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ABSTRACT: Nanocomposites of poly(butylene terephtha-
late) (PBT) with the organoclay C,,PPh-MMT were prepared
using in situ intercalation polymerization. Hybrids with var-
ious organoclay contents were processed for fiber spinning
to examine their thermal behavior, tensile mechanical prop-
erties, and morphologies for various draw ratios (DRs). The
thermal properties (T, T,,, and Tj,') of the hybrid fibers were
found to be better than those of pure PBT fibers and were
unchanged by variation of the organoclay loading up to 2 wt
%. However, these thermal properties remained unchanged

for DRs ranging from 1 to 18. Most clay layers were dis-
persed homogeneously in the matrix polymer, although
some clusters were also detected. The tensile properties of
the hybrid fibers increased gradually with increasing
C,PPh-MMT content at DR = 1. However, the ultimate
strengths and initial moduli of the hybrid fibers decreased
markedly with increasing DR. © 2006 Wiley Periodicals, Inc.
] Appl Polym Sci 100: 1247-1254, 2006
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INTRODUCTION

Poly(butylene terephthalate) (PBT) is used world-
wide as an engineering plastic and has many useful
properties, including good thermal stability, excellent
flow properties, and good chemical resistance.'”
However, PBT has poor mechanical properties and a
low heat distortion temperature. Many attempts have
been made to improve these properties of PBT by
blending it with various fillers.*”® Among these
blends, polymer nanocomposites with organo-modi-
fied clays are the materials most commonly used for
this purpose. With the addition of only a few percent
of clay, polymer nanocomposites exhibit mechanical,
thermal, and barrier properties that are greatly im-
proved over those of the pristine polymers. Numerous
methods for the preparation of polymer nanocompos-
ites have recently been developed by several
groups.7_10

Many papers have reported the preparation of poly-
ester nanocomposites, using in situ intercalation poly-
merization. This technique enables the preparation of
polymer nanocomposites with a satisfactory degree of
exfoliation, which cannot be achieved by direct mixing
of polymer and clay. In situ intercalation polymeriza-
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tion is also particularly attractive because of its versa-
tility and compatibility with the use of reactive mono-
mers, and is beginning to be used in commercial ap-
plications.''"1?

The synthesis of polyester nanocomposites has not
been as successful as for other polymer nanocompos-
ites. Some researchers have prepared polyester nano-
composites with quaternary ammonium salt modified
clay using the in situ intercalation polymerization
method,'®"” but did not find good clay dispersion in
the nanocomposites or improved mechanical proper-
ties. A more commercial method that uses conven-
tional polymer processing approaches is melt interca-
lation of the polyester with the organoclay.'® How-
ever, this approach has been far less successful,
because it usually leads to poorly dispersed clay par-
ticles. This may be due to the low decomposition
temperature of the organic modifier bound to the clay
surface."” To obtain nanocomposites without thermal
degradation during processing at temperatures of
250°C and above, an organoclay that is thermally sta-
ble at temperatures higher than the process tempera-
tures must be used.?***

This study describes the thermomechanical proper-
ties of hybrid fibers that combine PBT as the matrix
polymer with a thermally stable organoclay. To im-
prove the tensile properties of the fibers, we tried to
optimize processing parameters such as the draw ratio
and the organoclay content. The morphological prop-
erties of the hybrid fibers were studied using electron
microscopy.
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EXPERIMENTAL
Materials

All reagents were purchased from Aldrich Chemical
(Seoul, Korea), TCI (Tokyo, Japan), and Junsei Chem-
ical. The organically modified montmorillonite, de-
noted C;,PPh-MMT, that we used in this study was
obtained through a multistep procedure.** The chem-
ical structure of C,,PPh-MMT is as follows:

-~ MMT
\"‘\\\
S
K

P#

Preparation of the C,,PPh-MMT/PBT
nanocomposites

All of the samples were prepared as melts. Since the
synthesis procedures for all the hybrids were very
similar, only a representative example, the procedure
for the preparation of the nanocomposite containing 2
wt % organoclay is described here. 1,4-Butane diol
(BD, 90.1 g) (1.0 mol) and 2.24 g of C;,PPh-MMT were
placed in a polymerization tube; the mixture was
stirred for 30 min at room temperature. Dimethyl
terephthalate (DMT, 90.1 g) (0.5 mol) and 60 mg (2.1
X 107* mol) of isopropyl titanate were placed in a
separate tube, and the organoclay/BD system was
added to this mixture. Mechanical stirring was used to
obtain a homogeneously dispersed system. This mix-
ture was heated for 1 h at 190°C under a steady stream
of N, gas. The temperature of the reaction mixture
was then raised to 230°C and maintained there for 2 h
under a steady stream of N, gas. During this period,
continuous generation of methanol was observed. Fi-
nally, the mixture was heated for 2 h at 260°C at a
pressure of 1 Torr. The product was cooled to room
temperature and repeatedly washed with water. It
was dried under vacuum at 70°C for 1 day to obtain
the nanocomposite.

We tried to synthesize PBT hybrids containing more
than 2 wt % organoclay using the in situ intercalation
approach. However, repeated attempts to polymerize
the 3 wt % C,PPh-MMT/PBT hybrid all failed be-
cause of bubbles produced in the polymerization re-
actor during the transesterification of DMT and BD.
The problem of how to produce high molecular
weight polymer hybrids with high organoclay con-
tents without the formation of bubbles remains unre-
solved. The solution of this problem is an objective of
our research.

Extrusion

The composites were pressed at 235°C and 2500 kg/
cm? for 2-3 min on a hot press. The resulting ~0.5-mm
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thick films were dried in a vacuum oven at 70°C for
24 h and then extruded through the die of a capillary
rheometer. The hot extrudates were immediately
drawn at constant speed on a take-up machine to form
fibers with various draw ratios (DRs). The mean resi-
dence time in the capillary rheometer was ~3—4 min.

Characterization

The thermal properties of the fibers were evaluated
using a DuPont model 910 differential scanning calo-
rimeter (DSC) and thermogravimetric analysis (TGA)
at a heating rate of 20°C/min under N, flow. Wide-
angle X-ray diffraction (XRD) measurements were
performed at room temperature using a Rigaku (D/
Max-IIIB) X-ray diffractometer with Ni-filtered Co Ka
radiation. The scanning rate was 2°/min over a range
of 20 = 2-30°.

The tensile properties of the fibers were determined
using an Instron Mechanical Tester (Model 5564) at a
crosshead speed of 20 mm/min at room temperature.
The experimental uncertainties in the tensile strengths
and the moduli were £1 MPa and *=0.05 GPa, respec-
tively. The reported properties were obtained as aver-
ages of at least 10 individual determinations.

The samples for use in the transmission electron
microscope (TEM) measurements were prepared by
placing the PBT hybrid fibers into epoxy capsules and
then curing the epoxy at 70°C for 24 h in vacuum. The
cured epoxies containing the PBT hybrids were then
microtomed into 90-nm thick slices, and a layer of
carbon, about 3 nm thick, was deposited on each slice
on a mesh 200 copper net. TEM photographs of ultra-
thin sections of the polymer/organoclay hybrid sam-
ples were obtained with an EM 912 OMEGA TEM
operating at an acceleration voltage of 120 kV.

RESULTS AND DISCUSSION
Dispersibility of the organoclay in PBT

The X-ray scattering intensities for the organoclay and
the PBT-clay nanocomposite fibers with various clay
contents are shown in Figure 1. The measured dg;-
spacing of Na*-MMT is 11.99 A (20 = 8.60°). After
cation exchange between Na"-MMT and dodecyltri-
phenylphosphonium chloride (C;,PPh-C17), the dyg;-
spacing was found to be 36.08 A (20 = 2.86°). It ap-
pears that Na™ is replaced by C;,PPh-Cl~ during the
organic modification and that the C;,PPh-MMT pre-
pared in this study is well dispersed in water. In
general, a larger interlayer spacing should assist the
intercalation of the polymer chains. It should also lead
to easier dissociation of the clay, which results in
hybrids with better clay dispersion.”>? In addition to
the main diffraction peak, an additional sharp peak
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Figure 1 XRD patterns for clay, organoclay, and PBT hy-
brid fibers with various organoclay contents.

was observed near 20 = 5.56° (d = 18.20 A). This
secondary peak is likely to be due to the organoclay.

When the PBT/C,PPh-MMT hybrid fibers form,
the organoclay peak at 26 = 2.86° (d = 36.08 A) dis-
appears from the diffraction pattern. This result indi-
cates that the clay layers are exfoliated and dispersed
homogeneously in the PBT matrix, and provides sup-
plementary evidence that the PBT/C,;,PPh-MMT hy-
brid fibers are nanocomposites. XRD offers a conve-
nient way to determine the interlayer spacing due to
the periodic arrangement of silicate layers in the virgin
clay and in intercalated polymer layered hybrids. Al-
though XRD is very useful for measuring the d-spac-
ing of ordered immiscible and ordered intercalated
polymer nanocomposites, it may be insufficient for the
analysis of disordered and exfoliated materials with
no peaks. The electron microscopy analyses provide
the principal evidence in our study for the formation
of nanocomposites.

Figure 2 shows the XRD results for the PBT nano-
composites containing 2 wt % C;,PPh-MMT with var-
ious DRs. No clay peak was found when DR = 1, nor
when DR was increased from 1 to 18. We suggest that
higher stretching of the fiber during extrusion leads to
better dispersion of the clay, and that this results in a
more highly exfoliated morphology.

Morphology

SEM and TEM were used to visually evaluate the
degree of intercalation and the amount of aggregation
of clay clusters. It is instructive to consider the size
and distribution of the clay particles as a prelude to
understanding the morphology of the polymer nano-
composites seen in the micrographs. The morpholo-
gies of the extruded fibers obtained from hybrid sys-
tems containing up to 2 wt % C;,PPh-MMT in a PBT
matrix were examined by observing their fracture sur-
faces with a SEM, and the results are shown in Figures
3 and 4. Figure 3 shows clay phases that were formed

in undrawn hybrid fibers with organoclay content
ranging from 0 to 2 wt %. The PBT hybrid fibers with
0-2 wt % C;,PPh-MMT have morphologies consisting
of clay domains, 80—-100 nm in size, well dispersed in
a continuous PBT phase. Figure 4 shows micrographs
of 2 wt % C,PPh-MMT/PBT hybrid fibers obtained at
DRs ranging from 1 to 18. The 2 wt % hybrid fiber with
DR = 12 contains fine clay phases 60-110 nm in di-
ameter [see Fig. 4(b)]. The hybrid fiber with DR = 18
also exhibits fine dispersion with domains 30-50 nm
in diameter [see Fig. 4(c)]. The domain size of the
dispersed clay phase was found to decrease with in-
creasing DR. The fine dispersion of the clay seems to
be the result of the stretching of the fiber that occurs
when the extrudates pass through the capillary rheo-
meter.” 0

More direct evidence of the formation of true nano-
composites is provided by TEM micrographs of the
ultramicrotomed sections. The TEM micrographs in
Figures 5 (1 wt %) and 6 (2 wt %) attempt to show the
structures of the fibers by using different magnifica-
tions. Fewer aggregates are visible in Figure 5 than
those in Figure 6, since the clay content in the 1 wt %
sample is lower. Increasing the magnification in an
area occupied by an aggregate reveals that the indi-
vidual sheets of clay are clearly separated by a layer of
polymer, as shown in Figures 5(b) and 6(b). Thus, the
morphology consists of a mix of intercalated and ex-
foliated sheets, that is, there are regions where a reg-
ular stacking arrangement is maintained with a layer
of polymer between the sheets, and also regions where
completely delaminated sheets are dispersed individ-
ually.

This TEM micrograph shows that most of the or-
ganoclay layers were exfoliated and dispersed homo-
geneously in the PBT matrix, although some clusters/
agglomerates were also detected. This is inconsistent
with the XRD results shown in Figure 1. Similar re-
sults have been reported by Galgali et al.>' and Vaia et
al.'® They observed no characteristic clay patterns in
their XRD results, even for partially exfoliated nano-
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Figure 2 XRD patterns of 2 wt % C,PPh-MMT in PBT
hybrid fibers with different DRs.
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Figure 3 SEM micrographs of (a) 0 wt % (pure PBT), (b) 1
wt %, and (c) 2 wt % C,PPh-MMT in PBT hybrid fibers.

structures. They explained this apparent contradiction
by noting that TEM provides a qualitative under-
standing of nanostructures through direct visualiza-
tion, whereas XRD offers a convenient way to deter-
mine the interlayer spacing due to the periodic ar-
rangement of silicate layers in virgin clay and in
intercalated polymer/clay hybrids. However, in the
exfoliated state where periodic arrangement is lost,
XRD does not provide definitive information regard-
ing the structure of nanocomposites.

In conclusion, we were able to successfully synthe-
size PBT nanocomposites using C;,PPh-MMT via an
in situ intercalation method. Taking into account these
results, we now discuss how the state of the clay
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particles affects the thermal behavior and tensile me-
chanical properties of the organoclay/polymer hy-
brids.

Thermal properties

The thermal properties of the PBT hybrids with vari-
ous organoclay contents are listed in Table I. The
polymer hybrids are soluble in the mixed solvent phe-
nol/1,1,2,2-tetrachloroethane, which was used in the
measurement of solution viscosity. The inherent solu-

15.0kV x30k lum

19-Feb-04

(b)

19-Feb-04 15.0kv x30k  lum

15.0kv x30k  lum

Figure 4 SEM micrographs of 2 wt % C,,PPh-MMT in PBT
hybrid fibers for DRs = (a) 1, (b) 12, and (c) 18.
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(@)

(b)

Figure 5 TEM micrographs of 1 wt % C,,PPh-MMT in PBT
hybrid fibers increasing the magnification levels from (a) to

(b).

tion viscosity numbers (see Table I) range from 0.80 to
0.95.

The glass transition temperatures (T,), melting tem-
peratures (T,,), and initial decomposition tempera-
tures (Tp) of the hybrids increase with increasing
C,,PPh-MMT content up to 1 wt % and then remain
constant with further increases in the organoclay load-
ing. For example, the T,, T,, and Tp' of PBT hybrid
fibers with 1 wt % clay loading are higher by 9, 5, and
6°C, respectively, than those of pure PBT, and are not
significantly different for 2 wt % clay content. It seems
that the thermal properties of the samples are inde-
pendent of the amount of organoclay in the PBT ma-
trix, as shown in Table I. The observed increase in the
glass transition temperatures of these hybrids with the
addition of the organoclay could be the result of sev-
eral different factors, in particular, the increase in
crosslink density and the restriction of the segmental
relaxation of the chain segments near the clay layers.
Similar results have also been obtained in other stud-

ies of polymer nanocomposites.”>** The increase in T,,
with the addition of organoclay may result from the
enhanced heat insulation effect of the clay layer struc-
ture, as well as from the enhanced interaction between
the organoclay and the PBT molecular chains.>*** The
addition of clay also enhances the initial decomposi-
tion temperatures by acting as a superior insulator
and as a mass-transport barrier to the volatile prod-
ucts generated during decomposition.’** The TGA
curves for the clay, the organoclay, and the PBT hy-
brid fibers with various organoclay contents are
shown in Figure 7.

In contrast to the thermal properties, the weight of
the residue at 600°C increased monotonically with
increases in the clay loading from 0 to 2%, ranging
from 1 to 10% as shown in Table I. This enhancement
of the char formation with increasing organoclay con-
tent is ascribed to the high heat resistance of the clay.

Considering the aforementioned results, we con-
clude that the introduction of inorganic components
into organic polymers can improve their thermal sta-

Figure 6 TEM micrographs of 2 wt % C,,PPh-MMT in PBT
hybrid fibers increasing the magnification levels from (a) to

(b).
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TABLE I
Thermal Properties of PBT Hybrid Fibers
Organoclay ‘
(wt %) DR*® A% T, (°C) T,, (°C) AHC (J/g) TS (°C) witp'® %
0 (pure PBT) 1 0.85 27 222 40 371 1
1 1 0.95 36 227 41 377 6
2 1 0.80 37 227 41 375 10
2 12 36 227 41 376 10
2 18 36 227 41 376 10

2 Draw ratio.

P Inherent viscosities were measured at 30°C by using 0.1 g/100 mL solutions in a phenol/1,1,2,2-tetrachloroethane (w/w

= 50/50) mixture.
¢ Enthalpy changes of melting transition temperature.
< Initial weight-loss onset temperature.
¢ Weight percent of residue at 600°C.

bilities. For this hybrid system, the largest improve-
ment in the thermal properties was found for a load-
ing of C;,PPh-MMT of only 1 wt %. For the PBT
hybrid fibers containing 2 wt % organoclay, the ther-
mal properties were constant for variation of DR in the
range from 1 to 18.

Mechanical properties

The mechanical tensile properties of the PBT hybrid
fibers for various C;,PPh-MMT contents and various
DRs are shown in Table IL. It can be seen that the
ultimate strengths of the hybrids increase gradually
with increasing organoclay content and are highest for
a clay content of 2 wt % and DR = 1. The ultimate
tensile strengths of the hybrids were found to increase
from 41 to 58 MPa with an increase in the organoclay
content to 2 wt %. This improvement was possible
because organoclay layers could be dispersed and in-
tercalated in the PBT matrix. This result is consistent
with the general observation that the introduction of
an organoclay into a matrix polymer increases its ten-
sile strength.”~*! A similar trend was observed for the
initial modulus. The modulus values were found to
increase linearly with increasing organoclay content.

120

100 Na*-MMT
3
3
S 80
= C1,PPh-MMT
60 »
-
P
B a0

C12,PPh-MMT in PBT (wt %)

2
0 @ (pure PBT)

0 100 200 300 400 500 600

20

Temperature (T)

Figure 7 TGA thermograms of clay, organoclay, and PBT
hybrid fibers with different organoclay contents.

When the C;,PPh-MMT content was increased to 2 wt
%, the modulus of the hybrid was found to be 3.33
GPa, about 2.5 times as great as that of pure PBT (1.37
GPa). This increased initial modulus could be the re-
sult of two different factors: the high resistance ex-
erted by the clay, and the orientation and the aspect
ratio of the clay layers. Further, increasing the clay
content increases the constraints on the polymer chain
mobility, which also increases the modulus.*>*

Thus, low loadings of C,,PPh-MMT were found to
be sufficient to improve the mechanical properties of
the PBT hybrid fibers. This is attributed to the strong
interaction between PBT and the organoclay that
arises from the formation of nanocomposites with fine
dispersion.

The increases in the tensile strength and the initial
modulus with DR were insignificant for pure PBT. For
pure PBT, the strength and the modulus increased
from 41 to 46 MPa and 1.37 to 1.71 GPa, respectively,
as the DR was increased from 1 to 18, as shown in
Table II. Unlike flexible coil-like polymers,“*46 the
values of the ultimate strength and the initial modulus
of the hybrid fibers decreased markedly with increas-
ing DR, as shown in Table II. For hybrid fibers with 1

TABLE II
Tensile Properties of PBT Hybrid Fibers
Organoclay Ult. Str. Ini. Mod.
(wt %) DR? (MPa) (GPa) EBP (%)

0 (pure PBT) 1 41 137 3
12 43 1.69 3
18 46 1.71 3
1 1 55 2.96 3
12 52 2.57 3
18 48 2.33 2
2 1 58 3.33 2
12 35 2.45 2
18 28 221 2

@ Draw ratio.
" Elongation percent at break.
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wt % C1,PPh-MMT, as DR was increased from 1 to 18,
the tensile strength and the initial modulus decreased
from 55 to 48 MPa and from 2.96 to 2.33 GPa, respec-
tively. Similar trends were observed for the hybrid
fiber with 2 wt % C;,PPh-MMT. This decline in the
ultimate strength and the initial modulus seems to be
the result of debonding between the organoclay and
the matrix polymer and the presence of many nano-
sized voids because of excess stretching of the fibers. It
has clearly been shown**® that an imperfect incur-
sion/matrix interface cannot sustain the large interfa-
cial shear stress that develops as a result of an applied
strain. The percent elongations at break of all the
samples were 2-3%. These values were found to be
independent of the organoclay loading and DR. The
variations in the ultimate strengths and the initial
moduli of the PBT hybrid fibers are plotted against
clay content for varying DR in Figures 8 and 9, respec-
tively.

CONCLUSIONS

PBT nanocomposites were fabricated from monomers
and organoclay via an in situ intercalation polymer-
ization method. PBT nanocomposites with various or-
ganoclay contents were melt-spun at various DRs to
produce monofilaments. Most of the C;,PPh-MMT or-
ganoclay we used was found to be exfoliated and
dispersed homogeneously in the PBT polymer, pro-
viding direct evidence that the C,,PPh-MMT/PBT hy-
brid fibers formed nanocomposites. This conclusion
was confirmed using XRD and TEM. In general, the
thermal properties (T,, T,, and Tp') of the hybrid
fibers were observed to increase as the clay content
was increased from 0 to 1 wt % and did not change
further with the addition of further organoclay, i.e., at

—&— 0% (pure PBT)
—O— 1%
60 —y— 2%
=
a 50
2
El
N
. 40
=
-
30 1
0 4 8 12 16 20

DR

Figure 8 Effects of DR on the ultimate tensile strength of
organoclay contents.

—&— 0% (pure PBT)

35 -0 1%
—v— 2%

3.0
_
[+
&
O 25
=
(=]
= 20
=
o=

15 '/‘—_——.

1.0

0 4 8 12 16 20
DR

Figure 9 Effects of DR on the initial tensile modulus of
organoclay contents.

2 wt % loading. Hybrids with various organoclay
contents were extruded at various DRs from a capil-
lary rheometer to investigate their mechanical proper-
ties. The ultimate strengths and initial moduli of the
hybrid fibers were found to increase with increasing
organoclay content at DR = 1. When the amount of
organoclay in PBT reached 2 wt %, a 1.5-fold increase
in the ultimate strength and a 2.5-fold increase in the
initial modulus were obtained, with respect to pure
PBT. In this system, it was found that small additions
of organoclay were enough to improve the properties
of the matrix polymer, PBT. However, the ultimate
strengths and the initial moduli of the PBT hybrid
fibers decreased significantly with increasing DR be-
cause of debonding around the polymer—clay inter-
faces and void formation.
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