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ABSTRACT: Poly(butylene terephthalate) (PBT) con-
taining 3 wt % of organo-montmorillonite (OMMT) was
prepared using twin screw extrusion followed by injec-
tion molding. The effects of thermal cycles (two times
extrusion followed by injection molding) were studied on
both PBT and PBT/OMMT nanocomposites. The samples
were characterized by using tensile tests, flexural tests,
field-emission scanning electron microscopy (FESEM), X-
ray diffraction (XRD), differential scanning calorimetry
(DSC), thermogravimetry analysis (TGA), and dynamic
mechanical thermal analysis (DMTA). The intercalation
of the OMMT silicate layers in the PBT was confirmed
using XRD. Both tensile and flexural modulus of PBT
was improved by addition of OMMT. DSC results
revealed that OMMT improved the crystallinity of PBT.
The percentage retention in tensile and flexural proper-
ties of PBT/OMMT(E2) intercalated nanocomposites (i.e.

two times extrusion followed by injection molding) is
more than 96%. The melting temperature, crystallization
temperature, and degree of crystallinity of PBT/
OMMT(E2) is comparable with PBT/OMMT(E1) (i.e. one
time extrusion followed by injection molding). This indi-
cates that PBT/OMMT intercalated nanocomposites ex-
hibit good retention-ability in mechanical and thermal
properties after subjecting to two times twin-screw extru-
sion followed by injection molding. From the TGA
results, it was observed that the thermal stability (e.g.
Tonset) of PBT was reduced by the addition of OMMT.
However, the addition of OMMT assists in the char for-
mation of PBT. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci
110: 1642–1648, 2008
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INTRODUCTION

Polymer nanocomposites have received considerable
attention and great interest in industry and aca-
demia. The addition of nanometer scale reinforce-
ment may dramatically improve selected properties
of the related polymer. These nanocomposites ex-
hibit superior properties such as enhanced mechani-
cal properties, reduced permeability, and improved
flame retardancy.1 Polymer layered-silicate nano-
composites are currently prepared in four ways:
in-situ polymerization, solution intercalation, direct
melt intercalation, and sol–gel technology. Direct
polymer melt intercalation is the most attractive way
because of its low cost, high productivity, and com-
patibility with current processing techniques.2 Natu-
rally occurring montmorillonite is the most

abundant member of the smectite family of clays.
However, naturally occurring montmorillonite is in-
compatible with most polymers because of its
hydrophilic nature. Ion exchange is widely practiced
to modify the montmorillonite’s surface to in-
crease its compatibility with mostly hydrophobic
polymers. Thus, the using of organo-montmorillonite
(OMMT) could enhance its compatibility with or-
ganic polymers.3

PBT resins are semicrystalline thermoplastics used
in a wide variety of applications, most commonly in
durable goods that are formed by injection molding.4

Several researchers had described polymer-clay
nanocomposites based on PBT.5–9 PBT/organoclay
nanocomposites have been prepared by in situ inter-
layer polymerization, in which the clay layer was
found to be highly dispersed on a nanometer scale.
The thermo-mechanical properties of the PBT were
improved by the addition of small amount of orga-
noclay.5 Direct melt intercalation methods have been
used to prepare PBT/organoclay and PBT/cetyl
pyridium chloride modified montmorillonite nano-
composites.6,7 The formation of exfoliated-interca-
lated structure of the PBT/clay nanocomposites has
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been confirmed by X-ray diffraction and transmis-
sion electron microscopy (TEM) analysis. The melt-
ing temperature, crystallization rate, and crystallinity
of the PBT were improved by the incorporation of
modified montmorillonite.7 Li et al.6 have investi-
gated the modification of MMT by three different
alkylammonium surfactants and studied the interca-
lation/exfoliation behavior of PBT nanocomposites.
Acierno et al.8 have studied the relationships
between processing conditions, hybrid composition,
nanoscale morphology, and properties of PBT nano-
composites based upon several commercial OMMT
at different weight percentages. Chang et al.9 have
studied the melt intercalation of PBT/OMMT nano-
composites by using twin screw extrusion. The
nanocomposites based on the higher-viscosity PBT
showed a higher degree of exfoliation of the clay
and a higher reinforcing effect when compared with
the composites based on the lower-viscosity PBT.

In the previous work, it was found that the
optimum loading of OMMT in PBT is attained at
3 wt %. Thus, in the present work, 3 wt % of OMMT
was selected and the PBT/organo-montmorillonite
(OMMT) nanocomposites were prepared by direct
melt intercalation method. The samples were pro-
duced by twin screw extrusion followed by injection
molding. The present work has been devoted to
study the effects of OMMT on the mechanical and
thermal properties of PBT/OMMT nanocomposites.
The effects of thermal cycles (two times extrusion fol-
lowed by injection molding) were also studied on
both PBT and PBT/OMMT nanocomposites.
Repeated extrusion could be related to the recycling
processes. The present work also attempted to study
the recycleability of the PBT/OMMT nanocomposites.

MATERIALS AND EXPERIMENTAL

Materials

The poly(butylene terephthlate) (PBTTM, Toraycon)
was supplied by Toray, Japan. Octadecyl amine
treated montmorillonites (Nanomer 1.30E-OMMT)
was supplied from Nanocor, USA. In this work, 3
wt % of OMMT was incorporated into PBT. The
samples were labeled as PBT(E1), PBT/OMMT(E1),
PBT(E2), and PBT/OMMT(E2).

Preparation of PBT/OMMT nanocomposites

Melt compounding of the PBT and PBT/OMMT
nanocomposites was done on a counter-rotating
twin-screw extruder (Berstoff). The extrusion tem-
perature zone ranged from 220 to 2408C. Before
extrusion, PBT pellets and OMMT were dehumidi-
fied by using a vacuum oven at 808C for 8 h. The
extrudates were pelletized with a Haake pelletizer.

For PBT(E1) and PBT/OMMT(E1) nanocomposites,
the samples were prepared by one time extrusion
followed by injection molding. However, for
PBT(E2) and PBT/OMMT(E2) nanocomposites, the
samples were prepared by two times extrusion proc-
esses followed by injection molding.

Characterization of PBT/OMMT nanocomposites

Tensile tests were performed on an Instron-3366
machine at 238C, according to ASTM D638, at a
crosshead speed of 50 mm/min. The tensile modu-
lus, tensile strength, and elongation at break were
evaluated from the stress–strain data. Flexural test-
ing of the PBT composites was performed according
to ASTM D790, with an Instron 3366 machine
equipped with three-point bending rig. The testing
speed was set at 100 and 150 mm/min. The percent-
age retention of the tensile and flexural properties
was calculated.
The morphology of the PBT and PBT/OMMT

specimens was inspected in a field-emission scan-
ning electron microscopy (FESEM, Zeiss Supra
35VP). The samples were gold coated to avoid elec-
trostatic charging during examination. Wide-angle
X-ray spectra were recorded with a D5000 diffrac-
tometer (Siemens, Germany) in step scan mode
using Ni-filtered Cu Ka radiation (0.1542 nm wave-
length). Powder samples were scanned in reflection,
whereas the injection-molded compounds were
scanned in transmission in the interval of 2y¼ 18� 108.
The interlayer spacing of the OMMT was derived
from the peak position (d001-reflection) in the XRD
diffractograms according to the Bragg’s equation (k
¼ 2 d sin y).
The melting and crystallization behavior of the

PBT and PBT/OMMT nanocomposites were studied
under nitrogen atmosphere by differential scanning
calorimetry (Perkin Elmer DSC-6), using 8–10 mg
sample sealed into aluminum pans. The temperature
was raised from 30–2608C at a heating rate of 108C
min�1, and after a period of 1 min, it was swept
back at �108C min�1. Second heating similar to the
first heating was then performed. Thermogravimetry
analysis (TGA) was carried out on a Perkin Elmer
Pyris 6 thermogravimetric analyzer (USA). The sam-
ple weight for TGA tests is � 20 mg. The PBT and
PBT/OMMT nanocomposites were heated from
room temperature to 5808C at a heating rate of
208C/min under nitrogen atmosphere.
Dynamic mechanical thermal analysis (DMTA)

test was conducted according to ASTM D5023. The
storage modulus (E0), loss modulus, and mechanical
loss factor (tan d ¼ E00/E0) as a function of tempera-
ture (T), were assessed by using a Mettler Toledo
DMA 861, Switzerland. DMTA spectra were taken in
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3-point bending mode at 1 Hz frequency in a tem-
perature ranged from �30 to 1808C.

RESULTS AND DISCUSSION

XRD analysis of PBT/OMMT nanocomposites

In XRD patterns the interlayer spacing of clay can be
determined by the site of the peak corresponding to
the {001} basal reflection of MMT (referred to as d001
peak).10 Figure 1 shows the XRD patterns in the
range of 2y ¼ 1 � 108 for OMMT, PBT/OMMT(E1),
and PBT/OMMT(E2). The XRD spectrum of OMMT
exhibits a broad intense peak at around 2y ¼ 4.358
corresponding to a basal spacing of 2.03 nm. The
XRD spectra of both PBT/OMMT(E1) and PBT/
OMMT(E2) show a new peak at around 2y ¼ 2.858
corresponding to a basal spacing of 3.10 nm. Note
that the d001 peaks in PBT/OMMT nanocomposites
are shifted to a lower angle. This indicates that PBT
chains diffuse into the gallery of the OMMT and the
interspacing of silicate layers in OMMT is swollen to
a larger distance. This is likely to reflect that
the OMMT has been successfully intercalated into
the PBT matrix. For intercalated nanocomposites, the
finite layer expansion associated with the polymer
intercalation results in the appearance of a new basal
reflection corresponding to the larger gallery height
(interlayer spacing).1 The XRD patterns of PBT/cetyl
pyridium chloride modified montmorillonite (OMT-
CPC) showed a broadened peak around 3.27 nm,
however, the average basal spacing of the OMT-CPC
is 2.38 nm. The increment of the basal spacing indi-
cates that the clay layers are partially intercalated
and partially exfoliated in the PBT matrix.7 The
increase in interlayer distance of PBT/organic mont-
morillonite (MMT 10 A) indicates the formation of
intercalated nanocomposites.10 From Figure 1, it can

be seen that two peaks at 2y ¼ 2.7 and 2.85 were
observed for the PBT/OMMT(E1). However, it
seems like only one peak at 2y ¼ 2.85 is observed
for PBT/OMMT(E2). Recall that PBT/OMMT(E2)
nanocomposites have been subjected to two-times
extrusion processes. It is believed that some of the
amount of organic intercalant (octadecylamine)
might decompose after subjected to repeated extru-
sion processes. Subsequently, some of the interlayer
spacing of OMMT might be collapsed and slightly
reduce the d-spacing of OMMT.

Mechanical properties of PBT/OMMT
nanocomposites

Figure 2(a–d) shows the effects of OMMT on the ten-
sile properties of PBT. The tensile modulus of PBT
increased with the addition of OMMT. This is attrib-
uted to the stiffness and reinforcing effects of
OMMT. The OMMT is able to act as reinforcing filler
due to its high aspect ratio and platelet structure.
The possibility that the modulus improvements are
due to the constraint of the polymer chains by the
interaction with the clay surface.11 Note that the ten-
sile strength of PBT/OMMT nanocomposites is
higher than that of unfilled PBT. This is believed to
be associated to the interfacial interaction between
the PBT and OMMT. The elongation at break of PBT
decreased in the presence of OMMT. This is likely
due to the co-existence of agglomerated layered sili-
cates, and intercalated OMMT silicate layers in the
PBT matrix. It is interesting to note that the percent-
age retention of the tensile properties of PBT/
OMMT after subjected to thermal cycle (i.e. two
times extrusion followed by injection molding) is
more than 96% for tensile modulus, strength, and
elongation at break.
Table I shows the flexural modulus and strength

of PBT and PBT/OMMT nanocomposites. The flex-
ural tests were carried out at two different speeds,
i.e. 100 and 150 mm/min. It can be seen that the
flexural modulus of PBT was increased by the addi-
tion of OMMT. This is due to the intercalation and
reinforcing effects of OMMT. The two different
testing speeds did not have much influence on the
flexural properties of PBT and PBT/OMMT nano-
composites. The percentage of retention for flexural
modulus and strength of PBT/OMMT nanocompo-
sites (PBT/OMMT(E2)) was higher than 98% as the
testing speed is 100 mm/min.

Morphological properties of PBT/OMMT
nanocomposites

Figure 3(a,b) shows the FESEMmicrographs taken from
the tensile fractured surface of PBT/OMMT(E1) and
PBT/OMMT(E2), respectively. Fibrillated morphology

Figure 1 XRD spectra of OMMT and PBT/OMMT nano-
composites.
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was observed for both PBT/OMMT(E1) and PBT/
OMMT(E2). From Figure 3(a), it can be seen that
particles adhere with PBT fibrillated structure
(shown by arrow). The particle size is � 6 lm. This
indicates that some of the OMMT particles remain
unexfoliated. From Figure 3(b), it can be revealed
that some small particles (shown by arrow) dis-
persed in the PBT matrix. The particles are in the
range of 2 lm. This may suggest that the two-time

extrusion might facilitate the de-agglomeration of
OMMT into a relatively smaller size.

Thermal properties of PBT/OMMT nanocomposites

Figure 4(a,b) show the DSC thermograms of PBT sam-
ples recorded from the first heating and second heat-
ing, respectively. The endothermic peak of pure PBT

Figure 2 (a) Tensile modulus of PBT and PBT/OMMT nanocomposites (b) Tensile strength of PBT and PBT/OMMT
nanocomposites (c) Yield stress of PBT and PBT/OMMT nanocomposites (d) Elongation of break for PBT and PBT/
OMMT nanocomposites.

TABLE I
Flexural Properties of PBT and PBT/OMMT Nanocomposites

Flexural properties PBT(E1) PBT(E2)
PBT/

OMMT(E1)
PBT/

OMMT(E2)

Testing speed ¼ 100 (mm/min)
Flexural modulus (GPa) 2.47 2.47 (100.0%) 2.51 2.49 (99.2%)
Flexural strength (MPa) 98.1 97.0 (98.9%) 94.6 92.7 (98.0%)

Testing speed ¼ 150 (mm/min)
Flexural modulus (GPa) 2.47 2.51 (101.6%) 2.50 2.45 (98.0%)
Flexural strength (MPa) 99.5 100.5 (101.0%) 98.3 95.1 (96.7%)

The values in the parentheses are the percentage retention of the flexural properties
after thermal cycles (2 times extrusion followed by injection molding).
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appears at 2278C and corresponding to the melting
temperature (Tm). Note that only one melting endo-
thermic peak is observed from the first heating. How-
ever, two melting endothermic peaks are recorded
during second heating for both PBT and PBT/OMMT
nanocomposites. The double melting endotherm
could be attributed to the presence of morphologi-
cally different crystal structures, for example, the ex-
istence of folded chain crystals containing partially
extended chains. Multiple melting endothermic peaks
could be revealed as a result of the melting–recrystal-
lization process during heating.7 In a number of semi-
crystalline polymers, multiple peaks can be observed
during a DSC scan when imperfect crystals that have
melted at lower temperature, recrystallize to give
crystals at a higher temperature. A second lower tem-
perature melting endotherm in PBT arises attributed
to the crystal growth in the amorphous phase and a
corresponding reorganization in the higher-melting
crystal structures. PBT may display double melting
endotherms, especially when the samples have been
slowly cooled from the melt. The two peaks reflect
the formation of two distinct crystal types.12 Double
melting was observed in neat PBT and interpreted in
terms of reorganization processes occurring during
the second heating.13 The occurrence of the small
peaks, which appear as shoulders at slightly lower
temperatures, may be because of the changes of
crystal structure of PBT, changes in the crystallite size
or perfection, or variation of crystal thickness.14

Addition of OMMT did not alter the Tm and Tc of PBT
significantly. The degree of crystallinity (vc) was cal-
culated from the melting enthalpy DHm (J/g) with
DHf ¼ 140 J/g (the theoretical value of enthalpy for
100% crystalline PBT homo-polymer).13

Table II shows the heat of fusion (Hm) and degree
of crystallinity (vc) of PBT and PBT/OMMT nano-
composites. It is interesting to note that the degree

of crystallinity of PBT increased in the presence of
OMMT. This is attributed to the nucleation effects of
OMMT and the improvement in the crystal perfec-
tion of PBT. A similar observation is reported by
Mohd Ishak et al.14 for the injection molded short

Figure 3 (a) FESEM taken from the tensile fractured surface of PBT/OMMT(E1) (b) FESEM taken from the tensile
fractured surface of PBT/OMMT(E2).

Figure 4 (a) DSC thermograms of PBT samples recorded
from first heating (b) DSC thermograms of PBT samples
recorded from second heating.
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glass fiber reinforced PBT composites. From the ther-
mal properties shown in Figure 4(b) and Table II, it
can be seen that the Tm, Tc, and vc of PBT(E2) and
PBT/OMMT(E2) which were subjected to thermal
cycle (i.e. two times extrusion followed by injection
molding) is essentially the same as that of PBT(E1)
and PBT/OMMT(E1) (i.e.one time extrusion fol-
lowed by injection molding). This suggests that the
extra one time extrusion thermal cycles did not pro-
duce any apparent effect on the thermal behavior of
PBT and PBT/OMMT nanocomposites.

Figure 5(a) shows the TGA curves of PBT and
PBT/OMMT nanocomposites. Figure 5(b) shows the

derivative weight-temperature curves of PBT and
PBT/OMMT nanocomposites. It can be seen that the
Tonset of PBT/OMMT is lower than that of PBT. The
Tonset of PBT(E1) and PBT(E2) is � 3808C, however,
the Tonset of PBT/OMMT(E1) and PBT/OMMT(E2)
is � 3458C. This may be associated with the decom-
position of the organic intercalant (octadecylamine)
of OMMT and subsequently accelerates the decom-
position of PBT. The clay may act as deformation ac-
celerator at higher temperatures.15 In the early stage
of thermal decomposition, the clay would shift the
decomposition to higher temperature. After that, this
heat barrier effect would result a reverse thermal
stability. The stacked silicate layers could hold accu-
mulated heat that could be used as a heat source to
accelerate the decomposition process.1 From Figure
5(a), it can be seen that the char yield of PBT/
OMMT is higher than that of pure PBT. This sug-
gests that the addition of clay could assists in the
formation of char after thermal decomposition.
The dynamic storage modulus and loss modulus

versus temperature traces for the PBT and PBT/
OMMT nanocomposites is shown in Figure 6(a,b),

TABLE II
Degree of Crystallinity of PBT and PBT/OMMT

Nanocomposites

Thermal properties

Hm(J/g) vc(%)

PBT(E1) 21.7 15.5
PBT(E2) 22.3 15.9
PBT/OMMT(E1) 29.2 21.7
PBT/OMMT(E2) 29.9 22.2

Figure 5 (a) TGA curves of PBT and PBT/OMMT nano-
composites (b) Derivative weight-temperature curves of
PBT and PBT/OMMT nanocomposites.

Figure 6 (a) Storage modulus versus temperature traces
for PBT and PBT nanocomposites (b) Loss modulus versus
temperature traces for PBT and PBT nanocomposites.

Journal of Applied Polymer Science DOI 10.1002/app
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respectively. It can be seen that PBT/OMMT nano-
composites exhibit higher storage modulus than PBT
[c.f. Fig. 6(a)]. The storage modulus of PBT(E2) is rel-
atively higher than that of PBT(E1) in the whole
temperature range. This may be attributed to the
increasing crystallization and molecular arrangement
of PBT after subjected to second time of extrusion.
For the PBT/OMMT nanocomposites, the storage
modulus of PBT/OMMT(E1) and PBT/OMMT(E2)
was likely influenced by temperature zone. In the
glassy zone (below 408C), the storage modulus of
both PBT/OMMT(E1) and PBT/OMMT(E2) is
almost the same. In the glass transition zone (40 �
658C), the storage modulus of PBT/OMMT(E1) was
slightly higher than that of PBT/OMMT(E2). At the
temperature more than 658C, it can be seen that the
storage modulus of PBT/OMMT(E2) is relatively
higher compared to PBT/OMMT(E1). At room tem-
perature, it can be seen that the storage modulus of
PBT/OMMT is higher than that of PBT; this is in
harmony with the tensile modulus [c.f. Fig. 2(a)]. In
addition, the storage modulus of PBT/OMMT(E2) is
comparable to PBT/OMMT(E1) nanocomposites.

Figure 6(b) shows the loss modulus versus tem-
perature traces for the PBT and PBT/OMMT nano-
composites. Dynamic relaxation peak of PBT(E1)
and PBT(E2) was recorded at 50.5 and 53.88C,
respectively. On the other hand, the dynamic relaxa-
tion peaks for PBT/OMMT(E1) and PBT/OMMT(E2)
are 61.5 and 63.08C, respectively. Note that the
dynamic relaxation peaks of PBT/OMMT nanocom-
posites are higher than that of unfilled PBT. This
may be attributed to the confinement of the interca-
lated polymer chains within the silicate clay galleries
which could prevent segmental motions of the poly-
mer chains. It is speculated that more chain confine-
ment could occur when the PBT/OMMT is
subjected to two-time extrusion processes. It is also
believed that repeated extrusion processes could fur-
ther increase the crystallizability of PBT/OMMT
nanocomposites. One may observe that the dynamic
relation peak of PBT and PBT/OMMT nanocompo-
sites could be correlated with their degree of crystal-
linity (c.f. Table II). It can be seen that the degree of
crystallinity of PBT/OMMT nanocomposites is
higher than that of pure PBT. The trend of dynamic
relation peak of PBT and PBT/OMMT nanocompo-
sites are in harmony with their degree of crystallin-
ity data obtained from DSC. Recall that the glass
transition and dynamic relaxation peaks could be
governed by several factors, e.g. chain mobility,
chain flexibility, molecular weight, crystallinity,
cross-linking density, and etc.

CONCLUSIONS

On the basis of this work devoted to study the effect
of repeated extrusion on the thermal and mechanical
properties of PBT/OMMT nanocomposites, the fol-
lowing conclusions can be drawn:
The OMMT has been successfully intercalated into

PBT matrix. The thermo-mechanical properties of
PBT were affected by the addition of OMMT. Modu-
lus and strength of PBT were improved and attrib-
uted to the reinforcing effects and intercalation-
ability of OMMT. The excellent percentage retention
of both tensile and flexural properties of PBT/
OMMT intercalated nanocomposites subjected to
repeated extrusion processes suggested that the high
recycleability of PBT/OMMT nanocomposites. The
percentage retention in tensile and flexural proper-
ties of PBT/OMMT(E2) nanocomposites is more
than 96%. The thermal properties of PBT/OMMT
nanocomposites were governed by the range of tem-
perature, which is evidenced by DSC, TGA, and
DMTA. The degree of crystallinity of PBT was
increased owing to the nucleation effects of OMMT.
The addition of OMMT could assist in the char
formation after thermal decomposition of PBT.
W. S. Chow would like to thank Toray Plastics

(Malaysia) Berhad for kindly supplying the PBT
resins.
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