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ABSTRACT: Multiwalled carbon nanotubes (MWCNTSs)
were synthesized using chemical vapor deposition and
poly(trimethylene terephthalate) (PTT)/MWCNT compo-
sites with varying amounts of MWCNTs were prepared
by melt compounding using DSM micro-compounder.
Morphological characterization by SEM and TEM showed
uniform dispersion of MWCNTs in PTT matrix upto 2%
(w/w) MWCNT loading. Incorporation of MWCNTSs
showed no effect on percent crystallinity but affected the
crystallite dimensions and increased the crystallization
temperature. Dynamic mechanical characterization of com-

posites showed an increase in storage modulus of PTT
upon incorporation of MWCNTs above glass transition
temperature. The electrical conductivity of PTT/MWCNT
composites increased upon incorporation of MWCNTs and
percolation threshold concentration was obtained at a
loading of MWCNTs in the range of 1-1.5% (w/w). © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 1548-1556, 2012
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INTRODUCTION

Poly(trimethylene terephthalate) [PTT] is one of the
members of linear aromatic polyester family which
contains odd number of methylene groups in its
chemical repeat unit. The first patent on PTT synthe-
sis was presented early in the 1940s, using dimethyl
terephthalate and 1,3-propanediol. However, due to
the high cost of the starting raw material ie., 1, 3-
propanediol, further development of PTT was
obstructed for quite a long time. PTT became com-
mercially available in 1990s, with a breakthrough in
the synthesis of 1, 3-propanediol." PTT is a semicrys-
talline polyester like poly(ethylene terephthalate)
[PET] and poly(butylene terephthalate) [PBT]. It
crystallizes in a triclinic crystal structure with the
periodicity along the c-axis containing two repeat
units, where the methylene groups adapt a highly
contracted gauche-gauche conformation like PET
and PBT. Hence, physical properties of PTT are simi-
lar to those of PET and PBT. It has also good tensile
behavior, resilience and outstanding elastic recov-
ery.”™ Inspite of low melting temperature, its heat
distortion temperature is higher than PET. With
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such miscellaneous properties, PTT seems to be a
promising raw material for engineering applications.
Nowadays polymers and polymer composites are
being utilized in an increasing number of industrial
applications including transportation, automotive,
aerospace, defense, sport goods, energy and infra-
structure sectors due to their high durability, high
strength, light weight, design and processing advan-
tages. Among the various polymer composite sys-
tems, carbon nanotubes [single-walled carbon nano-
tubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs)] based composites have been considered
as one of the most promising composite materials
because of the superior properties of CNTs like
small diameter, high aspect ratio, excellent electri-
cal/thermal conductivity, and mechanical strength.>®
CNTs act as both nucleating and reinforcing agents
which in-turn reduces the processing time and
enhances mechanical strength. Electrically conduct-
ing high performance polymer composites can be
fabricated by addition of very small amount of
CNTs [0.3-1% (w/w)] in insulating polymer ma-
trix.”® Such a low percolation threshold concentra-
tions of CNTs compared with other conducting fill-
ers (carbon black, graphite, etc.) is due to its one
dimensional structure which help in the formation
of percolating network for electrical conduction.”™"!
Recent studies have shown that the properties of
PET and PBT matrix can be improved by incorpora-
tion of CNT which lead to expansion of their
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applications in the field of optics, electronics, auto-
motive, energy, and aerospace.lz_14 As the properties
of PTT lies in between PET and PBT, it has the
potential to become a high performance engineering
polymer. Its properties can be enhanced further by
the incorporation of CNTs. Xu et al.'” investigated
the effect of MWCNTs on crystallization behavior of
PTT and observed that MWCNTs provide more
nucleation sites for crystallization. Wu et al.'® stud-
ied the mechanical and thermal properties of
hydroxyl functionalized MWCNTs/acrylic acid
grafted PTT composites and showed a significant
enhancement in thermal and mechanical properties
of PTT matrix due to the formation of ester bonds
between -COOH groups of acrylic acid grafted PTT
and -OH groups of MWCNTs.

In our previous study, we studied the effect of
MWCNT on morphology, isothermal and noniso-
thermal crystallization kinetics of PTT (M, = 88,000).
We observed that the presence of MWCNTs signifi-
cantly affect the crystallization behavior of PTT
matrix by decreasing the crystallization rate."”
These observations suggest that properties of PTT
matrix can be modified by addition of CNTs, but
more in-depth studies are required to completely
understand the effect of CNTs on the properties of
PTT matrix. So in this study an attempt has been
made to prepare well dispersed PTT/MWCNT com-
posites via melt compounding and investigated the
effect of multiwalled carbon nanotubes on the ther-
momechanical and electrical properties of PTT
matrix.

EXPERIMENTAL
Materials

Poly(trimethylene terephthalate) [PTT] pellets were
procured from Futura Polymers (Chennai, India)
having viscosity average molecular weight (M,) of
44,000. M, was determined using Mark-Houwink
equation {[n] = K (M,)”}. The values of K and a
were taken from the literature as 5.36 x 10* g/dL
and 0.69, respectively.18

Multiwalled carbon nanotubes were synthesized
by chemical vapor deposition (CVD) using the pro-
cedure reported by Mathur et al."” The detailed syn-
thesis and characterization of CNTs using toluene as
precursor and ferrocene (8%) as catalyst is reported
elsewhere.'” Scanning electron microscope (SEM)
and transmission electron microscope (TEM) were
used to determine the average length, inner and
outer diameter of carbon nanotubes, which were
~ 20-30 pm, ~ 10 nm, and 20-40 nm, respectively.
Thermo gravimetric analysis (TGA) was used to
determine the purity of CNTs which was ~ 88%.
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Melt compounding and preparation of test
specimens

PTT/MWCNT composites were prepared by melt
mixing using corotating Dutch State Mines (DSM)
micro-compounder. Before compounding, PTT was
vacuum dried at 100°C for 14 h. Melt compounding
was done at 265°C for 5 min at a screw speed of 170
rpm. PTT/MWCNT composites were prepared by
mixing varying amounts of MWCNTs ranging from
0.1-3% w/w [mass of MWCNTs/(mass of MWCNTs
+ PTT)]. The samples have been designated as PTT-
0, PTT-0.1, PTT-0.25, PTT-0.5, PTT-1, PTT-2, and
PTT-3 having 0, 0.1, 0.25, 0.5, 1.0, 2.0, and 3.0% (w/
w) MWCNTs respectively. For dynamic mechanical
analysis and electrical conductivity measurements,
rectangular specimens of dimensions 17.5 x 13 x 3
mm® and 13 x 7 x 1.5 mm® respectively, were pre-
pared by compression molding using an electrically
heated Carver hydraulic press. The molding was
done by pressing the predried pellets at 260°C for 5
min. under a pressure of 10 kPa.

Characterization of PTT/MWCNT composites

Intrinsic viscosity measurement

Effect of processing conditions on molecular weight
of PTT was determined by measuring the intrinsic
viscosity of PTT and its composites before com-
pounding as well as after compounding. The mea-
surement was done at 30 = 0.1°C using phenol: 1, 1,
2, 2-tetrachloroethane mixture in 3 : 2 ratio as sol-
vent. The solutions were prepared by dissolving
0.125 g of predried samples at 80°C in the solvent
mixture (25 mL). The solutions were filtered prior to
measurements so that presences of carbon nanotubes
have no effect on viscosity. The intrinsic viscosity
values were determined from single point determi-
nation method, using the relation as shown in egs.
(1) and (2).2%%!

M) = (1/C)[2(Nye — 1) — 2In(ne)]"? (1)
] = (Ngp — 3InM,)/4C 2)

Where C, n.o and ng, represents concentration in
g/dL, relative viscosity and specific viscosity
respectively.

Thermogravimetric analysis

Thermal stability of PTT and PTT/MWCNT compo-
sites was evaluated by recording thermogravimetric
(TG)/derivative thermogravimetric (DTG) traces (TA
instruments Q-50 TGA) in nitrogen atmosphere
(flow rate 60 cm®/min). A heating rate of 20°C/min
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Figure 1 TG scans of PTT and PTT/MWCNT composites
in nitrogen atmosphere [heating rate 20°C/min].

and a sample size of 10 = 2 mg were used in each
experiment.

Differential scanning calorimetry

Perkin-Elmer Pyris 6 Differential Scanning Calorim-
eter (DSC) was used for recording DSC scans (heat-
ing and cooling) under N, atmosphere. About 5-6
mg of sample was first heated from room tempera-
ture to 260°C at a heating rate of 10°C/min and then
held at that temperature for 5 min to remove the
thermal history of material. The sample was then
cooled down to 35°C at a rate of 10°C/min and
again heated to 260°C at the same rate. Cooling
scans were used for crystallization studies and sec-
ond heating scans for their melting behavior.

Wide angle x-ray diffraction

Wide angle X-ray diffraction (WAXD) patterns were
recorded on a PANatytical instrument, model num-
ber PW3040/60 X'pert PRO (Netherlands), using Ni

GUPTA AND CHOUDHARY

filtered Cu Ko radiation (A = 0.154 nm). The voltage
and the current were 40 kV and 30 mA, respectively.
The samples were scanned at a rate of 2°/min from
2° to 40° of 20. For WAXD studies rectangular pel-
lets prepared by compression molding were used.

Dynamic mechanical analysis

For dynamic mechanical analysis, DMA Q800 from
TA Instruments was used to study the effect of
MWCNTs on the viscoelastic properties of PTT. The
scans were recorded in the temperature range of 25-
180°C at a heating rate of 2°C/min in a three point
bending mode at a frequency of 1 Hz. Rectangular
specimens of dimensions 17.5 x 13 x 3 mm’ were
used for recoding DMA scans.

Dc electrical conductivity

The dc electrical conductivity of PTT/MWCNT com-
posites was determined using standard four-point
contact method on Keithley SCS 4200.

Electron microscopy

Morphology of PTT/MWCNT composites was inves-
tigated using EVO-50 scanning electron microscope
(SEM) at 20 kV and JEOL 2100F transmission elec-
tron microscope (TEM) operated at an accelerating
voltage of 200 kV. For TEM studies, ultra-thin sec-
tions (30-80 nm) of composites were prepared using
Leica Ultamicrotome. Mechanically fractured surface
was used for SEM study.

RESULTS AND DISCUSSION

Effect of processing conditions on molecular
weight of PTT

The effect of melt compounding on the molecular
weight of PTT was studied by measuring the intrin-
sic viscosity [n] of neat PTT and its composites
before and after melt compounding. The intrinsic

TABLE I
Results of TG/DTG Traces in Nitrogen Atmosphere: Effect of MWCNT Content on
Thermal Stability of PTT

Sample T; Tos T max % Char yield at % Char yield at
designation °C) °C) °C) 800°C (observed) 800°C (theoretical)
PTT 383.2 413 429.6 8.4 8.4
PTT-0.1 383.1 414 430.5 8.1 8.5
PTT -0.25 383.2 414 432.5 8.3 8.6
PTT-0.5 383.2 415 432.6 8.7 8.8
PTT-1.0 386.7 417 433.9 9.7 9.2
PTT-2.0 386.7 418 4349 10.1 10.1
PTT-3.0 386.7 412 436.3 10.4 10.9

Tos = Decomposition temperature at mass loss of 50%; T; = Initial decomposition
temperature; Tin.x = Temperature at which rate of mass loss is maximum.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC scans of PTT and PTT/MWCNT composites

[Scan rate 10°C/min].

viscosity [n] of neat PTT before and after melt com-
pounding was 0.89 and 0.88 dL/g, respectively,
whereas for the composites containing 0.1 to 3% (w/
w) MWCNT, [n] was in the range of 0.88 to 0.86
dL/g. These results clearly show that the viscosity
of PTT changed marginally after compounding, sug-
gesting that compounding conditions had no deteri-
orating effect on molecular weight of PTT.

Thermal characterization

Thermogravimetric analysis

Figure 1 shows the TG traces of PTT and its compo-
sites having varying amounts of MWCNTs. Single
step degradation was observed in all the samples.
The thermal stability of samples was compared by

in nitrogen atmosphere (a) cooling and (b) heating scans

comparing the initial decomposition temperature
(T;), decomposition temperature at 50% mass loss
(Tos), temperature at which the rate of mass loss
was maximum (Tp.) and percent char yield at
800°C. Thax increased by ~ 7°C upon incorporation
of 3% (w/w) MWCNTs (Table I) with a marginal
increase in T; and T(5. Marginal increase in thermal
stability of PTT matrix (Table I) upon incorporation
of CNTs could be attributed to higher thermal con-
ductivity of CNTs that facilitates heat dissipation
within the composites, hence prevents the accumula-
tion of heat at certain points for degradation.*
Percent char was also used to determine the CNT
content in composites. CNTs did not show any mass
loss up to 800°C in nitrogen atmosphere, whereas
PTT had char yield of 8.4% at this temperature.
From the knowledge of char residue for pure

TABLE II
Results of DSC Scans (Cooling): Effect of MWCNT Content on Crystallization
Behavior of PTT

Sample Designation T, (°C) Texo (°C) Tena (°C) AH. (J/g) AT (°C)
PTT 198.9 187.8 181.8 49.9 37.6
PTT-0.1 201.0 189.9 170.0 499 35.5
PTT -0.25 201.0 191.1 170.0 50.0 34.6
PTT-0.5 202.5 196.4 182.7 50.1 30.3
PTT-1.0 201.0 194.1 171.9 50.4 31.6
PTT-2.0 201.8 196.5 176.4 50.9 30.1
PTT-3.0 201.0 192.1 173.2 514 33.8

T, = Onset temperature of crystallization; Tey, = Peak exothermic temperature/crys-
tallization temperature; Teng = End set temperature; AH. = Heat of crystallization
[determined from the area under the crystallization exotherm]; AT = Supercooling tem-

perature [Tma-Texol-

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III

Results of DSC Scans (Heating): Effect of MWCNT Content on Melting Behavior and Percent Crystallinity of PTT

Sample First endotherm Second endotherm AHy % Crystallinity % Crystallinity
deS’ignation Tonsetl (OC) Tml (OC) TonsetZ (OC) TmZ (OC) (]/g) [from DSC] [frorn XRD]
PTT 208.2 212.6 216.0 225.4 49.1 33.6 22.8
PTT-0.1 206.8 2129 216.3 2254 49.1 33.6 22.7
PTT -0.25 206.0 212.2 216.5 225.2 49.2 33.7 23.2
PTT-0.5 196.0 213.9 218.7 225.7 49.3 33.7 229
PTT-1.0 205.2 214.2 216.6 226.3 49.5 33.9 24.3
PTT-2.0 203.2 215.2 216.4 225.6 50.1 34.3 24.0
PTT-3.0 204.0 213.8 216.5 226.2 50.6 34.6 22.0

Tonsett = First onset temperature of melting; Tonseto = Second onset temperature of melting; T,,; = First peak endother-
mic temperature/melting temperature; T, = Second peak endothermic temperature/melting temperature; AH; = Heat of
fusion [determined from the area under the melting endotherm].

components, we calculated the theoretical char yield
using additivity rule. There is a very good agree-
ment between the theoretical and observed values of
char yield in all the samples (Table I).

Differential scanning calorimetry

Figure 2(a,b) show DSC cooling and heating traces
respectively, of PTT and its composites at varying
MWCNT loadings.

In the cooling scans [Fig. 2(a)], an exothermic tran-
sition due to crystallization was observed in all the
samples. The crystallization exotherm was character-
ized by noting the following temperatures:

T,, onset temperature of crystallization

Texo, peak exotherm temperature

Teng, end set temperature

AH. heat of crystallization from the area under
the exothermic peak.

The results are summarized in Table II. A signifi-
cant increase in Tey, (8.6°C) was observed upon incor-
poration of very small amounts of MWCNT [0.5% w/
w, sample PTT -0.5] (Table II). Further increase of
CNTs did not show much effect on T,,, An increase
in Teyxo of PTIT, ie., from 187.8°C to 196.5°C suggests
that CNTs are acting as nucleating agent. Nucleating
effect of MWCNTs was further confirmed from the
supercooling temperature [AT] (AT = Tmo — Texo)
which was lower for all PTT/MWCNT composites
(35.5-30.1°C) compared to neat PTT (37.6°C) (Table
II). It is reported in the literature that lower the AT
value, higher is the nucleation rate.”®

Figure 2(b) show the second heating scans for PTT
and PTT/MWCNT composites. In the second heat-
ing scan, two melting endotherms were observed for
each sample [Fig. 2(b)]. The melting endotherms
were characterized by noting the following:

Tonset1, first onset temperature of melting
Tonset2, sSecond onset temperature of melting

Journal of Applied Polymer Science DOI 10.1002/app

Tm1, first peak endothermic temperature/melt-
ing temperature

Tma, second peak endothermic temperature/
melting temperature

AHj, heat of fusion [calculated from the area
under the endotherm].

The results are summarized in Table III. T,,s.¢1 and
Tm1 represent the melting of imperfect or smaller/
thinner crystals whereas Tonsetz and Tpy represent
melting of more perfect or bigger crystallites. Similar
behavior has been reported by Wang and Kong in
case of PET.**® It is interesting to note that the area
under melting peak at lower temperature [melting
due to imperfect or smaller/thinner crystals) in-
creased whereas area under melting peak at higher
temperature decreased upon incorporation of
MWCNTs. This could be due to the hindrance of
chain mobility in the presence of MWCNTs which

resulted in more imperfect or smaller/thinner
500 MWCNT
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Figure 3 XRD spectra of MWCNT and PTT/MWCNT
composites.
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TABLE IV
Effect of MWCNT Content on Crystallite Dimensions of PTT
Sample designation L(OIO) nm L(OTZ) nm L(OlZ) nm L(l(_)Z) nm L(102) nm L(1T3) nm L(163) nm
PTT 6.6 44 4.5 1.8 4.5 4.5 2.6
PTT-0.1 43 3.6 44 3.6 4.5 4.5 3.0
PTT-0.25 3.0 3.0 3.6 3.0 4.5 4.5 3.0
PTT-0.5 3.0 3.6 3.6 3.2 4.5 4.5 3.0
PTT-1.0 3.0 3.6 4.4 2.3 4.5 4.5 3.0
PTT-2.0 4.4 3.6 4.4 3.3 4.5 4.5 3.0
PTT-3.0 3.0 3.6 3.6 2.9 4.5 4.5 3.2

Lo10), Lot12), Lo12), Laoz), Laoz), Lats) and Ligs) are PTT crystal planes with different Miller indices.

crystallites. The heat of fusion was determined from
the area under the melting endotherm and the results
are summarized in Table IIl. From the knowledge of
AHp values, percent crystallinity was calculated using

eq. (3).

Xc% = Al 3)
¢ 7 [1 —Mass of CNT] x AH; (

where AH; isthe heatof fusion of the sample and
AHp is the heat of fusion for 100% crystalline PTT,
taken from the literature as 146 ]/ g.26 The results
(Table III) show that incorporation of MWCNT has
no effect on percent crystallinity of PTT.

WAXD

Figure 3 show the WAXD patterns of MWCNT and
PTT composites having varying amounts of
MWCNTs. Two characteristic peaks of MWCNT
were observed at 20 value of 27° and 43° which cor-
respond to the diffraction planes of Loy and Loy,
respectively.”” The characteristic WAXD peaks for
PTT were observed at 20 value of 15.7, 17.2, 19.6,
219, 23.7, 25.1, and 28.1° which correspond to the
diffraction planes of L(OlO)/ L((ﬁz), L(OlZ)r L(l§2)/ L(102),
Lats), and Lps), respectively. The peak position
remained unchanged upon incorporation of varying
amounts of MWCNT’s [Fig. 3]. On the basis of the
diffraction pattern, the crystallite dimensions (Lp)
were calculated by using Scherrer eq. (4).*

Ly = KA/ By cos Ona 4)

Where Lyy is crystallite dimension perpendicular
to the planes (i), K is the Scherrer constant and its
value is taken as 0.9, A is the wavelength of X-rays
(A = 0.154 nm), 6 is the Bragg angle, and By is the
diffraction half width. The results of crystallite
dimensions are summarized in Table IV. The crystal-
lite dimensions (Ly) of PTT/MWCNT composites
corresponding to the Lam), Laos) planes are higher
than that of neat PTT whereas Ly for Luop), Lais

planes remain unchanged. In contrast to slight
decrease in Ly for Lz and Ltz planes, decrease
of crystallite dimension for Ly plane was signifi-
cant (Table IV). From these results it can be con-
cluded that the presence of MWCNTs affects the
crystal size of PTT and lead to smaller crystal in
L10) plane which is the preferred growth plane of
lamellae.®® The overall percent crystallinity calcu-
lated according to Rulands method™ remained unaf-
fected (Table III) which further supported the nucle-
ating behavior of MWCNT which lead to the
formation of higher number of smaller crystallites.

Dynamic mechanical analysis

Figure 4 shows the plots of storage modulus versus
temperature for PTT and PTT/MWCNT composites.
The elastic modulus or storage modulus of PTT/
MWCNT composites was lower than neat PTT
below glass transition temperature (T,) at all
MWCNT loadings. Above T, storage modulus
showed an increasing trend after 0.5% (w/w)
MWCNT loading. These observations suggest that
MWCNTs are manifesting both its lubricating as

2500

2000 =

1500 —

1000 —

Storage Modulus (MPa)

500+

T

: : : : B : ;
20 40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure 4 Plot of storage modulus vs temperature for
PTT and PTT/MWCNT composites [heating rate 2°C/min,
1 Hz].

Journal of Applied Polymer Science DOI 10.1002/app



1554

0.15

0.12 A

Tan &

0.06 -

0.03

Temperature (°C)

Figure 5 Plot of tan § vs. temperature curves for PTT
and PTT/MWCNT composites.

well as reinforcing properties. Liu et al. reported™
that MWCNTSs possess good self-lubrication proper-
ties as they are composed of graphite-like sp’
bonded cylindrical layers or shells, where the inter-
shell interactions is predominately controlled by the
Van der Waals forces, so MWCNTs can easily slide
or rotate with each other, leading to good self-lubri-
cation. On the other hand, reinforcing effect of car-
bon nanotubes arises due to the strong interfacial
interaction between polymer matrix and carbon
nanotubes.> *

Below T, the polymer chains remain in glassy
state, i.e., it lacks segmental mobility. Therefore, any
further restriction in segmental mobility due to pres-
ence of MWCNTs might have not resulted in an
increase in storage modulus, however the decrease
observed in the present study could be attributed to
the its lubricating effect, i.e., MWCNT may be acting
as solid lubricant below glass transition temperature
which leads to MWCNT sliding with each other and
hence reduces the storage modulus of the material.
In case of samples having smaller amounts of
MWCNTs, similar phenomena might have been re-
sponsible for lower storage modulus above T, as

GUPTA AND CHOUDHARY
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Figure 6 Effect of MWCNT on electrical conductivity of
PTT.

number of entanglement points are less. On the
other hand in case of samples having > 0.5% (w/w)
MWCNT, it forms three dimensional percolating net-
works which significantly reduces the chain mobility
and hence increases the storage modulus. To further
understand the mechanism we have to measure
coefficient of friction between MWCNT and polymer
chain, entanglement density, number of polymer
chain involve per entanglement which can be taken
as a separate study and is beyond the scope of the
present manuscript.

The effect of carbon nanotubes on the damping
behavior of PTT, i.e., plot of tan § versus tempera-
ture is shown in Figure 5. The PTT/MWCNT com-
posites showed an increase in the tan & peak height
on addition of MWCNTs. As tan ¢ is the ratio of dis-
sipated energy and the elastic energy of the system,
its values increase due to decrease of the storage
modulus. The maximum increase in height of tan &
peak was observed in case of samples containing
<1% (w/w) MWCNTs. Whereas in case of samples

Figure 7 SEM images of PTT/MWCNT composites (a) PTT-0.5 (b) PTT-2.0.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 TEM images of PTT/MWCNT composites (a) PTT-0.5 (b) PTT-2.0.

having >0.5% (w/w) MWCNTs, height of the tan §
peak almost approaches to the tan 6 peak of neat
PTT. These observations also supports lubricating as
well as reinforcing progerties of MWCNTs as
reported in the literature.” Tan § plots were used to
calculate T, [noted as peak temperature] of PTT/
MWCNT composites. From Figure 5 it can be seen
that incorporation of carbon nanotubes showed no
significant shift in tan 6 peak which shows that
incorporation of MWCNT showed no effect on glass
transition temperature of PTT.

Electrical properties

The plot of electrical conductivity of PTT/MWCNT
composites as a function of MWCNTs content is
shown in Figure 6. Neat PTT like other polyester
polymers is an insulating material and has a conduc-
tivity value of 8.06 x 10~° S/cm. Electrical conduc-
tivity of PTT increased with increasing amounts of
MWCNTs and an order of magnitude increase in
conductivity was observed at a loading of 0.25% (w/
w), which is sufficient for antistatic applications.
Sharp increase in conductivity of composites was
observed as the concentration of MWCNTs increased
from 1 to 1.5% (w/w), which we can say as the per-
colation concentration. The percolation concentration
is attributed to the well disperse CNTs which forms
a three-dimensional conductive network within the
polymer matrix. The percolation at such a low
MWCNT loading suggest that the aspect ratio of
MWCNT remain unaffected during compounding,
as low aspect ratio of CNT leads to the much higher
percolation concentration as reported by Bryning
et al’® They prepared SWNT/epoxy composites
with nanotubes from two different sources, HiPco
and laser oven, having aspect ratios of ~ 150 and
~ 380, respectively, and found a smaller percolation
threshold with the higher aspect ratio nanotubes in
epoxy matrix. Further incorporation of MWCNT
showed slight increase in electrical conductivity of

PTT. The maximum value of electrical conductivity
observed at 3% (w/w) MWCNT loading [sample
PTT-3] was 9.09 x 1072 S/cm. Similar behavior has
been reported by Hu and Ounaries®® for polyi-
mide/PET-CNT composites.

Morphological characterization

SEM and TEM images of PTT/MWCNT composites
are shown in Figures 7 and 8. These images show
the uniform dispersion of nanotubes in the PTT ma-
trix up to 2% (w/w) MWCNTs loading [sample
PTT-2]. Nanotubes are found to be highly curved
and randomly coiled because of the intrinsic vander
Waals attractions between the individual nanotubes
in combination with high aspect ratio and large sur-
face area. SEM images also show that some MWCNT
bundles are pulled out from the PTT matrix. Pres-
ence of pulled out nanotubes on the surface of com-
posites show poor interaction between MWCNTs
and polymer matrix. TEM images [Fig. 8] clearly
showed that the carbon nanotubes are individually
dispersed in the matrix.

CONCLUSIONS

From these studies, following conclusions can be
drawn:

1. Processing conditions had no effect on molecu-
lar weight of PTT.

2. Peak crystallization temperature [Te,] in-
creased upon incorporation of MWCNTs
(187.8°-196.5°C) thus indicating that CNT’s act
as nucleating agent.

3. Thermal stability of PTT increased marginally
upon incorporation of Mwents.

4. Incorporation of Mwcnts reduced the crystal
size without affecting the overall percent
crystallinity.
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5. Incorporation of very low amount of MWCNTs
resulted in a significant increase in electrical
conductivity and samples with antistatic prop-
erties could be obtained at a loading of 0.25%
(w/w) MWCNTs.

The authors would like to acknowledge Dr. R.B. Mathur at
National Physical Laboratory New Delhi for allowing the
use of facility for CNT synthesis. Dr. Gajender Saini and
Advance Instrumental Research Facility at Jawaharlal Nehru
University Delhi, for TEM analysis.
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