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ABSTRACT: Post-extrusion solid-state polymerization (SSP)
of a commercial fully drawn filament yarn (FDY) of poly(ethyl-
ene terephthalate) was carried out at 220°C, 230°C, and 240°C
for a duration of 30 min to 2 h under inert atmosphere. Molecu-
lar weight of the solid-state polymerized polyester filaments
was increased from 1.67 x 10" gm/mol to a maximum of 2.61
x 10* gm/mole for the sample subjected to 240°C for 2 h. The
kinetics of the SSP in the highly oriented crystalline FDY poly-
ester filaments was investigated using an empirical relation be-
tween initial molecular weight and time of SSP and was found
to be greatly enhanced, compared to amorphous unoriented

polyester chips. Though the free annealing (i.e., under no ten-
sion) of samples at high temperature during solid-state poly-
merization had a detrimental effect on the orientation of the
FDY yarn, the simultaneous increase in the molecular weight
compensated the loss in mechanical properties to a great extent.
Application of tension during SSP was found to improve the
mechanical properties of the SSP yarn by a small value. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 102: 5113-5122, 2006
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INTRODUCTION

It is well known that many properties of polymeric
material can be improved with an increase in molec-
ular weight and one of the routes to high molecular
weight is through solid-state polymerization (SSP).
SSP is a viable process for step-growth polymers such
as nylons and polyesters.'

Solid-state polymerization is carried out by heat-
ing the solid, low-molecular-weight PET below its
crystalline melting point but above its glass transition
temperature. The process is carried out at approxi-
mately 200-240°C. Under these conditions, polymer
end groups are sufficiently mobilized for the reaction
to take place. The main polycondensation reaction is
an equilibrium reaction; therefore, the by-product
ethylene glycol must be removed in order to make
the reaction go forward. The reaction by-product is
removed by allowing a flow of inert gas or by main-
taining reduced pressure.

For the synthesis of high-molecular-weight PET,
solid-state polymerization is an important industrial
process which has wide application for soft-drink and
beverage bottles, tire cord filaments, and industrial
fibers. For each of the applications mentioned above,
a certain average molecular weight is needed: [n]
= 0.60 — 0.70 for films destined for audio or video
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tapes, photographic films, food-packaging films, and
insulating material for capacitors; [n] = 0.40-0.70 for
synthetic fibers; [n] = 0.70-0.85 for carbonated soft-
drink bottles and carbonated alcoholic-drink bottles
(e.g., beer); and M, > 25,000 or [n] = 0.72-0.98 for
technical textile applications such as industrial tire
cords where high mechanical strength is needed.”

Solid-state polymerization in the form of chips or
powder, pre-extrusion SSP, is a common approach in
the production of high-molecular-weight polymers for
molded products. SSP may also be carried out after ini-
tial shaping operation has been accomplished (i.e., in
the form of a fiber or thin films). This is termed as post-
extrusion SSP. This process is still at the development
stage, but potentially offers several advantages over the
traditional pre-extrusion step. There is a limit to the mo-
lecular weight that can be achieved through pre-extru-
sion SSP. Also, the rate of reactions is slow. This is due
to the slow diffusion of the by-product, ethylene glycol,
in relatively larger particles, which makes the polycon-
densation reaction diffusion controlled in pre-extrusion
SSP.? The condensation product can be removed more
effectively in post-extrusion SSP because extruded geo-
metries such as fibers and films have at least one
dimension that is much smaller than chips.* This helps
in driving the reaction at a faster rate and to a higher
molecular weight than pre-extrusion SSP.

The second major concern associated with pre-
extrusion SSP is the subsequent processing of high-
molecular-weight polymers because they require high
pressure and can undergo thermo-mechanical degra-
dation, melt fracture, and filament breakage.
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TABLE I

Material Specification of Fully Drawn Polyester Yarn
Intrinsic viscosity (dL/gm) 0.61
Molecular weight (gm/mol) 1.67 x 10*
Linear density (denier) 50
No of filaments 48
Tenacity (gpd) 4.65
Elongation (%) 39.36
Birefringence 0.19
Melting point (°C) 249

Although several studies® have been reported on
the pre-extrusion SSP of polyester /nylon chips, only a
few attempts have been made to study and under-
stand the SSP of polyester/nylon in fiber/filament
form. Increase in intrinsic viscosity from 0.6 to 0.8 dL/
gm has been reported in a patent® on SSP of freshly
extruded filaments of 220/34 denier, which were re-
melted immediately to obtain high-molecular-weight
material. In another patent,™ fibers from a prepolymer
of PET having intrinsic viscosity of 0.25 dl/g were
compacted into porous pellets and solid-state poly-
merized to give intrinsic viscosity of 0.893 dL/g at
236°C in short reaction time. Recently,”** freshly ex-
truded thick monofilaments of nylon 6 and nylon 66
were solid-state polymerized to high molecular weight.
These studies indicate that SSP in filament form is an
interesting proposition, as very high molecular weights
may be obtained in relatively short reaction time as
compared to chips. The present study is an attempt to
investigate the kinetics of SSP in fully drawn (FDY)
polyester filament yarns. This study also aims at in-
vestigating the effect of SSP on the structure and prop-
erties of these fibers.
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EXPERIMENTAL SECTION
Materials

Fully drawn polyester yarns were obtained from
Modipon Fibers Company (Modinagar, U.P., India).
The detail of the FDY material is given in Table L

Solid-state polymerization of FDY PET

A schematic diagram of the apparatus used for
the solid-state polymerization of the FDY polyester is
shown in Figure 1. The setup consisted of a quartz fur-
nace of 100 cm length, wherein a polyester filament
bundle of length 40 cm, containing 200 x 48 filaments,
was placed inside the heated quartz tube. The sample
was held from the two sides with the help of a Kanthal
wire. One end was fixed, while to the other end tension
was applied by hanging a calculated weight to the wire,
which was placed over a pulley. The heating cycle with
multiple steps was controlled using a PID controller.

Nitrogen was used as an inert gas to carry away
the by-products formed during the condensation
reaction. The gas was preheated in a heat exchanger
placed immediately before the quartz furnace. The
temperature of the inert gas inside the furnace was
maintained with an accuracy of £1.5°C. The sample
was placed at the room temperature inside the fur-
nace and nitrogen flow rate of 3 I/min was main-
tained throughout the experiment. The heating cycle
used for the experiment is shown in Figure 2.

Characterization of filaments

All the filaments within the bundle were found to
have uniform properties after solid-state polymeriza-

Quartz Tube

bt

/
Heat
Exchanger

Figure 1 Schematic diagram of the apparatus used for the solid-state polymerization of FDY polyester.
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Figure 2 Time-temperature profile for solid-state poly-
merization of FDY PET at 240 °C for 2 h.

tion. The ends where the fiber was attached to the Kant-
hal wire were discarded while testing the samples.

Intrinsic viscosity

Intrinsic viscosity was determined by using an Ubbe-
lohde viscometer with phenol : tetrachloroethane 50 : 50
(V/V) mixture as a solvent at 25°C.

Molecular weight was determined using the Mark-
Houwink relation given by eq. (1).

n = kM, 1)

where 1 is the intrinsic viscosity, dL/g, M, is the
number average molecular weight, and values of k
=21 x10*dl g ' and o = 0.82 for the above condi-
tions were taken from the literature."

Density

Density measurement was carried out on a Deven-
port Density Gradient Column. The column was pre-
pared using n-heptane (with specific density of 0.682 g/
cc) and carbon tetrachloride (with specific density
1.595 g/cc). The mass fraction crystallinity (B) was cal-
culated using eq. (2).

~ pelp—pa)
B_Mm—m) @

where p,, p., and p are the densities of the amorphous,
crystalline, and given samples, respectively. The stand-
ard values were used for crystalline (p, = 1.455 gm/cc)
and amorphous (p, = 1.33 gm/cc) PET.

Wide-angle X-ray diffraction measurement

The yarn was cut into fine powder and compressed
into a small rectangular orifice in a glass holder of
the rotating stage of the Philips X-ray powder dif-
fractometer (). The sample was scanned at 2°C /min
for 26 in the reflection from 10° to 35°.
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Crystallinity

The Ferrow and Preston method® was used to eval-
uate the crystallinity. In this method, a radial scan of
the randomized sample and the amorphous sample
was done. The amorphous scattering curve was con-
structed below the scattering curve of the sample
after appropriate scaling.

[ $*1.(s) ds

©)

where s = 2 sinf/2, I.(s) is the intensity of crystalline
reflection, and I(s) is the intensity of total reflection.

Crystallite size

The radial diffraction scan of the powdered sample
was used for the measurement of the crystallite size.”
The half-width values of the (100), (—110), and (010)
reflections were measured and the crystallite size was
calculated using the Scherrer equation given by

eq. (4).

089
By cos Oy

4)
where A is the wavelength of the radiation, 6y is the
Braggs angle for the (hkl) plane, B(hkl) is the observed
half-width of the peak and ¢ is the thickness of the crys-
tallite perpendicular to (hkl) plane.

Birefringence

Birefringence was measured using a Leitz tilting com-
pensator and Leitz polarizing microscope (Wetzler,
Germany). The diameter of the sample was also mea-
sured simultaneously.

Sonic modulus

Sonic velocity through the yarn was measured on a
propagation meter PPM-5R (Norwood, MA) operated
at 5 kHz at the room temperature.

Thermal characteristics

A Perkin Elmer DSC-7 thermal analyzer (Norwalk,
CT) was used for the thermal characterization. Heat-
ing and cooling rate of 10°C/min was used in a
nitrogen gas environment.

Tensile properties

Tensile testing of the PET multifilament yarn
samples were carried out on a Statimat ME instru-
ment (Monchengladback, Germany).
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Figure 3 Effect of time and temperature of SSP on the
molecular weight of solid-state polymerized FDY PET fila-
ments: (A) 240°C; (H) 230°C; (@) 220°C.

RESULTS AND DISCUSSION
Kinetics of SSP in FDY polyester

The fully drawn polyester yarn samples were first
dried to ensure that the samples do not undergo hy-
drolysis. Both drying and solid-state polymerization
were carried out under nitrogen atmosphere. The
heated nitrogen gas was allowed to flow through the
tube so as to maintain inert atmosphere and to drive
away by-products of SSP, which diffuse out of the
sample. The drying time and nitrogen flow rate were
optimized by conducting initial experiments of SSP
at a predetermined temperature and for a fixed time.
A low value of tension of about 0.1 gpd was applied
to keep the filament bundle straight and simulate
nearly free annealing conditions.

The samples were polymerized at 220°C, 230°C,
and 240°C for different time intervals. Figure 3 shows
the change in molecular weight with time of polymer-
ization for all the three temperatures. From the figure,
it is clearly seen that the increase in the molecular
weight is significant at all temperatures. A maximum
molecular weight of about 2.61 x 10* g/mol was
achieved by SSP of polyester FDY filaments at 240°C
for 2 h from the starting molecular weight of 1.67
x 10* g/mol. The rates of reaction were faster in the
fiber compared to that observed in polymer chips. The
reaction reached a saturating value of molecular
weight within much shorter time of about 2 h (at
240°C), compared to the time taken by chips.”"*

Temperature had significant effect on the rate of
SSP. The increase in the rate of SSP at higher tem-
peratures was due to the increased mobility of the
molecular chains. The increased mobility of chains
allows functional groups to approach each other eas-
ily. However, prolonged exposure of the filament at
high temperature 240°C resulted in a comparatively

AGRAWAL AND MHAISGAWALI

lower increase in molecular weight at longer times
and the molecular weight appeared to hit a saturation
value. This may be the result of limited availability
of the reactive end groups as the reaction proceeds.

It has been shown®” that the degree of polymeri-
zation can be expressed empirically to the square
root of time of the reaction. Therefore, the change in
molecular weight may be expressed as a function of
time by a relation given as

M, = Mo + Ae AE/RT/t (5)

where M, is the number average molecular weight at
time t, M, is the initial number average molecular
weight of precursor, A is the collision frequency factor
for propagation, AE is the energy of activation for
propagation (cal/mol), R is the gas constant, 1.987 cal/
mol K, and T is the Temperature of reaction.

The reaction rate constant k at temperature T may
be evaluated from the above relation by plotting the
molecular weight versus under root of time. Figure 4
plots the relationship for all the three temperatures.
As can be seen from the figure, the data points for
the SSP reaction carried out at 220°C and 230°C
follow nearly a straight-line relationship. However,
for the reaction carried out at 240°C, the linear rela-
tionship is valid only for the first three points. The
graph deviates from linearity due to the saturation
effect as discussed above and, therefore, the last
point has been ignored for this analysis.

Equation 6 can be solved to give the equilibrium
rate constant k for solid-state polymerization at each
condition.

_ Mn _Mn()
Vit

At each solid-state temperature, value of k was
obtained using the slope of the lines from Figure 4.
The natural log of this value (In k) is plotted against
inverse of temperature [1/T (K)] to obtain an Arrhe-

k (6)
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Figure 4 Plot for molecular weight as a function of the
square root of SSP time at various SSP temperatures: (A)
240°C; (M) 230°C; (@) 220°C.
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Figure 5 Arrhenius plot of Ln (rate constant) as a func-
tion of inverse of reaction temperature.

nius plot, as shown in Figure 5. Values for activation
energy AE and frequency factor A were calculated
from this plot.

The activation energy AE was found to be 21.3
kcal/mol, while the frequency factor A was 9.30 x 10'%.
The kinetic rate constant for solid-state polymerization
of polyester in fully drawn filament form may there-
fore be written as

K = 9.30 x 10'2¢(~21:3x10%/RT) )

and the kinetic rate equation describing empirical rela-
tion between solid-state polymerization time, tem-
perature, and molecular weight is given by

My = Mo +9.30 x 1012 e 213 10/RT/p - (8)

This indeed is an interesting result. For high-tem-
perature SSP reactions (i.e., above 200°C), the A and
E values for solid-state polymerization of polyester
chips are reported™® to be ~ 10" g/mol/min'/? and
~ 15-16 Kcal/mol, respectively. In the case of post
extrusion SSP of the FDY filaments, these values
increased significantly to ~ 10" g/mol/min'/? and
~ 21 Kcal/mol, respectively. This implies that the
apparent activation energy AE of SSP in fully drawn
and heat-set fiber is higher by ~ 30% as compared to
that in randomly oriented amorphous chips. This
higher barrier of activation may be due to the fact that
the molecular network in an oriented and crystalline
fiber is highly restricted and rigid. On the other hand,
the same fact may significantly enhance the collision
frequency (indicated by higher apparent frequency
factor A by three orders of magnitude) of the two reac-
tive groups when they come close and are not able to
easily move away from the vicinity of each other.
However, the apparent rate constant, which repre-
sents the combined effect of the above two changes,
for SSP of FDY PET calculated using eq. (4) at temper-
atures between 220°C and 240°C are higher (by three
to four times) than the values reported in the litera-
ture>® for PET chips.

This indicates that the reactivity of the available
end groups in an oriented and crystalline FDY poly-
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ester filament is significantly higher; however, due
to the limited availability of reactive ends, the molec-
ular weight hits a limiting value in a relatively much
shorter period of reaction time (~ 1.5 h).

Physical appearance of the SSP samples

It was observed that solid-state polymerization at lower
temperature (220°C) does not impart color to the fibers.
However, the samples that were solid-state polymer-
ized at higher temperature showed a slightly yellowish
tint.

The behavior of the filaments during solid-state
polymerization plays an important role in the course
of the reaction. Fusion or sticking of the sample dur-
ing solid-state polymerization is one of the limita-
tions in the SSP of chips. In the SSP of multifilament
yarn, this may create a considerable concern. How-
ever, in the case of FDY PET filament, sticking or
fusion was not observed for the reaction tempera-
tures up to 240°C. This may be due to the high glass
transition temperature of the FDY, which has high
degree of orientation and crystallinity.

Morphology and properties of solid-state
polymerized FDY PET

Solid-state polymerization increases molecular weight
to a considerable extent in FDY polyester. This in-
crease in molecular weight is expected to bring about
significant changes in the structure and properties of
the yarn.

Figures 6 and 7 show the effect of both SSP tem-
perature and time on the mechanical properties of
SSP PET fibers. Tenacity was found to decrease though
molecular weight increased with increasing time of
SSP at all temperatures. This may be attributed to
the fact that both high molecular weight and high
orientation are necessary for the strength of the fiber.

Tenacity (g/d)

3.5

0 0.5 1 1.5 2 25
Time of Polymerization (hr)
Figure 6 Effect of reaction time and temperature on the

tenacity of solid-state polymerized FDY-PET: (A) 240°C;
(M) 230°C; (@) 220°C.
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Figure 7 Effect of reaction time and temperature on the
extensibility of solid-state polymerized FDY-PET: (A)
240°C; (M) 230°C; (#) 220°C.

With the increase in temperature and time of the SSP,
the orientation of the fiber decreases, resulting in lower
tenacity. At 220°C the decrease in strength is smaller,
as compared to that at 240°C. At low temperatures the
mobility of molecular chains is expected to be lower.
Because of less mobility, relaxation and coiling of
chains become difficult, and loss of orientation is less
pronounced at lower temperature.

However, a small improvement in tenacity was
observed for the reactions at 220°C and 230°C for
30 min. This is an indication that increase in molecu-
lar weight due to solid-state polymerization is trying
to compensate the loss of properties due to disorien-
tation on heating. Therefore, one can expect that
even at other temperatures the loss of tenacity
would have been more severe had there been no
polymerization.

The positive effect of solid-state polymerization is
more evident when the properties of the SSP yarn are
compared to those that are simply heat set for short
times (5-10 min.) at the above temperatures under
slack condition (free annealing). In such cases, the poly-
mer loses tenacity by about half at 220°C in 5 min.>28

On heating for short times (5-10 min), polymer
chains disorient and fold into crystals, leading to
low tenacity because of fewer tie points between any
two crystals. On the other hand, the samples when
solid-state polymerized at 220°C for 30 min to 1 h
actually show a small increase in tenacity, and sam-
ples polymerized for 2 h show a decrease of only
15%. This indicates that the polymerization might be
occurring between the end groups of oriented chains
along the axis of the fiber, giving rise to extended
chains of higher molecular weight. Also, reaction
may be taking place among the amorphous ends of
two crystals in the fiber, leading to extended order
and connectivity.

It is also known that on heat-setting in slack con-
ditions, the folding of chains into crystals also results
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Figure 8 Effect of reaction time and temperature on the
birefringence of solid-state polymerized FDY-PET: (A)
240°C; (M) 230°C; () 220°C.

in significant decrease in extensibility of the fibers;
however, in our samples, only a small decrease was
found in extensibility. This further indicates that an
extended chain structure is being created which tries
to retain extensibility, even after heating the fibers
for the long time of 2 h. All solid-state polymer-
ized samples showed a sharp decrease in extensibil-
ity when polymerized for shorter durations of up to
1 h; thereafter, the extensibility did not drop further
and rather showed a marginal improvement. This is
supported by the crystallinity of the samples, which
did not increase after 1 h of SSP. In the sample poly-
merized for 2 h at 240°C, the improvement in exten-
sibility was rather significant, possibly due to forma-
tion of better molecular network at higher rates of
polymerization.

Figure 8 depicts the changes in birefringence of
the SSP samples. Birefringence is indicative of the

0.7
0.65 -
0.6
0.55 1
0.5

0.45 -

0.4 1 ——220
—=—230
—— 240

Crystallinity fraction

0.35
0-3 T T T
0 0.5 1 1.5 2 25

SSP time (hrs)

Figure 9 Effect of reaction time and temperature on the
crystallinity of solid-state polymerized FDY-PET: (A) 240°C;
(M) 230°C; (@) 220°C.
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Figure 10 Effect of reaction time and temperature on the
sonic modulus of solid-state polymerized FDY-PET: (A)
240°C; (W) 230°C; (@) 220°C.

overall orientation of the sample with a higher con-
tribution from the oriented crystalline part. Since the
overall orientation of the sample is expected to
decrease with heat treatment, the increase in bire-
fringence in all cases at 0.5 h is indicative of a sub-
stantial rise in oriented crystalline regions at the
expense of oriented amorphous regions (Fig. 9). Both
the crystallinity and birefringence were found to first
increase and then decrease with an increasing time
of SSP for all cases. The peak values occurred earlier
for samples polymerized at 230-240°C than those at
220°C. Decrease in birefringence after the peak value
may be due to the disorientation of crystalline
regions when kept at longer times. However, it may
also be partly due to a decrease in crystallinity at
long reaction times. This decrease in crystallinity
indicates the appearance of defects in the crystalline
regions.

The rate of both the increase and decrease of bire-
fringence is greater at higher temperatures. At 240°C
birefringence value increases sharply at 0.5 h time
followed by a sharp decrease, while at 230°C and
220°C rates are moderate and slow, respectively, as
compared to 240°C.

The values of the sonic modulus of the polyester
fiber after solid-state polymerization are summarized

TABLE II
Changes in the Crystal Dimensions After Solid-State
Polymerization of FDY PET Filaments Under
Various Conditions

Crystal thickness (A°)

Sample
(temp./time) 100 -110 010

FDY 19.83 8.86 14.72

220/1.0 34.9 24.31 35.84

220/1.5 30.09 19.79 48.49

220/2 32.32 16.69 45.79

230/2 43.63 25.03 41.21

240/2 36.36 19.79 24.98
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in Figure 10, which shows the effect of time and
temperature. The sonic modulus increases with
increasing reaction time of up to 1.5 h for all reaction
temperatures. Except for samples polymerized at
220°C, the values drop sharply thereafter, indicating
disoriented morphology at very long reaction times.
Crystal dimensions were found to increase initially
with SSP. The results are summarized in Table II for
a particular reaction condition. It is clear that the
crystal thickness for all the three planes increases on
heating. The perfection of crystals is also evident
from the DSC curves (Fig. 11), which show a small
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Figure 11 Thermal transitions in solid-state polymerized
FDY-PET samples (heating cycle).
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Figure 12 Thermal transitions in solid-state polymerized
FDY-PET samples (cooling cycle).

increase in the melting point of the samples after
solid-state polymerization. Also, the increased sharp-
ness of the melting peaks in SSP samples indicates
that the crystal perfection has increased. However, it
appears that the crystalline structure starts to change
a little due to thermal degradation when the fibers
are kept for a long time at high temperature.

Upon cooling from the molten stage, an interesting
feature, shown in Figure 12, is observed for the SSP
samples. The rate of crystallization was slower
(broader peaks) for samples polymerized at higher
temperature and for longer reaction time. In addi-
tion, the temperature at which melt crystallization
initiates is lower (i.e., more supercooling is required)
for the solid-state polymerized fibers as compared to
the control (original) sample. This delay in crystalli-
zation is attributed to the increase of the molecular

AGRAWAL AND MHAISGAWALI

weight of the polymer. Because of higher molecular
weight, the rearrangement of chains to form order
may be relatively difficult, resulting in the above
observations.

SSP fibers show no shrinkage in boiling water.
This was expected because the fibers were subjected
to prolonged heat-treatment during SSP, which
allows them to attain the state of minimum energy
configuration. The diameter of the fiber did not
change significantly after SSP.

Effect of tension on SSP of FDY PET

PET FDY filaments were solid-state polymerized at
220°C for 1 h under different levels of tension. At tem-
peratures higher than 220°C the sample could not sus-
tain tension higher than 0.33 gpd, so the study was
conducted only at 220°C. However, the sample was
not able to sustain the tension above 0.5 gpd even at
220°C. Therefore, the effect of tension during poly-
merization could be studied only in a narrow range of
applied force. Figures 13 and 14 summarize the results
of the mechanical properties of the solid-state poly-
merized fibers under tension. Tenacity was found to
increase marginally from 4.68 to 4.88 gpd and elonga-
tion decreased to 25.37% from 39.36% with an increase
in tension from 0.1 to 0.5 gpd.

During SSP, tension is expected to play an impor-
tant role on the morphology and properties of the
fiber. As the fiber is under constraint, the disorienta-
tion is expected to lessen (to some extent), giving
rise to better networking of chains and subsequent
properties. This increase in strength at higher tension
is attributed to the increase in orientation and over-
lapping of molecular chains within the fiber.

The change in dimension (extension or contrac-
tion) of the filament bundle during solid-state poly-
merization was studied as a function of the applied
tension. At very low tension (0.1 gpd, equivalent to

4.95
4.9 A
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4.8 1
4.75 A
47 1
4.65 1
46 T

4-55 ) Ll Ll L) Ll
0 0.1 0.2 03 0.4 0.5 0.6

Tenacity (gpd)

Tension (gpd)

Figure 13 Effect of applied tension on the tenacity of FDY
PET solid-state polymerized at 220°C for 1 h.
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Figure 14 Effect of applied tension on the elongation of
FDY PET solid-state polymerized at 220 °C for 1 h.

free annealed), the sample showed contraction when
the temperature was increased to a drying tempera-
ture of 140°C. A total contraction of around 1.25%
was observed. On further increase of temperature to
the reaction temperature, a further contraction was
observed, though it was not significant. As the tem-
perature was maintained at the reaction temperature,
the sample slowly extended but never attained its
original length. This indicated folding of the molecu-
lar chains as a result of disorientation during solid-
state polymerization under free (i.e., low tension)
conditions.

However, when solid-state polymerization was car-
ried out under higher tension, the abovementioned
contraction was not observed during the entire cycle
of polymerization. Rather, the extension of the yarn
was observed during polymerization conditions and
the extension was more at higher tension. For 0.33 gpd
tension, net extension was around 2.73%, while for
0.5 gpd it was around 4.4%, which results in an im-
provement of the mechanical properties.

The mechanical properties of the SSP fibers could
not be improved significantly compared to the con-
trol sample. It is likely that if the sample is subjected
to a control drawing during solid-sate polymeriza-
tion, better properties will be obtained. Further stud-
ies are being conducted in this direction so that
high-performance fibers may be obtained directly
using the approach of post-extrusion SSP.

CONCLUSIONS

High-molecular-weight PET is industrially obtained
by solid-state polymerization of polyester chips (pre-
extrusion form) for various industrial applications,
including production of high-performance fibers.
SSP may also be carried out post-extrusion after ini-
tial shaping operation in the form of fiber or thin
films. This process potentially offers several advan-
tages over traditional pre-extrusion step in terms of
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enhanced rates of reaction, avoidance of processing
difficulties, and so forth.

The FDY PET samples were solid-state polymerized
at 220°C, 230°C, and 240°C for different time intervals
from 0.5-2.0 h. The molecular weight was found to
increase significantly at all temperatures. A maximum
molecular weight of about 2.61 x 10* g/mol was
achieved by SSP of polyester FDY filaments at 240°C
for 2 h from the starting molecular weight of 1.67
x 10* g/mol. The rates of reaction were much faster
due to oriented crystalline structure in the FDY fiber
form in contrast to that observed in polymer chips.
The kinetic parameters such as apparent activation
energy (AE = 21. 3 kcal/mol) and frequency factor (A
= 9.30 x 10'%) were found to be significantly higher to
those found for polyester chips.

The properties and morphology of the polymerized
fibers were studied and found to undergo substantial
changes. The crystallinity of the sample increased sig-
nificantly, whereas the orientation of the sample was
found to decrease with increasing reaction time and
temperature. Increase in molecular weight during SSP
was found to significantly compensate the decrease in
mechanical properties expected due to chain folding
and crystallization under slack conditions. The tenac-
ity was found to increase marginally with increase in
tension from 0.1 to 0.5 gpd during polymerization.
These results indicate that the post-extrusion SSP is an
interesting approach; however, it warrants further
studies in order to make it useful for developing high-
performance fibers.
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