air.
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The thermal degradation of ABS/BER and ABS/BEReAO/
OMT consists of three independent steps. In the first step the
Tonset of ABS/BER is about 335.5 �C, much lower than that of
pure ABS resin, which can be assigned to the pyrolysis of
BER. Isomerization of epoxy group, formation of hydrogen
bromide (HBr) and the reactions between HBr and AO all oc-
cur in the first step. The second step can be considered as the
thermal degradation of ABS resin which occurs from 350 to
500 �C. The degradation of the protective char residue occurs
during the third step. The Tonset, T50% in ABS/BEReAO/OMT
nanocomposites are higher than that in ABS/BEReAO com-
posites. The temperature at maximum degradation rate is in-
creased and maximum degradation rate is reduced in
different extent in the first steps. The char yield at 600 �C in
ABS/BEReAO/OMT nanocomposites is 1.56 wt% higher
than that of ABS/BER system in the condition that OMT
over 60e600 �C has been subtracted. The results above indi-
cate that the addition of organoclay enhances the thermal sta-
bility of the materials.

3.3. Flammability properties

The LOI test results are shown in Table 4. It is noted that
LOI value of ABS/OMT is 0.6 slightly higher than that of
pure ABS resin but the LOI value of ABS/BEReAO/OMT
nanocomposites is 2.2 higher than that of ABS/BEReAO
composites. The results indicated that synergistic effect does
exist between BEReAO and organoclay in the combustion.

In an attempt to elucidate the enhancement of flame retard-
ancy by organic clay and BEReAO, the morphologies of four
different formulations after LOI testing were examined by dig-
ital camera and FESEM and the results are presented in Figs. 6
and 7, respectively. The results from Fig. 6 showed that the
char of pure ABS resin was almost burnt out and the char of
ABS/BEReAO composites was inhomogeneous, which can

Table 2

Data from thermal degradation analysis

Tonset T50%/ �C Residue at 600 �C (wt%)

ABS 368.2 420.9 0.55

ABS/OMT 361.1 424.4 1.29

ABS/BER-AO 335.5 408.8 2.06

ABS/BER-AO/OMT 339.3 411.4 3.62a

Tonset: 5% weight loss temperature (�C); T50%: 50% weight loss temperature ( �C).
a The char for OMT over 60e600 �C has been subtracted.

Table 3

DTG data for the thermal degradation of experiments

First step Second step Third step

Tmax Rmax Tmax Rmax Tmax Rmax

ABS e e 418.3 2.08 539.9 0.26

ABS/OMT e e 426.7 1.76 549.3 0.21

ABS/BEReAO 345.3 0.72 410.7 1.11 552.8 0.40

ABS/BEReAO/OMT 348.7 0.44 409.7 1.20 557.4 0.39

Tmax: temperature at maximum degradation rate; Rmax: maximum degradation

rate.
be due to the low compatibility between ABS and BERe
AO. While an integrated char structure with relatively smooth
surface was formed in the ABS/OMT and ABS/BEReAO/
OMT nanocomposites. Such a structure has better barrier re-
sistance to the evolution of flammable volatiles to the vapor
phase and the oxygen ingress to the condensed phase. A spa-
tially thicker and more uniform char was formed on the sur-
face of ABS/BEReAO/OMT than that of ABS/OMT
nanocomposites which indicated that synergistic effect exist
between OMT and BEReAO.

The results from Fig. 7 showed detailed micromorphologies
of the four different samples. The char of ABS/BEReAO
composites was loose and porous which can be attributed to
the expansion and permeation of vapor phase of BEReAO
in the process of combustion. The chars of ABS/OMT and
ABS/BEReAO/OMT nanocomposites were tighter and more
dense than other residues, at the same time, the char residue
of ABS/BEReAO/OMT was more dense, integrated and had
fewer surface microcracks than that of ABS/OMT nanocom-
posites. The clay dispersion of the char residue after burning
was presented in high magnification image (Fig. 7E,F). The
clay layers can be clearly seen dispersed in the matrix and
the association between clay layers and matrix is closer and
tighter in ABS/BEReAO/OMT nanocomposites which can
be attributed to the higher affinity between clay layers and
BER than ABS resin. The results indicated that synergistic ef-
fect does exist between organic clay and BER and the ABS/
BEReAO/OMT nanocomposites can lead to the formation
of ceramic-like material with a homogeneous surface which
will protect the material throughout combustion and also to
a mechanical reinforcement of the charred layer which would
lead to a better accommodation of strains.

3.4. Mechanism of the synergistic effect

The enhancement on thermal stability and flammability of
ABS/BEReAO/OMT nanocomposites can be attribute to the
good barrier properties and protective effect of organoclay
which can isolate the underlying materials and lower down
the mass loss rate of decomposition products. It is known
that BER is a kind of gaseous flame retardant. The barrier ef-
fect of organoclay can be considered in two aspects. On one
hand, the clay layers can delay the pyrolysis of BER and the
reactions between BER and AO which occur at a relatively
low temperature. Thus BER can maintain a continuous gas-
eous flame retarded effect. On the other hand, the synergistic
effect exists between OMT and BEReAO. When OMT and
BEReAO both are present, reactions occur [17,18] among

Table 4

Results from LOI measurements

LOI

ABS 19.1

ABS/OMT 20.5

ABS/BEReAO 29.2

ABS/BEReAO/OMT 31.4
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Fig. 6. Digital photographs of the chars formed after combustion (A) pure ABS resin, (B) ABS/BEReAO, (C) ABS/OMT, (D) ABS/BEReAO/OMT.
these compounds. The thermal degradation of C18 treated
MMT takes place with Hoffmann elimination reaction [19].
C18 are lamellar ionic crystals consisting alternating layers
of paraffinic alkyl chains and of ionic groups and associated
water of hydration. Upon degradation around 200 �C, the
entire structure is rapidly destroyed and yields fragments in-
cluding long chain tertiary amines, long chain a-olefins and
1-chloroalkanes, leaving an acid site (LS�Hþ) on the surface
of the MMT layers. The volatilization of fragments can expand
the clay layers and enlarge the basal spacing. Moreover,
Fig. 7. FESEM micrographs of the chars formed after LOI test (A) pure ABS resin, (B) ABS/BEReAO, (C, E) ABS/OMT, (D, F) ABS/BEReAO/OMT.
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Fig. 8. Schematic representation of combustion mechanism and the synergistic effect between OMT and BEReAO nanocomposites.
exfoliated nanocomposites have better barrier properties and
thermal stability than intercalated ones [20,21]. At a higher
temperature (about 330e350 �C) the degradation of BER
yields gaseous HBr which can react with antimony oxide.
LS�Hþ, AO and sodium bromide which appears due to the
cation exchange montmorillonite react and yield antimony tri-
bromide, a well-known substance for flame retarding. Sche-
matic representation of combustion mechanism and the
synergistic effect between OMT and BEReAO nanocompo-
sites are shown in Fig. 8.

4. Conclusions

The clay shows an intercalated structure in ABS/OMT
nanocomposites and mainly distributed in SAN phase.
However, a completely exfoliated structure formed in ABS/
BEReAO/OMT nanocomposites and the clay layers interca-
late preferentially and selectively locate in the BER phase
which indicates that the clay platelets have a much higher af-
finity with brominated epoxy resin than with ABS resin due to
the higher polarity of the BER chains.

The thermal degradation results showed that the exfoliation
of clay can enhance the thermal stability of pure ABS resin
and ABS/BER blends. An increase in the limited oxygen index
(LOI) value was observed with the addition of organoclay and
it was also found that the enhancement is closely related to the
morphologies of the chars formed after combustion. A syner-
gistic effect exists between OMT and BEReAO. The temper-
ature at maximum degradation rate is increased and the
maximum degradation rate is reduced in different extents.
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