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1. Introduction

Polyester is the category of polymers with ester functional group on the main chain,
although there are many types of polyester, the term polyester in industries specifically
refers to poly(ethylene terephthalate) (PET) and poly(butylene terephthalate). Polyesters can
be classified as thermoplastic or thermosetting depending on the chemical structures. Table
1 shows the industrial production of polyesters, and it is estimated that the production will
exceed 50 million tons by the year of 2015. Polyesters are made from chemical substances
found mainly in petroleum and are mainly manufactured into fibers, films, and plastics.
These polyesters are abbreviated as mGT, where m denotes the number of methylene
groups; e.g.: PET, Poly(trimethylene terephthalate) (PTT) and PBT are abbreviated as 2GT,
3GT and 4GT, respectively.

Market size per year

Product type

2002 [Million tons/year]

2008 [Million tons/year]

Textile-PET

20

39

Resin, bottle/A-PET

(solution casted PET) ? 16
Film-PET 1.2 1.5
Special polyester 1 2.5
Total 31.2 49

Table 1. The world production of polyester(!l

The credit of finding that alcohols and carboxylic acids can be mixed successfully to create
fibers goes to W.H.Carothers, who was working for DuPont at the time and unfortunately
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when he discovered Nylon, polyester took a back seat. Carothers’s incomplete research had
not advanced to investigating the polyester formed from mixing ethylene glycol and
terephthalic acid. It was the two British scientists — Whinfield and Dickson!! who patented
PET in 1941. Later that year, the first polyester fiber — Terylene — was synthesized by
Whinfield and Dickson along with Birtwhistle and Ritchiethey. Terylene was first
manufactured by Imperial Chemical Industries or ICI. PET forms the basis of synthetic
fibers like Dacron, Terylene and polyesters. DuPont's polyester research lead to a whole
range of trademarked products, one example is Mylar (1952), an extraordinarily strong PET
fiber that grew out of the development of Dacron in the early 1950s.

The industrial production of polyesters involves three steps

1. Condensation Polymerization: When acid and alcohol are reacted in vacuum, at high
temperatures condensation polymerization takes place. After the polymerization, the
material is extruded onto a casting trough in the form of ribbon. Upon cooling, the
ribbon hardens and is cut into chips.

2. Melt-spun Fiber: The chips are dried completely. Hopper reservoirs are then used to
melt the chips. Afterwards, the molten polymer is extruded through spinnerets and
cooled down by air blowing. It is then loosely wound around cylinders.

3. Drawing: The fibers consequently formed are hot stretched to about five times of their
original length (to reduce the fiber width). This is then converted into products.

PTT is an aromatic polyester prepared by the melt polycondensation of 1, 3-propanediol
(PDO) with either terephthalic acid (TPA) or dimethyl terephthalate (DMT). PTT is
synthesized by the transesterification of propane diol with dimethylene terephthalate or by
the esterification of propane diol with terephthalic acid. The reaction is carried out in the
presence of hot catalyst like titanium butoxide and dibutyl tin oxide at a temperature of 260
°C. The important by-products of this reaction include acrolien and allyl alcoholPl. Direct
esterification of propane diol and terephthalic acid is considered as the least economic and
industrial method. The reaction is carried out in the presence of a “heel” under a pressure of
70-150 kPa at a temperature of 260 °C. The “heel” is usually referred to the added PTT
oligomers which act as a reaction medium and increase the solubility of terephthalic acid®l.
Recent studies by different groups show that the selection of the catalyst plays a major role
on the reaction rate and PTT properties. Commonly used catalysts like titanium™, tinl> ¢l and
antimony!” 81 compounds have their own limitations. Titanium-based catalysts are active but
the PTT is discolored, antimony-based catalysts are toxic and only active in
polycondensation while tin-based compounds have lower catalytic activity. G. P.
Karayannidis and co-workers (2003)"! reported the use of stannous octoate as the catalyst for
PTT synthesis but its catalytic activity is poor, resulting in a low molecular weight PTT
which was confirmed by measuring the content of terminal carboxyl groups. In this study,
the catalytic activity was followed by measuring the amount of water generated and
characterized by the degree of esterification (DE). Intrinsic viscosity measurement was
carried out by using an Ubbelohde viscometer at 25 °C with 0.005 g mL-! PTT solution of 1,
1, 2, 2-tetrachloroethane/phenol (50/50, w/w) mixture. The content of terminal carboxyl
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group (CTCG) was determined by titrating 25 mL of chloroform and a few drops of
phenolphthalein indicator to a solution of 1.000 g of PTT and 25 mL of benzyl alcohol
against a titer of 0.561 g of KOH in 1 L of benzyl alcohol.

PTT
CTCG (mol t1)
R . Degree of
Catalyst Intrinsic viscosity |(content of e
(InD (dL gt terminal carboxyl esterification (DE)
L & Y" lafter 1.8 hr
groups)
Stannous oxalate (SnC204) 0.8950 15 97
Stannous octoate
.61 4 7
([CHs3(CH2)sCH(C2H5)COO]25n) 06155 3 >
Dibutyltin oxide (Bu25nO) 0.8192 21 75
Tetrabutyl titanate 0.8491 20 82

Table 2. Effect of various catalysts on the properties of PTT. The amount of catalyst taken was 5-10
mol/mol of TPA, and esterification for 1.6 hrs; at 230 °C [

Works by different groups show that stannous oxalate is one of the best for PETI and
PBTI syntheses and also a potential additive for improving the properties of the
polymers!'!l. Studies by J. S. Yong et al.’l (2008) who used stannous oxalate as the catalyst to
synthesize PTT. The results show that stannous oxalate (SnC20s) displays higher
polymerization activity than the other catalysts which is clear by the fact that SnC204 shows
the highest intrinsic viscosity ([n]) and lowest content of terminal carboxyl groups (ref. Table
2). Decrease in reaction time and improvement in PTT property are observed as shown in
Table 2 and Fig. 2. The higher catalytic activity of SnC20s is attributed to its chelate
molecular structure and suggests SnC204 as a more promising catalyst for PTT synthesis®l.
The chemical structures of different catalysts used are shown in Fig. 1.
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Figure 1. Chemical structure of the catalysts used for PTT synthesis.
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Figure 2. Effect of different catalysts on esterification TPA. The amount of catalyst used was 5:104
mol/mol of TPAPL. Parameter DE denotes degree of esterification.

In the industrial synthesis, the process of melt polycondensation has the disadvantages of
high melt viscosity and difficulty in removal of the by-products which often limits the
desirable molecular weight of the polymer. Specially designed reactor (e.g., disk-ring
reactor) is required for the melt polycondensation process in most cases in providing large
liquid surface area along with the application of high vacuum for rapid removal of by-
products. J. K. Yong et al. (2012)I'2 proposed the use of solid-state polymerization as a
potential technique to overcome the limitations of the melt polycondensation process. For
the synthesis of PTT, low molecular weight polymer (pre polymer) is first synthesized by
melt esterification or melt transesterification at low temperatures. The pre polymer is then
ground or pelletized and is crystallized to prevent particle agglomeration during solid state
polymerization, with subsequent heating to a temperature above the glass transition
temperature (Tg) and below the melting temperature (Tm) of the pre polymer(®. This is
explained on the basis of negligible diffusion resistance offered by the use of sufficiently
small sized particles. Highest rate is observed when the pre polymer is used, which has zero
carboxylic acid content.

Although PTT is reported in the early 1950s, interest in commercialization of PTT began
with the introduction of relatively new methods for the synthesis of propane diol by the
catalytic hydrogenation of intermediate 3-hydroxypropionaldehyde and hydroformylation
of ethylene oxidel". Recent discovery of fermentive production of 1, 3-propane diol
accelerates the interest of studying PTT for engineering applications!'> ¢l.

PTT is a rapidly crystallizing linear aromatic polyester. Differential scanning calorimeter
(DSC) studies by P. D. Hong et al. (2002)*") using completely amorphous PTT (M, =43, 000
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g mol') prepared by heating the sample to 280 °C and then quenching (at a cooling rate of
200 °C min) to room temperature, shows that the Ty lies between 45-65 °C, followed by
melt crystallization exotherm and then Tm at 230 °C. The completely amorphous nature of
the PTT prepared by rapid quenching from 280 °C to room temperature was confirmed
using X-ray analysis where the sample exhibits only amorphous scattering without any
crystalline scattering. It is common that the Ty of the PTT is difficult to be detected by
heating PTT with linear heating rate after rapid quenching from the molten state of PTT. The
injection molded PTT! (Mw = 22,500 g mol! and polydipersity (PI) = 2.5) after rapid
quenching from the molten state was subjected to an underlying heating rate, <q> = 2 °C
min, a period of 60 s, and an amplitude of + 1.272 °C in the temperature range from -50 to
150 °C. The Ty observed in the reheating cycle is 50.6 °C with change of the heat capacity
(ACp) at 0.20 J gt °C1. The thermogram for the reheating cycle for this injection molded PTT
is shown in Fig. 3.

-0.02

Normalised Rev Heat Flow (W/g)

50.6 "C{l)
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Exo Up Temperature (°C)

Figure 3. The thermogram for the reheating cycle of PTT using TA DSC with an underlying heating
rate at 2 °C min, a period of 60 s, and an amplitude of + 1.272 °C in the temperature range from -50 to
100 oC81,

M. Pyda et al. (1998)2% studied in detail the heat capacity of PTT by adiabatic calorimetry,
standard DSC, and temperature-modulated differential scanning calorimeter (TMDSC) for
this measurement. The computation of the heat capacity of solid PTT is based on an
approximate group vibrational spectrum and the general Tarasov approach for the skeletal
vibrations, using the well-established ATHAS scheme. The experimental heat capacity at
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constant pressure is first converted to heat capacity at constant volume using the Nernst-
Lindemann approximation

3RA,C2(ex
Cyfexp)-C, oxp) = ? P M
Co(exp)o

Where Ao is an approximately universal constant with a value 0.0039 K mol J; T is
the temperature, T°m is the equilibrium melting temperature and R the universal gas
constant. Later, based on the assumption that at low temperatures Cv(exp) contains only
vibrational contributions, Cv(exp) is then separated into heat capacity linked to the group
and skeletal vibration, which is then fitted to the general Tarasov function,?* 2!l in order to
obtain the 3 characteristic parameters ©1, @2, and ©3 where © = hv/ks (h is the Planck’s
constant, vis the frequency, and ks is the Boltzmann constant). The functions D1, D2, Ds are
the one-, two-, and three- dimensional Debye functions(?> 23l. The characteristic temperature
03 describes the skeletal contributions with a quadratic frequency distribution and for linear
macromolecules, the value of Bs is between 0 and 150 K. M. Pyda et al. (1998) also suggested
that knowing 01, ©2, and ©s by curve fitting, skeletal heat capacities and with a list of group
vibrations, one can easily calculate the heat capacity at constant volume for the solid state of
a polymer, which is then converted to heat capacity of the solid at constant pressure using
eqn. (1). The values obtained can be extended over a wide temperature range (0.1-1000 K)
and serves as a baseline for the vibrational contributions to the heat capacity. M. Pyda et al.
(1998)12% also calculated the heat capacity of the liquid state (Cpl) based on the empirical
assumption that Cp' is a linear function of temperature and using the addition scheme
developed for ATHAS. The total heat capacity of liquid PTT is obtained from the
contributions of the various structural groups (like CHz, NHz, COO, CsHas etc.).

G _r(0 0 8, [@Jm[p (@}D[GMGJ[D[@) DS[@sﬂ @

NR T'T'T T) \e, T T 0,0, T T
The mechanical and electrical properties of PTT are close to PET, and even when these
polyesters show lower mechanical properties as compared to Nylons, they show better
elelctrical properties. The thermal stability of PTT by referring to the onset of decomposition
temperature using thermal gravimetry analyzer (TGA), is comparable to polycarbonates (c.f.
Tables 3, 4 and Fig. 5). Thermogram in Fig. 5 shows that PTTU8 is thermally stable up to 373
°C with 1.5 wt% of mass loss when it was heated up at 30 °C min™! in nitrogen atmosphere.
PTT thermally degrades further at around 494 °C with 92 wt% of mass loss and the
remaining 4 wt% of mass fully decomposes at 600 °C.

Crystallization of PTT takes place below the Tm and above the Ts of PTT. At temperature
below Tm, crystallization of PTT is driven by thermodynamics and at temperature below T
crystallization ceases due to lack of segmental mobility of PTT chains. The Tm of PTT can be
determined by examining the variation in density during cooling or/and heating of PTT at a
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fixed rate. S. -T. Lin et al.*”) studied this relation (variation of density of PTT upon heating
or/and cooling) by using atomistic simulations, where the molecular dynamic simulation
was used to determine the properties of PTT down to the molecular level. The variation of
density with respect to temperature as observed by S. —T. Lin et al. is shown in Fig. 47]. The
reported Tm of PTT (with an entanglement Mw between 4900-5000 g mol) is around 227-277
°C and T is around 102 °C. Experimentally observed values for Tm is in the range of 226-230
°C, and Ty is between 45-65 °C. The marked difference in estimated Tm and Tz by using
atomistic simulations and DSC, respectively, can be attributed to the extremely fast cooling
rate (10'2°C s) for the former analysis and much slower rate for the later.

Physical
ysica PET PTT PBT Nylon 6,6 PC Nylon 6
Property

— 0

0 _ o | 0 \

. = L 7 ~\
(Chemical *AJ/\JMO—EH:—CH:N i oo -[3-( (/-\\ \%(“,‘O-lCHr).-O}—
Istructure oL W \/ Ch

a —/

Specific Gravity
(measured as per
IASTM D792
specifications)
Tm (°C)

(Using DSC for
linjection molded

1.40 1.35 1.34 1.14 1.20 1.14

samples at a
lheating rate of 10
°C min*)

T:* (°C) 80 45-60 25 50-90 150 50
Onset of
[decomposition

350 373 378 375 - 398
temperature by

sing TGA (°C)

*indicates that the same experimental conditions were used in both the studies

Table 3. Some physical properties of PTT with other polyesters and nylon(24

Property Value
Melting point (°C) 227
Equilibrium melting point (°C) 232, 248126
Heat of fusion (AH) (k] mol?) 30+2
Fully amorphous heat capacity (J K’ mol™) 94
Crystallization half-time at 180 °C (min) 24

Cold crystallization temperature (°C) 65

Glass transition temperature (°C) 45 - 60
Thermal diffusivity at 140 °C (m? s™) 0.99 x 107

Table 4. The other physical properties of PTT231.

25



26 Polyester

2 cooling
™ healin

density (g/cc)
>

1
1
1
| -]
112 : o
| ]
! ]
1 1 <
1.08 T 1 | I3)
! 1
Ty ! Tm 1 Q
' ' L *I I' L
1.04
) 100 200 300 400 500 600 700

temperature (K)

Figure 4. The variation of density of PTT fiber with respect to temperature on heating and cooling, as
per the molecular dynamics simulation studies done by S.-T Lin et al.[?7].

100 ——PTT |
80 1
SR -
E ]
2 i
[} H
= 401 I

T T T T T T T T T T T T T
100 200 300 400 500 600 700

Temperature (OC)

Figure 5. TGA analysis of PTT08]

2. Crystal structure and stereochemistry of PTT

The crystal structure and stereochemistry of PTT were studied extensively by different
groups? 2 30, 31, 32 As mentioned earlier, PTT is also abbreviated as 3GT where the
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crystalline PTT has gauche and trans conformations. The chain conformation of the PTT fiber
changes reversibly between two forms when the fiber is strained. This can be followed by
using the techniques of X-ray diffraction. In the unstrained form the methylene section of
the PTT chain has the conformation of gauche-trans-gauche; upon straining this conformation
changes to trans-trans-trans (Hall and Pass, 1976)1%81.

The crystal structure and unit cell dimensions using the techniques of X-ray diffraction were
reported by I J. Desborough et al. (1979)1%], PTT was melt spun at 270 °C, followed by cold
drawn PTT fibers at a draw ratio of 4:1 and then annealed at 185 °C for 2 hrs. X-ray
diffraction photographs were taken using Ni filtered CuKo radiation with camera of the
type as described by A. Elliot (1965)34. A highly monochromatic beam of X-ray of 40 pm
with short exposure time was applied. The X-ray diffraction photograph in Fig. 6 shows
meridional reflections and low lines parallel to the meridian suggesting that the unit cell is
monoclinic but a careful analysis reveals that the row lines are not exactly parallel to the
meridian but are inclined to a small angle. The meridional reflections are not truly
meridional but consist of two overlapping reflections. Each of them is slightly displaced to
either side of the meridian and the absence of layer line leads to the suggestion that the unit
cell is triclinic. Later on, this suggestion was further supported by R. M. Ho et al. (2000)!
and J. Yang et al. (2001)11,

s b,
/4

Figure 6. Diffraction patterns of PTT fibre drawn so as to reduce the tilt (Tilted crystal orientation refers
to the position in which the unit cell is tilted away from its usual orientation as compared to the
situation where chain and fiber axes coincident.).33!

Study by I. J. Desborough et al. (1979) shows that a comparison between the density
calculated from the unit cell dimensions with the theoretical values from literatures; points
to the existence of two monomers per unit cell and there is one molecular chain with two
monomers per crystallographic repeat as suggested in Fig. 7. Based on these assumptions
and using studies by Perez and Brissel®» % 3l as a guide they calculated the bond lengths and
bond angles as shown in Table 5.
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Figure 7. Crystallographic repeat of PTT fiber based on the X-ray studies carried out by I. J.
Desborough et al. (1979)123

Bond Length (A) Angle (degree)
Co-C1 1.39 o 120
Ci1-Cs 1.39 o2 120
C-Cs 1.39 o3 120
Hi-C 1.07 o4 120
Ha-C2 1.07 o5 125
Cs-Cs 1.48 o6 113
01-C4 1.21 o 122
02-Ca 1.34 o8 116
C5-O2 1.44 o9 106
Hs-Cs 1.03 010 113
Ce-Cs 1.54

Table 5. Values of bond length and bond angle of PTT fiber as calculated by I. J. Desborough et al.
(1979)131

alpha=97.5¢
beta=92.1°
gamma=110°

a=0.463nm b=0.612nm

Figure 8. Atomic positions of melt-spun PTT chains with triclinic crystal unit cell determined by
WAXD by B. Wang et al. (2001401,
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The length ratio between c-axis of the unit cell and the extended chain length of PTT is found
to be about 75% indicating a big zigzag conformation along the c-axis, which has been
suggested as the high deformability in crystals when drawn, and this explains why slight
deviation in unit cell dimensions are usually observed by different groups. This also accounts
for the enhanced tendency of PTT to form fibers when compared to other polyesters, which is
evidenced by the exceptional use of PTT as fibers for different applications like sports wear.
All these studies by different groups lead us to the conclusion that the unit cell of PTT is
triclinic with two monomer units per unit cell, and the unit cell of the PTT crystal varies
slightly based on the preparative conditions of PTT. We summarize the preparative conditions
of PTT and the corresponding lattice constants of the triclinic unit cell in Table 6.

Preparative Lattice constants Characterizati Reference
conditions a(nm) |b(nm)fc(@mm)ja(®) [B(C) [Y(°) |on technique
melt spun at 270
°C, followed by
cold drawn at a electron LJ.

. 4.5 6.2 183 |98 90 111 . . Desborough
draw ratio of 4:1 diffraction L (1979
and then annealed etal.( )
at 185 °C for 2 hrs
Melt 60 |e22 |1836 |o7s  |oo2 [1113 |Tectron L H. Hall etal.
polymerization diffraction (1984)121,
Confined thin film
melt Electron
polymerization diffraction
(CTEMP) at 453 615 |18.61 |97 92 |11  |CERIUS {égggilet al.
temperatures simulation '
between 150-220 program.
°C
Bulk . J. Yang et al.
polymerization 4.57 6.41 |18.65 |98.57 (9145 |112.2 |WAXD (2001)51,
(180 °C and 72h)
Polycondensation
reactionbetween | o3 1o 15 1186 |o75 |21 110 [WAXD B. Wang et al.
terephthalic acid (2001)t01
and propane diol

Table 6. The preparative conditions of PTT and the corresponding lattice constants of the triclinic unit
cell.

3. Infrared spectroscopic analysis of PTT

FTIR spectroscopy can be used as a tool to study the crystalline and amorphous fractionsi**
45 46,47, 481 of PTT. The absorption bands of IR between 1750-800 cm is helpful to estimate the
fraction of the crystalline phase of PTT samples. The assignment of the absorption bands in
this region for PTT was proposed by M. Yamen et al. (2008) (Ref. Table 7).l
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Wavenumber (cm?)

Amorphous phase Crystalline phase Assignment
1710 (very strong) 1710 (very strong) C=0 stretch
1610 (strong) 1610 (strong) aromatic
1577 (weak) - --
1504 (medium) 1504 (medium) aromatic
1467 (medium) 1465 (medium) Gauche CH>
1456 (medium) -- Trans CH>
1400 (medium) -- aromatic

1385 (medium)

Trans CHz wagging

Gauche CHz wagging ( both

1358 crystalline and amorphous)
1173 (weak) --
1037 (shoulder) 1043 (shoulder C-O stretching
1019 (medium) 1024 (medium)
976 (weak) -- C-O stretching
948 (weak) 948 (medium)
937 (weak) 937 (weak)
933 (shoulder) 933 (shoulder) CH: rocking (both crystalline and

amorphous)

Table 7. Wavenumbers and assignments of IR band exhibit by PTT as proposed by M. Yamen et al.

(2008) 1481

729 cm™

J |937em®

Absorbance

1017 em™

T
1000

T T T
1500 2000

T T T T T
2500 3000 3500

W ave number (cm™)

Figure 9. FTIR analysis of PTT crystallized at 200 °C for 40 min.!18]
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Amorphous Crystalline Assignment
1708 (very strong) 1708 (very strong) C=0 stretch
1578 (weak) -- --
1505 (medium) 1504 (medium) aromatic
1464 (medium) 1465 (medium) Gauche CHz
1408 (medium) - aromatic
1389 (medium) - Trans CH2 wagging
1358 Gauche CH2 wagging ( both crystalline and
amorphous)
1040 (shoulder) 1043 (shoulder C-O stretching
1017 (medium) 1024 (medium)
976 (weak) - C-O stretching
948 (weak) 948 (medium)
937 (weak) 937 (weak)
933 (shoulder) 933 (shoulder) acnil;r:ﬁgg (both crystalline and
918 (shoulder) -- amorphous

Table 8. Peak assignment of PTT crystallized at 200 °C for 40 min[!sl.

The FTIR spectroscopy studies on PTT (ref. Fig. 9) subjected to isothermal crystallization for
40 min at 200 °C, shows the following result. The area ratio of the absorption band
(Ausss/A1s04), which is assigned to the % of gauche conformation, is calculated to be 1.39 while
the ratio (Avrs/Auso4), which denotes the trans conformation of the methylene groups is found
to be 0.28, indicating reasonable amount of crystallinity in the sample (refer Table 8). The
crystallinity estimated by DSC analysis after isothermal crystallization at 200 °C for 40 min
shows a value of 40.8%.

4. Kinetics of isothermal crystallization of PTT

The overall rate of isothermal crystallization of PTT (semi-crystalline polymer) can be
monitored by thermal analysis through the evolution of heat of crystallization by DSC as
depicted in Fig. 10. The sample is isothermally crystallized at preselected Tc until complete
crystallization. Half time of crystallization (fos) for the polymer is estimated from the area of
the exotherm at Tc = const, where it is the time taken for 50 % of the crystallinity of the
crystallizable component to develop. The rate of crystallization of PTT can be easily
characterized by the experimentally determined reciprocal half time,(tos).
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Figure 10. Schematic diagram for DSC trace of PTT during isothermal crystallization at preselected
crystallization temperature.

The crystallization kinetics in polymers under isothermal conditions can be best explained
using the equation developed by Avrami and later modified by Tobin. The equation
proposed by Tobin is considered as a simplification of the calculations.

X(t)=1-exp| -KY"(t - tO)T 3)

Where X(t) is the normalized crystallinity given as the ratio of degree of crystallinity at time
t and the final degree of crystallinity, fo is the induction period which is determined
experimentally and defined as the time where deviations from baseline can be monitored
(min), Ka is the overall rate constant of crystallization (min™), and n the Avrami
exponent.

Thus a plot of Ig[-In(1-X)] against Ig(t-to) gives a straight line, the slope of which gives the
Avrami exponent ‘n’ and the y intercept gives the rate constant ‘Ka’. The values of Ka and n
are indicative of the crystallization mechanism. PTT with Mw = 22,500 g mol! and PI = 2.5
was subjected to isothermal crystallization at 205 °C for 65 min. The corresponding Avrami
plot is illustrated in Fig. 11 with Kan = 0.07 min™ and n = 3.9.

A comparison of our results with that of P. -D. Hong et al. (2002)15% shows a clear difference
in the Avrami exponent and rate constant which can be explained on the basis of the
differences in molecular weights of the two samples and also on the basis of the rate of
cooling applied.

J. M. Huang and F. C. Chang (2000)* reported the work of chain folding for PTT as 4.8
kcal mol'. P.-D. Hong et al. (2000)1°" studied the isothermal crystallization kinetics of PTT.
DSC analyses were done by melting the samples at 553 K for 5 min and then rapidly
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cooling with a rate at 200 °C min? to an ambient crystallization temperature. For the
isothermal cold crystallization, the samples were melted at 553 K and then rapidly cooled
to low temperatures using liquid nitrogen so as to get a completely amorphous sample.
Avrami model can be adopted to describe primary stage of isothermal crystallization from
the melt and glass states adequately. Impingement of the PTT spherulites during the
secondary state of the crystallization leads to the deviation from the Avrami model. The
values for Avrami parameters as observed by P. -D. Hong et al. (2002) is given in Table
9.

0.8 T T T
® Experimental value

06
—Real experimental regression

04

0.2

log[-In(1-X)]

-0.2

0.4 1 1 1 1 1
1 1.1 1.2 1.3 1.4 1.5 1.6

log(t-to)

Figure 11. Avrami plot for PTT after isothermal crystallization at Tc of 205 °C.['8] Black curve represents
the regression curve after Eq. (3). (12 =0.9967)

Melt Crystallization Cold Crystallization
T (K) Kal" (min) n T (K) Kal" (min') n
443 7.9 2.3 328 5.01 X10° 5.0
448 6.41 2.7 333 2.18 4.9
453 3.67 2.6 338 12.56 4.9
458 1.53 2.9 343 45.03 5.2
463 0.43 3.0 - - -
468 0.24 3.0 - - -
473 9.96 X108 2.9 - - -
478 1.1X10°3 29 -- - -
483 5.75 X 10¢ 3.2 - - -

Table 9. Values of Avrami parameters, Ka/» and n, for crystallized PTT as presented by P. -D. Hong et
al. (2002)01
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The Avrami exponent values vary between 2 to 3 corresponding to different Tcs indicating a
mixed nucleation and growth mechanism, while the Avrami exponent values of 5
corresponds to a solid sheaf like growth and athermal nucleation for cold crystallization.
They reported that the regime I-II and regime II-III transition occurs at temperatures of 488
and 468 K, respectively. The crystallite morphologies of PTT from the melt and cold
crystallizations exhibit typical negative spherulite and sheaf-like crystallite, respectively.
The regime I-II-III transition is accompanied by morphological change from axialite-like or
elliptical-shaped crystallite to banded spherulite and then non-banded spherulite. This is
interesting to compare the Avrami exponents and the rate constants after Avrami model for
isothermal crystallization kinetics of PET, PBT and PTT5! (ref Table 10). At Tc = const, the
rate constant (Kal") of PBT > PTT > PET.

PET (Mw = 84,500 g mol') PTT (Mw="78,100 g mol) PBT (Mw =71,500 g mol)
Tc Tos Kavn Kavn » Tos Katn Kaln N tos Kalm Kaln N
(°C) | (min) | (min™) n (min™) ! (min) | (min') n (min') 4 (min) | (min') " (min) 4

184 | 1.31 | 0.630 | 1.87 | 0.628 [0.9999 | 0.58 | 1.44 |2.03 | 1.46 [0.9994| 0.30 | 2.83 | 2.11 | 2.86 | 0.9996
186 | 1.39 | 0.597 | 2.00 | 0.603 [0.9995| 0.64 | 1.26 | 1.75| 1.27 [0.9998| 0.38 | 2.21 | 215 | 2.24 | 0.9996
188 | 1.45 | 0.557 | 1.73 | 0.562 [0.9993| 0.72 | 1.15 [ 1.98 | 1.16 [0.9998| 0.40 | 2.13 | 2.24 | 2.14 | 0.9997
190 | 1.45 | 0.582 | 2.17 | 0.590 [0.9999 | 0.90 | 0.934 | 2.12 | 0.940 [0.9999| 0.53 | 1.58 | 2.05 | 1.60 | 0.9996
192 | 1.49 | 0.538 | 1.67 | 0.544 [0.9988 | 1.05 | 0.791 | 1.96 | 0.792 [0.9999 | 0.53 | 1.55 | 1.80 | 1.57 | 0.9994
194 | 1.56 | 0.518 | 1.74 | 0.522 [0.9994 | 1.35 | 0.621 | 2.03 | 0.626 [0.9998 | 0.78 | 1.07 | 2.01 | 1.08 | 0.9995
196 | 1.72 | 0.478 | 1.87 | 0.487 [0.9990 | 1.57 | 0.544 | 2.29 | 0.549 [0.9998 | 0.88 | 0.911 | 1.65 | 0.920 | 0.9993
198 | 1.98 | 0.410 | 1.74 | 0.414 [0.9988 | 2.16 | 0.386 | 2.00 | 0.387 [0.9999 | 1.27 | 0.631 | 1.63 | 0.636 | 0.9993
200 | 2.26 | 0.352 | 1.59 | 0.355 |0.9990| 2.97 | 0.289 | 2.40 | 0.294 | 0.9992| 1.53 | 0.542 | 1.95 | 0.547 | 0.9995
202 | 257 | 0.326 | 2.05 | 0.330 |0.9997| 3.69 | 0.228 | 2.12 | 0.228 | 0.9996 | 2.66 | 0.308 | 1.82 | 0.312 | 0.9992
204 | 2.84 | 0.288 | 1.83 | 0.302 |0.9967| 4.95 | 0.172 | 2.27 | 0.172 | 0.9996 | 3.65 | 0.219 | 1.63 | 0.219 | 0.9970
205 | 297 | 0.275 | 1.82 | 0.276 |0.9997| 5.93 | 0.145 | 2.39 | 0.147 | 0.9993
206 | 298 | 0.276 | 1.86 | 0.282 |0.9972| 6.61 | 0.129 | 2.24 | 0.129 |0.9998 | 4.76 | 0.169 | 1.66 | 0.170 | 0.9912
207 | 3.29 | 0.249 | 1.84 | 0.249 | 0.9998
208 | 3.99 | 0.207 | 1.91 | 0.210 |0.9980| 7.60 | 0.113 | 2.39 | 0.114 | 0.9989| 7.46 | 0.110 | 1.85 | 0.113 | 0.9971
215 | 471 | 0.176 | 1.97 | 0.173 | 0.9991
220 | 10.2 | 0.082 | 2.05 | 0.082 |0.9992

Table 10. The Avrami exponents and the rate constants after Avrami model for isothermal
crystallization kinetics of PET, PBT and PTTI5!.

5. Radial growth rate of PTT spherulite:

The growth rate of PTT spherulites can be determined by using polarized optical
microscopy. During isothermal crystallization, micrographs are captured at suitable time
intervals. The increase of spherulite radii is strictly linear with time for all cases. The radial
growth rate of the PTT spherulite is shown in Fig. 12%. The radial growth rate of the PTT
spherulite decreases exponentially with increasing isothermal crystallization temperature
from 436 to 494 K.
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Figure 12. Plot of radial growth rate of PTT spherulites as a function of Tc as discussed in P.-D. Hong et
al. (2002)(501

6. Melting temperature and equilibrium melting temperature of PTT

In contrast to low-molecular substances, melting and crystallization of polymers cannot be
observed in equilibrium. This is because the crystallization is extremely low near and below
the T, for the polymer due to the crystal nucleation is greatly inhibited at the proximity of
T . The rate of crystallization for semi-crystalline polymer is nucleation rather than
diffusion controlled near to T, . Hence, crystallization of a polymer can only proceed in a
temperature below T, . Quantity T of a polymer can be determined experimentally by
step-wise annealing procedure after Hoffman-WeeksP2. Under this procedure,
crystallization and melting of polymers proceed under non-equilibrium conditions but near
to equilibrium. The sample is isothermally crystallized in a range of crystallization
temperatures (Tc). Half time of crystallization (tos) for the polymer is determined as
described in previous section. Subsequently, the sample is allowed to crystallize again at the
same range of Tcs for equivalent period of time until complete crystallization and the
corresponding Tms are obtained from the peak of the endotherms from the DSC traces. The
Hoffman-Weeks theory® facilitates calculating the equilibrium melting temperature values
for polymers from the crystallization temperature. The equation is written as

T :1Tc+(1+1]T§1 (4)
Y Y

Where Tm and T°m are the experimental and equilibrium melting temperatures, while y is a
proportional factor between the initial thickness of a chain fold lamella and final thickness.
T°m can be obtained by the extrapolation with the Tm= T linear curve. Quantity T°m for PTT
is 229 oCl8], which is comparable to the reported values of T°m at 228 — 232 °C in other
studiesl®”, 5154, except W. T. Chung et al. (2000)(3] suggests the T°m for PTT is 252 °C.
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P.-D. Hong et al. (2002)15% evaluated the melting behavior of PTT (Figs. 13 and 14) at
different heating rates using DSC and WAXD. Generally, multiple melting peaks are related

to various reasons for example:

1. Formation of various crystal structures or dual lamellar stacking during the primary

crystallization.

2. Secondary crystallization and recrystallization or reorganization during the heating.
3. Reorganisation of the metastable crystals formed during heating resulting in crystal

perfection and/or crystal thickening.

4. Multiple melting peaks are observed when the polymer exhibits polymorphism like

nylon 6, 6 and isotactic poly(propylene) (i-PP).

Secondary crystallization can be identified from the deviation of the Avrami plot at the

nonlinear stage where the spherulites impinge with each other. WAXD results by P.-D.
Hong et al. (2002)5 show that there is no shift in the 20 values indicating that the unit cell of
PTT does not change, ruling out the possibility of polymorphism and the formation of

multiple peaks is explained by the presence of two populations of lamellar stacks, which are

formed during the primary crystallization. This can be associated with the lamellar

branching effect for the growth of spherulites. This explanation is further supported by their

optical microscopy studies.
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Figure 13. (a) WAXD pattern (b) DSC trace for completely amorphous PTT. (c) Evaluation of WAXD

pattern as a function of Tc as observed by P.-D. Hong et al.[30]
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Figure 14. (a) DSC traces of PTT at various Tcs (heating rate 10 °C min) (b) DSC heating traces of PTT
crystallized at 468 K at various heating rates.[>"]

7. Morphological structures of PTT

PTT has the unique property of forming banded spherulites and are commonly considered
as arising due to chain tilting in the lamellar crystals. The banded structure formation in PTT
has been discussed in detail by different groups. A close analysis of the optical images
shows that the formation of banded structure (c.f. Fig. 15)® is dependent on the isothermal
crystallization temperature and as the isothermal crystallization temperature increases from
210 to 215 °C, the banded structure disappears.

Figure 15. Optical images of PTT at (a) 210 °C, (b) 215 °C and 220°C as observed by P. -D. Hong et al.
(2002)1501 (all the images at a scale of 50 um).
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Figure 16. AFM images of the banded spherulites in PTT (a) a regular spherulite (b) a spherulite with a
band started at the primary nucleation site and (c) spherulite with band defects along the radial
direction.[40]

Studies by R. M. Ho et al. (2000)*! point towards lamellar twisting as the reason for the
formation of banded spherulites in PTT. AFM images for banded spherulite structure of PTT
are shown in Fig. 16 (as observed by B. Wang et al. (2001)4%)) for PTT with Mn of 28,000 g
mol"! and polydispersity of 2.5 synthesized by polyesterification of terephthalic acid and 1,
3-propanediol, and thin films were cast using 0.2 - 1% (w/w) phenol/1,1,2,2-
tetrachloroethane. The films were heated to 30 °C above the melting point and then were
rapidly cooled to the required T. and then quenched in liquid nitrogen followed by
observation under polarized light. Thin film samples with free surface, where the
unrestricted lamellae develop a wave-like morphology. The twisting mechanism is
evidenced by the observation of wave-like morphology from polarized optical microscope,
which confirms the fact that banded spherulite formation is attributed to lamellar twisting
along the radius. Schematic representation of the twisting mechanism as proposed by R. M.
Ho et al. (2000)5! is shown in Fig. 17. Extinction takes place when the direction of rotation
axis is parallel to the transmitted light of polarized optical microscope.

(b)

Figure 17. Schematic representation of (a) the lamellar geometry of PTT single crystal and (b) the
twisting mechanism of the intralamellar model in PTT, as proposed by R. M. Ho et al. (2000)35!
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The shallow C-shaped and S-shaped textures observed in the crest regions as revealed by
the TEM images confirm the works of A. Lustiger et al.® and R. M. Ho et al. (2000)&3!
speculates that C-shapes and S- shapes are due to thickness limitation of thin film sections
so as to form incomplete helical rotations. This helical conformation accounts for the lower
modulus of PTT as compared to PET.

8. Mechanical properties

Dynamic mechanical analysis (DMA) of PTT (ref. Fig. 18) shows high low-temperature
(roughly from 30 to 45 °C) modulus of 2.2510° Pa. A drastic decrease in the
storage modulus (E') indicates the Ts of PTT is between 50-60 °C which is in agreement with
the Ty estimated using DSC at 50.4 °Cl'8l. A detailed analysis shows that the mechanical
properties of PTT is in between those of PET and PBT, with an outstanding elastic
recovery which is assumed to be due to its helical structure, as discussed in detail in earlier
portions. A comparison of the mechanical properties of PET, PBT and PTT is given in
Table 11.
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Figure 18. DMA results of PTTUSI.
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Flexural Tensile Eloneation Notched
Polymer modulus strength at bregak %) impact Ref
(GPa) (MPa) ’ strength (J/m™)

Melt-spun
PTT -- 7 57
Hot-press
PTT 2.76 59.3 - 48 25
PET 3.11 61.7 - 37 25
PBT 2.34 56.5 - 53 25

Table 11. Mechanical properties of PET, PTT, PBT

9. PTT-based blends

PTT suffers low heat distortion temperature 59 °C (at 1.8 MPa)?%l, low melt viscosity of 200
Pa's (at 260 °C at a shear rate of 200 s7)?! , poor optical properties, and pronounced
britilleness at low temperatures. Enhancement of properties for PTT can be achieved by
changing the maromolecular architecture and/or be extended by blending with existing
polymers. Polymer blends allow combining the useful properties of different parent
polymers to be done through physical rather than chemical means. It is a quick and
economical alternative as well as a popular industrial practice as compared to direct
synthesis in producing specialized polymer systems.

Table 12 summarizes selected PTT/elastomer, and PTT/thermoplastic blends followed by the
reason(s) for the blending. The purpose for the blending in these cases points toward two
directions: i) toughening the matrix of second component with dispersed phase of PTT and
ii) increase the strength of PTT matrix with dispersed phase of the second component.

Blends Reason(s) for blending Ref.

PTT/elastomer blends

PTT/ABS ABS' i? associat'ed v?fith good processability, dimensional 57
stability, and high impact strength at lower temperatures.

PTT/EPDM Improve the toughness of the thermoplastic 58

PTT/PEO Improve the thermal stability 59

PTT/thermoplastic bends

PTT/PC Improve the heat distortion temperature and modify the brittle 60, 62
nature of PTT.

PTT/PEI Improve the optical properties and mechanical properties 61, 65

PTT/PBT Improve the miscibility of the blends 66

Table 12. PTT-based blends

M. L. Xue et al. (2007)557 studied the PTT/ABS blend system in detail. Blends were prepared
in a 35-mm twin screw extruder at the barrel temperature between 245-255 °C at a screw
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speed of 144 rpm. Two separate Tgs in the DSC thermogram indicate that the blends are
phase separated in the molten state. First glass transitions is observed at lower temperatures
between 4046 °C, which is attributed to the Ty of the PTT amorphous phase, while the
second glass transitions at higher temperatures between 100-103 °C is attributed to the SAN
phase. Increasing the ABS content causes an increase in T of the PTT phase, whereas the T
of the ABS phase decreases with the addition of PTT indicating that PTT is partially miscible
with ABS and miscibility can be improved with the addition of ABS content. Decrease in Tm
of the PTT phase (226 °C to 224 °C) indicates that the solubility of ABS in PTT phase slightly
increases with ascending ABS content. Epoxy resin and SBM (styrene-butadiene-maleic
anhydride copolymer) were used as compatibilizer. As the epoxy content is increased from 1
to 3 wt% the cold crystallization temperature (Te) of PTT shifts to higher temperatures while
for 5 wt% of epoxy content, a decrease in Tcc of the PTT is observed. PTT/ABS blends with 3
wt% of SBM shows a similar effect to that of 1 wt % epoxy system, indicating the
compatibilization of SBM to PTT/ABS blends.

Studies®® show that PTT/EPDM blends are immiscible, which is supported by an increase in
the free volume and decrease in crystallinity of PTT with increasing EPDM content and the
use of ethylene propylene monomer grafted maleic anhydride as compatibilizer is found to
produce significant improvement in properties by modifying the interface of the blends.

M. L. Xue et al. (2003)(] studied the PTT/PC blend systems, which form a partially miscible
pair, has a negative effect on the mechanical properties. Thereby they used epoxy containing
polymer as the compatibilizer of the blends. The possibility of cross-linking reactions
strengthens the interface of the blends and results in the improvement of properties.
Miscibility studies using DSC on PTT/PC blends with 2.7 wt% of epoxy shows that the Tg of
the PTT rich phase increases from ~50 to ~60 °C with increasing PC content and further
addition of epoxy to the blends causes the decrease in the Tg of the PTT rich phase. DMA
shows that the addition of epoxy to the blends causes a significant increase in the Ty of the
PTT rich phase from around 70 to 90 °C while the T of the PC rich phase decreases from
around 130 to around 110 °C. Morphological studies using SEM and TEM show that the
addition of epoxy modifies the interface dramatically.

J. M. Huang et al. (2002)! studied the miscibility and melting characteristics of PTT/PEI
blend systems. DSC studies show that the miscible blends show single and compositional-
dependent Ty over the entire composition range. The Young’'s modulus decreases
continuously from around 3,200 MPa for pure PEI to around 2,200 MPa for pure PTT. The
addition of PEI affects the crystallinity of PTT (decreases from around 27 % for neat PTT to
around 3 % for 25 wt% blend), but the mechanism of crystal growth is seen to be unaffected.
The blends shows a synergistic behavior in modulus of elasticity (which is attributed to a
decrease in specific volume upon blending). Additionally synergism is observed in the yield
stress of PEI rich blends, and ductile nature.

P. Krutphun et al. (2008)! studied the miscibility, crystallization and optical properties of
PTT/PBT blends. The presence of a single and compositional dependant Ty by using DSC
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indicates miscibility of the blends in the molten state. Fitting the experimental Ty results
with Gorden-Taylor equation shows a fitting parameter of 1.37 indicating the miscibility.
The crystallinity of PTT decreases with the addition of PBT and the banded spherulite
structure of PTT becomes more open as the amount of PBT in the blends is increased.

10. PTT composites and nanocomposites

Table 13 summarizes selected PTT-based micro and nanocomposites and the reason(s)
behind the preparation of the composites.

PTT composites Reason(s) for the preparation of composites Ref.

PTT composites

PTT/chopped Improvement of the thermo-mechanical properties

7
glass fiber (CGF) 2. Improvement in tensile strength, impact strength and 6
flexural strength.

PTT/short glass

fiber (SFG) Improvement of the crystallinity of PTT 68
PTT nanocomposites
PTT/clay Improvement of thermal and mechanical properties by 9

nanocomposites addition of small amount of filler.

PTT/multi-wall
carbon nanotube Improvement of mechanical properties 70
(MWCNT)

Table 13. PTT based composites and nanocomposites

Recently, A. K. Mohanty et al.l/] studied the properties of bio-based PTT/chopped glass
fibre composites (CGF). Glass fibre modified with PP-¢-MA was used for the study.
PTT/CGF composites with varying amounts of CGF (0, 15, 30 and 40 wt%) were prepared
by using twin screw extruder at temperature of 230-245 °C and at the screw speed of 100
rpm. The composite pellets obtained were subjected to injection moulding at the barrel
temperature of 235 °C and mould temperature at 35 °C. With the addition of CGF, the
tensile strength of the bio-based PTT increases from around 50 MPa to around 110 MPa
(for composites with 40 wt% of CGF). The flexural strength also increases from around 80
MPa (PTT) to around 150 MPa (PTT/40 wt% CGF). Composites with 40 wt% CGF shows
very high HDT (heat distortion temperature) at around 220 °C. The impact strength shows
an increase from 30 J m? for PTT to around 90 ] m! for the PTT/CGF. Morphological
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analysis of the tensile fractured samples indicates good dispersion of the CGF in the
matrix of PTT. Thus, all these results lead to the conclusion that the PP-g-MA acts as a
coupling agent improving the interfacial adhesion between the CGF and the PTT. The
thermo-mechanical properties shown by the composites indicate that they can be
promising materials for future automobiles and building products, and can be used as a
replacement for the currently used glass-nylon composites materials.

Studies by M. Run et al. (2010)[%81 on PTT/short glass fibers (SGF) composites show that the
SGF acts as nucleating agents, which significantly accelerates the crystallization rate of PTT.
The DSC results obtained for the increase in rate of crystallization were further confirmed
by the WAXD experiments.

PTT based nanocomposites have been studied extensively by different groups. M. T. Run et
al. (2007)"1 investigated the rheology, meling behavior, and crystallization of PTT/nano
CaCOs composites and shows that the presence of nano CaCO:s increases the crystallization
rate of PTT. Further studies by M. Run et al. (2010)/®! adding short carbon fbres to PTT also
lead to the same conclusions, where the rate of crystllization of PTT acceleates with addition
of SGF.

Study by Z. J. Liu et al. (2003)!*I shows that nano-size clay layers act as nucleating agents
to accelerate the crystallization of PTT, and an increase in Tz and modulus PTT/clay (98/02
parts by weight) nanocomposites were prepared by melt intercalation using a co-rotating
twin screw extruder with a screw diameter of 35 mm and L/D of 48 at abarrel temperature
of 230235 °C and screw speed of 140 rpm. The clay used in the present study is an
organic modified clay. The organo-modifier is methyl tallow bis(2-hydroxyethyl)
ammonium, and DK2 (organo-clay) has the cation exchange capacity of 120 meq/100 g.
Isothermal crystallization studies using the Avrami equation show that the Avrami
exponent (1) increases from 2.52 to 2.58 as the T. of the nanocomposite increases from 196
to 212 °C while the Ka decreases from 3.63 to 0.01 min?'. XRD analysis of the organo-
modified clay shows a strong diffraction peak at 26 = 4.10° corresponding to the (001)
plane. This shows exfoliation of the clay in the PTT matrix and the TEM images also
confirms this. DMA studies show that the Tg shifts from~60 °C for neat PTT to ~80 °C for
the PTT/clay nanocomposites. Similarly a ten fold increase in E’ values is also observed
which is explained on the basis of improvement in crystallization capacity of the PTT
matrix.

After the discovery of carbon nanotube (CNT) by [jima (1991)2], extensive works have been
devoted in extracting the optimum properties of the carbon nanotubes. C. S. Wu (2009)70!
studied PTT/MWCNT composites. The hydroxyl functionalized CNT behaves as anchoring
sites for the PTT grafted with acrylic acid (c.f. Scheme 1). The functionalization of MWCNT
improves the compatibility and dispersibility of the MWCNT in the matrix of PTT. The
thermal and mechanical properties (c.f. Tables 14 and 15) show a dramatic increase leading
to the conclusion that functionalized MWCNT can be used for preparing high performance
PTT nanocomposites.



44 Polyester
Oy =Y Oty ™ '_4_ + - o CHr )
4 < 0 17
Yy
DMT 13-PDO PTT PTT.COOH
¢ a ®s . Pl Sn(C-HECOO) grafling
o L]
e 0¥ 4 o —
05.9,9 e as’, . Condensate polymerization AA
° o" o ¢ 00 ®  reflununderN: BPO HOOC—6
’ upe 190-230°C+ 24h
; ) 5-COC MWN
MWNTs MWNTs—COOH MWNTs-~COCl WNTs
)
“
HESOLHND x WO CHi 1, 0R 'l
———; HO s O
50-60 /40 min Y 14

COOH

blends

OH

Shaln

220-230°C

Scheme 1. The synthesis and modification of PTT and MWCNT and the procedure to prepare the
blends as proposed by C. S. Wu (2009)[70]

MWCNT or PTT/MWCNT PTT-g-AA/MWCNT-OH
MWCNT-
OH (Wt%) IDT (°C) Ts (°C) Tm (°C) IDT (°C) Tg(°C) Tm (°C)
0.0 379 49.2 219.1 362 45.1 218.2
0.5 392 52.5 2179 420 55.3 2159
1.0 410 53.9 216.5 451 58.9 213.8
15 415 51.8 217.1 459 54.8 214.8
2.0 421 50.5 217.8 466 52.9 215.6
Table 14. Thermal properties of PTT/MWCNT and PTT-g-AA/ MWCNT-OH as proposed by C. S. Wu
(2009)1701
PTT/MWCNT PTT-g-AA/MWCNT-OH
l\l/{r‘:\(,:g;rror Tensile El p Tensile - ”
- ongation ongation
OH (wt%) sﬁ;}it)h at break % M©ra) szﬁgit)h atbrodk %) MG
0.0 50.6+1.3 12.5+0.3 2.26+0.03 45.8+1.5 11.9+0.4 2.08+0.06
0.5 56.8+1.5 11.6+0.4 2.46+0.04 70.6+1.8 8.3+0.5 2.86+0.05
1.0 61.6+1.6 10.5+0.5 2.65+0.05 82.6+1.9 4.9+0.6 3.32+0.06
1.5 57.1£1.8 10.8+0.6 2.53+0.07 72.3+2.1 6.7+0.7 2.98+0.08
2.0 53.841.9 11.2+0.7 2.43+0.08 65.6+2.3 7.8+0.8 2.78+0.09

Table 15. Mechanical properties of PTT-g-AA/ MWCNT-OH as proposed by C. S. Wu (2009)(70!
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11. Conclusion

PTT has not attained much attention from the industrialists as well as from the
academician before 2000 due to high production cost of PTT. The discovery of relatively
cheap methods for the synthesis of propane diol by bioengineering route has reduced the
production cost of PTT markedly and expedites the commercialization process. PTT
crystal has triclinic unit cell, a big zigzag conformation along the c-axis which is suggested
as the attributing factor of high deformability of PTT. This accounts for its high tendency
to form fibers. The above discussion clearly points to the fact that PTT possesses
comparable properties of polyesters and nylons. Properties of PTT can be regulated easily
by adding a second component (e.g. another polymer and/or filler) into it. PTT is used in
apparel, upholstery, specialty resins, and other applications in which properties such as
softness, comfort stretch and recovery, dyeability, and easy care are desired. The
properties of PTT surpass nylon and PET in fiber applications, PBT and PET in resin
applications such as sealable closures, connectors, extrusion coatings, and blister packs,
moreover the ability of PTT to be recycled without sacrificing the properties makes it a
potential candidate for future engineering applications.
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