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SYNOPSIS

The effect of fiber reinforcement on the crystallization kinetics of poly(ethylene tere-
phthalate), or PET, was investigated using differential scanning calorimetry. The objective
of the study was to determine how the effects of fiber reinforcement on PET crystallization
are modified by the presence of polymer nucleating and plasticizing additives. Unidirectional
fiber composites were prepared using aramid and glass fibers in PET. The rate of crystal-
lization of PET, as reflected by crystallization half-time, is seen to depend on reinforcing
fiber type, crystallization temperature, and presence of nucleant or plasticizer. However,
degree of crystallinity of PET is largely unaffected by the presence of additives and rein-
forcing fibers. Crystallization kinetics are analyzed using the Avrami model for PET volume
crystallized as a function of time. Avrami plots for PET and fiber-reinforced PET exhibit
two linear regions, possibly corresponding to primary and secondary crystallization. The
crystalline morphology of fiber-reinforced PET was also studied using polarized light mi-
croscopy. Results concerning nucleation density and growth morphology are used in ex-
plaining differences seen in crystallization kinetics in fiber-reinforced systems. © 1994 John

Wiley & Sons, Inc.

INTRODUCTION

Crystallization of poly(ethylene terephthalate), or
PET, has been the subject of extensive study. Ther-
mally induced crystallization in PET develops a
spherulitic structure, with spherulitic radii typically
varying from 6 to 50 um, depending on crystallization
conditions and the polymer sample.!? Thermally
crystallized PET viewed by polarized light transmis-
sion microscopy usually reveals the typical Maltese
cross type of extinction pattern, or a form in which
zigzag patterns replace the arms of the Maltese
cross.?* Studies of PET crystallization using depo-
larized light intensity and small-angle light scattering
indicate that significant crystallization also takes
place outside of the spherulitic structures.? The ki-
netics of PET crystallization depend on crystalliza-
tion temperature, sample molecular weight, and cat-
alyst residue.®® Diethylene glycol, produced in a side
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reaction during industrial synthesis of PET, has also
been found to affect crystallization kinetics.® 2

In order to accommodate typical industrial injec-
tion molding processes, additives (most often nu-
cleating agents) are introduced to increase the rate
of PET crystallization. Inorganic compounds such
as talc have been found to enhance crystallization
by dense heterogeneous nucleation on the surface
of additive particles.!®> Similarly, enhancement of
crystallization rate has been observed in PET con-
taining kaolin or titanium dioxide, for nucleant par-
ticle sizes under 5 um.'® Large kaolin and TiO, par-
ticles (particle diameters from 50 to 70 um) have
been observed to depress the crystallization rate of
PET.!* Metal hydroxides capable of releasing water
nucleate PET, while metal hydroxides incapable of
releasing water do not.?® Localized severe hydrolysis
of PET or supercooling in the vicinity of released
water have been proposed as possible mechanisms
for enhanced PET nucleation.!® Certain sodium
containing compounds have been found to nucleate
crystallization, presumably by chain scission to cre-
ate PET chains with ionic end groups that form ag-
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gregates that serve as nucleation sites for crystal
growth.’!” Kim and Kim®® note that the vigorous
mixing used to introduce additives, as well as the
additives themselves, affects PET crystallization
through a memory effect of shear history.

The effect of reinforcing fibers on the crystalli-
zation of thermoplastic polymer matrices in which
they are imbedded has been studied for a variety of
composite systems (e.g., Refs. 19-22). For PET
reinforced with continuous glass fibers (fiber di-
ameter = 14 um), an enhancement of the rate of
PET crystallization from the glassy state has been
observed.?? For PET filled with short glass fibers
(length = 1 mm, diameter = 90 um), a depression
in rate of crystallization from the melt has been ob-
served.'* We have previously studied the effect of
glass and Kevlar 49 aramid fibers on the isothermal
crystallization of PET from the melt using differ-
ential scanning calorimetry (DSC) and polarized
light microscopy.?* Fiber reinforcement was found
to enhance the rate of crystallization, as quantified
by crystallization half-time, with Kevlar fibers pro-
ducing a greater increase in crystallization rate than
glass fibers. This effect was attributed to sites for
crystal nucleation located on the fiber surface. In
the case of Kevlar fibers, polarized light microscopy
of model thin film composites showed that nucle-
ation sites are so densely located on the fiber surface
that polymer crystals are constrained to grow lin-
early outward from the fiber surface, producing a
crystal morphology near the fiber surface distinctly
different from that in the bulk of the polymer. Such
a region is often termed a transcrystalline region.

Fiber surface treatments, or sizings, were also
found to affect polymer properties. In composites
prepared with sized Kevlar fibers, a depression in
the glass transition temperature, or Ty, of PET was
observed.?* Similar effects have been observed in
polyphenylene sulfide composites.?’ In both studies,
the depression in T, was ascribed to the diffusion of
sizing into the polymer matrix and plasticization by
a component in the sizing formulation. Thus, in past
studies, the introduction of fibers in a polymer ma-
trix has been observed to affect (depending on the
type of reinforcing fiber as well as the matrix) both
the rate of crystallization, presumably by enhanced
crystal nucleation on the fiber surface, and the glass
transition temperature, presumably through plas-
ticization caused by a component in the sizing.

In the current study, we are interested in the in-
teraction between the effects of fibers and typical
commercial polymer additives on PET crystalliza-
tion. Unidirectional, continuous fiber composites
were prepared using Kevlar and glass fibers (both

with and without commercial fiber surface treat-
ments). The matrix polymers used were PET, PET
with added nucleating agent, and PET with added
plasticizing agent. Crystallization kinetics were
studied by DSC in isothermal crystallizations from
the melt, and glass transition temperatures were
measured in dynamic DSC scans. These results were
complemented by studies of polymer morphology
with polarized light microscopy on model thin films.
In this study, we attempt to reveal more about the
mechanisms regarding nucleation and plasticization
effects by fibers and fiber sizings on PET crystalli-
zation.

EXPERIMENTAL

The three samples of polymer, supplied by Hoechst
Celanese in pellet form for use in this study, were
PET, the same PET with commercial nucleating
agent added, and the same PET with commercial
plasticizing agent added. The pellets were molded
into films on a hot press for 1 min at 275°C and
1000 psi, between two sheets of Teflon-coated glass
release fabric (TM 7038, supplied by Taconic Plas-
tics). The fiber composites used in this study were
prepared in our laboratory using compression mold-
ing. Between 5 and 20 fiber tows were “sandwiched”
between two pieces of prepared PET film and two
pieces of release fabric in an aluminum mold with
well dimensions 1.6 X 2.9 cm. The mold was then
held at 275°C and 150 psi for 10 min on a hot press.
Employing this technique, the following composites
were prepared with each of the three PET matrix
films: 54 wt % unsized Kevlar, 48 wt % sized Kevlar,
55 wt % water-sized glass, and 58 wt % PET-com-
patible-sized glass fiber. These fiber loadings, al-
though they vary in terms of weight percent, were
chosen to provide the same overall interfacial con-
tact area (i.e., differences in fiber diameter and den-
sity are accounted for, in order to produce the same
fiber surface area per gram polymer in each com-
posite). Twice-molded film was then prepared for
the unreinforced matrix polymers, by inserting two
pieces of film (no fibers) into an aluminum mold
and compression molding as described above. The
purpose of this double molding was to ensure that
the unreinforced PET experienced the same thermal
history and exposure to release substances as the
PET in the composites. All samples were dried for
15 h at 100°C in a vacuum oven.

Three complete cross-sectional specimens of each
composite (weighing between 10 and 15 mg), and
three samples of each of the twice-molded unrein-



forced films (roughly 5 mg) were then prepared for
use in DSC. Initially, the sample was scanned from
25 to 290°C at 10°C/min, and data of heat flow as
a function of temperature were collected. The sample
was held at 290°C for 3 min to achieve complete
melting, and then quenched at a rate of 320°C /min
to the isothermal crystallization temperature of in-
terest, where data of heat flow as a function of time
were collected. When heat flow no longer changed
with time, the sample was cooled to 15°C below the
crystallization temperature, then scanned to 290°C
at 10°C /min while data of heat flow as a function
of temperature were collected for the fusion process.
The sample was again held at 290°C for 3 min,
quenched to the next crystallization temperature,
and data were collected as described above. The
procedure was repeated until the last crystallization
temperature was reached.

The effects of reinforcing fibers and polymer ad-
ditives on PET morphology were also investigated
using polarized light microscopy. Model thin film
specimens were prepared by placing 4-5 small pieces
of PET film, totaling approximately 3 mg, on a glass
microscopy coverslip. Roughly 10 single filaments
were then placed singly over the film. The assembly
was placed on the bottom plate of the hot press
maintained at 320°C. When the PET was observed
to melt, another coverslip was placed over the orig-
inal and pressure was exerted. The melting tem-
perature of 320°C was needed to reduce viscosity
in order to produce very thin films suitable for
light microscopy. When a sufficiently thin film was
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achieved, the second coverslip was removed and dis-
carded, while the PET film was crystallized from
the melt for 1 min substantially above T}, and then
rapidly quenched to room temperature in order to
“freeze” the crystallization at an early stage. This
sample preparation procedure was found to better
elucidate the interaction between fibers and matrix,
particularly in the early stages of crystalline growth,
than a procedure that more closely mimics the
treatment of samples during DSC experiments.

RESULTS AND DISCUSSION

Morphology

Optical micrographs of fibers embedded in PET
show a range of morphological effects. PET and
plasticized PET both display a vigorously nucleated
region of linear growth, or transcrystallinity, on the
surface of sized and unsized Kevlar fibers. Far from
the fiber surface, the bulk morphology is spherulitic
with typical Maltese cross extinction patterns char-
acteristic of PET crystallization below 180°C.2 A
sample micrograph is shown in Figure 1. Glass fibers,
both water-sized and PET-compatible-sized, in the
same matrices display a less pronounced nucleating
ability, as, for example, in Figure 2. The bulk mor-
phology is the same as that shown in Figure 1. The
morphology of nucleated PET is very different
from that of the other matrices. The additive pro-
duces crystals nucleated so densely that the observed

Figure 1 Polarized light micrograph of sample thin-film specimen of unsized Kevlar

fiber in PET matrix. 360X magnification.
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Figure 2 Polarized light micrograph of sample thin-film specimen of water-sized glass
fiber in plasticized PET matrix. 360X magnification.

crystalline texture is fine, granular, and without under the peak at time ¢ divided by the total area
recognizable spherulites of significant size. Fibers under the peak:
have no effect on the morphology of the nucleated

PET sample; nucleation in the bulk is so dense that ¢
the fibers appear inert (Fig. 3). J; (AH/dt) dt
Ct) =—5 (1)
Crystallization Rate J; (AH/dt) dt
The relative crystallinity at time ¢, C(t), is obtained
from the DSC crystallization isotherm as the area Plots of relative crystallinity as a function of time

Figure 8 Polarized light micrograph of sample thin-film specimen of unsized Kevlar
fiber in nucleated PET matrix. 360X magnification.



1.0

Nucleated
PET

Relative crystallinity

CRYSTALLIZATION PROCESS IN PET 653

6 8 10 12

-4

time (min)

Figure 4 Relative crystallinity as a function of time for unreinforced PET films at a
crystallization temperature of 230°C. Curves reflect the average of three data sets collected

per sample.

show the development of crystallinity in the polymer
over time. Sample relative crystallinity plots are
shown in Figure 4 for the twice-molded films of PET,
PET with nucleant, and PET with plasticizer at a
crystallization temperature of 230°C. The marked
effect of nucleating agent is apparent. The addition
of the nucleating agent strongly enhances crystal-
linity development in the early stages of crystalli-
zation, which are dominated by nucleation events.

In contrast, the plasticizer enhances the develop-
ment of crystallinity only in the later stages of
growth. This effect reflects the greater chain mo-
bility produced by the plasticizing additive, thereby
reducing chain entanglements, which are common
in the later stages of growth.

The kinetics of crystallization can be quantified
by a crystallization rate, which can be taken to be
the inverse of the crystallization half-time. The
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Figure 5 Crystallization rate (1/¢,,,) as a function of crystallization temperature for

unreinforced PET films.
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Figure 6 Crystallization rate (1/t,,2) as a function of crystallization temperature for

fiber-reinforced PET.

crystallization half-time, t;,2, is the time at which
half the area under the isothermal crystallization
peak has been generated. Figure 5 shows the crys-
tallization rate of the unreinforced PET samples as
a function of crystallization temperature. Crystal-
lization rate decreases strongly with increasing
crystallization temperature, since the driving force
for crystallization is the undercooling from the melt,
and this is reduced at higher crystallization tem-
peratures. At any given temperature, the rate of
crystallization of nucleated PET is much greater
than that of the other samples. The crystallization

0.03

rate of plasticized PET is only slightly greater than
that of PET. These effects reflect the fact that a
crystallization rate based on t,,;, emphasizes the
early stages of crystal development, where, as Figure
4 shows, the plasticizing agent has little effect.
Crystallization rate as a function of crystallization
temperature for the PET and modified-PET com-
posites is shown in Figures 6, 7, and 8. For both
PET and plasticized PET, the introduction of Kev-
lar fibers strongly enhances the rate of crystalliza-
tion. This had been previously observed in crystal-
lization of fiber-reinforced PET and may be attrib-
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Figure 7 Crystallization rate (1/¢;,,) as a function of crystallization temperature for

plasticized PET composites.
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Figure 8 Crystallization rate (1/t,,2) as a function of crystallization temperature for

nucleated PET composites.

uted to a nucleating effect of the fiber surface.?* The
optical microscopy observations on model thin films,
as discussed above, seem to agree with this conclu-
sion. By providing very densely spaced sites for
crystal nucleation on the fiber surface, Kevlar fibers
greatly enhance the early stages of crystalline de-
velopment in PET and plasticized PET. Glass fibers,
in contrast, depress the crystallization rate of the
PET and plasticized PET matrix polymers. This,
again, can be related to the microscopy observations,
where glass fibers displayed a less active nucleating
ability than Kevlar. It appears that glass fibers in-
terfere with crystal growth by providing surfaces
against which growing crystals collide, thereby pre-
venting further growth in that direction. This im-
pingement effect appears to overwhelm any nu-
cleating effect that glass fibers might provide, re-
sulting in a depression of crystallization rate in glass
composites.

In nucleated PET composites (Fig. 8), all fiber
types depress the crystallization rate. In particular,
it is interesting that Kevlar fibers, which enhance
the crystallization rate in PET and plasticized PET,
depress the crystallization rate in nucleated PET.
The microscopy observations showed these fibers to
have no ability to further nucleate the matrix.
Rather, it appears that the fibers in the nucleated
PET matrix act primarily as impingement points,
interfering with crystal growth and resulting in a
depression in crystallization rate. Furthermore, since
Kevlar fibers depress the crystallization rate in the
nucleated PET matrix, our conclusion that Kevlar
fibers enhance the crystallization rate in the other

matrices through nucleation at the fiber-polymer
interface would seem to be confirmed.

Degree of Crystallinity

While the rate of crystallization of these materials
is important from a processing standpoint, the de-
gree of crystallinity of the polymer matrix is of in-
terest as regards the final properties of the compos-
ite. The degree of crystallinity is defined as the ex-
perimental heat of crystallization divided by the heat
of crystallization of 100% crystalline PET. We ob-
tain the experimental heat of crystallization from
the melting endotherm collected immediately after
crystallization. The heat of fusion endotherm of the
crystallized sample is used rather than the area of
the crystallization exothermic peak because fusion
peak areas were found to be less subject to scatter
(less baseline curvature). However, it should be
noted that, as a result of annealing of imperfect
crystals during the fusion scan, the heat of crystal-
lization determined from fusion data is approxi-
mately 5% higher than that determined from the
exothermic peak area.

The range of values for heat of crystallization of
100% crystalline PET published in the literature is
wide: from 20.0 cal /g determined by small-angle X-
ray scattering?® and using p. of 1.515 g/cm?, to 28.9
cal/g determined by diluent methods,?” to 34.9 cal/
g calculated from pressure-melting temperature
methods.?® Mehta et al. suggest that, taking into ac-
count many experiments and methods, a value of 33
+ 5 cal/g is a reasonable estimate for the heat of
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Table I Degree of Crystallinity of Unreinforced
PET Samples as a Function of
Crystallization Temperature

Degree of Crystallinity

T, (°C) PET Plast. PET Nucl. PET
215 0.37 = 0.02 0.38 = 0.02
220 0.36 = 0.01 0.38 + 0.02
225 0.37 £ 0.01 0.38 £ 0.01 0.37 = 0.01
230 0.38 + 0.01 0.38 = 0.01 0.37 £ 0.01
235 0.40 = 0.01 0.38 = 0.02

Note: values are mean * standard deviation.

crystallization of 100% crystalline PET.? Thus, for
the purposes of our degree of crystallinity calcula-
tions, we have chosen to use a value of 33 cal/g.

Table I shows final degree of crystallinity values
for the unreinforced PET samples. It is interesting
to note for these materials that, despite the strong
influence of crystallization temperature on crystal-
lization rate, the degree of crystallinity of all three
PET samples was found to be independent of crys-
tallization temperature. The same lack of temper-
ature dependence was observed for the correspond-
ing fiber composites. Therefore, results for degree
of crystallinity of PET in each composite were av-
eraged over the crystallization temperature range
studied. Table II shows final degree of crystallinity
values for the composite systems. Again, it is of in-
terest to note that fiber reinforcement does not affect
the ultimate degree of crystallinity achieved in these
materials. This contrasts with the results obtained
in our previous study of fiber-reinforced PET,?
where fiber reinforcement produced a depression in
the degree of crystallinity. It is important to note,
however, that this previous study involved different
PET samples from those used in the current study.
For the polymer matrices in this study, it appears
that, even though aramid fibers and added nucleat-
ing agent greatly enhance the rate of crystallization,
the crystallites developed are ultimately no less per-
fect than those that grow slowly. We do note that
there appears to be a small depression in the degree
of crystallinity for the nucleated PET composites.
However, we also note that the magnitude of possible
depression in degree of crystallinity is within the
uncertainty in the measurements.

Equilibrium Melting Temperature

The equilibrium melting temperature, T';,, reflects
the degree of crystalline perfection achieved in a

semicrystalline polymer material. Using the fusion
scans following isothermal crystallization at various
temperatures, Ty, can be determined by the method
of Hoffman and Weeks.?® The melting temperature,
T,., of a sample previously crystallized at T, is the
temperature at which the maximum in the fusion
peak occurs. On a plot of T',, as a function of T, the
best-fit line to the data is extrapolated to its inter-
section with the line T, = T.. The temperature at
this point of intersection is defined as the equilib-
rium melting temperature. Figure 9 shows a typical
Hoffman-Weeks plot, and the equilibrium melting
temperatures for the systems studied are summa-
rized in Table III. It is interesting to note that the
equilibrium melting temperature is the same for all
systems studied, with the possible exception of the
nucleated PET composites. As in the case of degree
of crystallinity, it is possible that there is a small
depression in T, in the nucleated PET composites.
Figure 10 shows a plot of T';, as a function of degree
of crystallinity. The correlation between these two
quantities is expected, as they are both measures of
the crystalline perfection in the sample.

Glass Transition Temperature

The glass transition temperature, T}, reflects the
mobility of polymer chains and is therefore a useful
complement to our isothermal crystallization studies
(performed in a temperature range where mobility
of all samples is quite high). The results for T, as
determined from dynamic DSC scans, are shown in
Table IV for the composites and neat polymers
studied. It is interesting to note that sized Kevlar
fibers depress T significantly in PET and nucleated
PET, while increasing slightly the T} of plasticized
PET. This would seem to confirm our previous
conclusion? that a component in the sizing for-

Table II Degree of Crystallinity of PET
in Fiber-Reinforced Composites

Degree of Crystallinity

PET Plast. PET Nucl. PET

Neat 0.37+0.01 0.39+0.01 0.37*0.02
Unsized Kevlar 0.37 £ 0.01 0.36 + 0.02 0.34 = 0.02

Sized Kevlar 0.37+0.02 0.39+0.01 0.34+0.01
Water-sized

glass 038 £0.02 0.35£0.02 0.35=*0.01
PET-compat.

sized glass 0.41 +0.02 0.39+0.01 0.34 +0.02

Note: values are mean * standard deviation.
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Figure9 Hoffman-Weeks plot to determine equilibrium melting temperature of unrein-

forced PET.

mulation plasticizes the PET matrix. Such an effect
would not be observed in a matrix that is already
plasticized by an additive, in which case the sized
Kevlar fibers (like the unsized) would raise T,
slightly as a result of friction or wall effects.?® Glass
fiber reinforcement, however, depresses T, in all
PET matrices, as has been previously observed.?
This effect may be the result of chemisorbed water
on glass fibers, which diffuses into the bulk polymer
during composite molding, plasticizing the PET.
Moisture plasticization effects have previously been
reported for PET.3!32

Avrami Analysis of Crystallization

The kinetics of polymer crystallization can be an-
alyzed using the Avrami model for volume fraction
crystallized as a function of time

1 — C(t) = exp(—Kt") (2)

where C(t) is the volume fraction crystallized at time
t, K is the Avrami rate constant, and n the Avrami
exponent. The Avrami exponent is related to growth
mechanism and geometry, while the Avrami rate
constant contains nucleation and growth parame-
ters. The model can be expressed in the well-known
double logarithmic form:

In{-In[1 -C(t)]} =In K+ n(lnt) (3)

Systems obeying Avrami kinetics display linear be-
havior when In{-In[1 — C(¢)]} is plotted as a

function of In t. All systems investigated in this
study display nonlinear Avrami behavior as is shown
for typical plots in Figure 11. These plots are pre-
pared using C(t) results, which are the averages of
three runs for each composite sample at each crys-
tallization temperature. Both unreinforced films and
composites show two distinct linear regions. Two-
step, nonlinear Avrami behavior has previously been
observed for unreinforced PET (e.g., Ref. 9, 33).
This nonlinearity can be treated as two processes,
each obeying Avrami behavior, occurring in series.
Similar approaches have been employed in modeling
the crystallization kinetics of fiber-reinforced poly-
phenylene sulfide®* and polyetheretherketone.?
Thus, K and n can be determined for the first and

Table III Egquilibrium Melting Temperature (°C)
as Determined by the Hoffman—Weeks Method
for PET in Fiber-Reinforced Composites

Equilibrium Melting Temperature
(°C

PET Plast. PET  Nucl. PET

Neat 277 £ 3 277 + 4 274 + 3
Unsized Kevlar 278 £ 3 273 £ 3 267 £ 3
Sized Kevlar 276 + 2 273 + 3 268 + 4
Water-sized

glass 279 £ 6 274 £ 2 265 + 3
PET-compat.

sized glass 281 £ 6 275 £ 2 268 + 2

Note: values are mean * standard deviation.
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Figure 10 Equilibrium melting temperature as a function of degree of crystallinity for
all systems. Degree of crystallinity results are averaged over crystallization temperature.

second processes (K1, n,, Ks, n,) from the slope and
intercept of the best-fit lines for each region, as seen
in Figure 11. The units of K; (i = 1 or 2) are
(min) ™. In order to compare K; values for crys-
tallization having varying n; values, the K; values
must be normalized. One normalization method in-
volves first defining a crystallization half-time for
each process from the Avrami rate constant for that
process. The fraction crystallized at the beginning
and end of the ith process, Cinitia; and Cepali, are
determined from the Avrami plot best-fit lines and
their intersection. The crystallization half-time for
ith process, t1/2,;, is then defined by using Eq. (3)
and recalling that the value of C(t) considered must
be one-half of the total crystallinity evolved during
the ith process:

Table IV Glass Transition Temperature (°C)
of PET in Fiber-Reinforced Composites

Glass Transition Temperature (°C)

PET Plast. PET Nucl. PET
Neat 73.2+0.2 69.7x06 74.0 £ 1.0
Unsized Kevlar 743 +04 70828 749 + 0.4
Sized Kevlar 653+06 70.6x1.0 71.0 £ 1.2
Water-sized
glass 709+34 66.7x20 70.0 = 1.0
PET-compat.
sized glass 68.0+3.7 666+10 69.1 + 0.6

Note: values are mean = standard deviation.

ln tl/g,i

1 — O
- ___ [ln[—ln(l _ Cfmal,l 2 Cmmal,;)] _ ln K;] (4)

n;

For a given sample, the n; values for all crystalli-
zation temperatures are then averaged to obtain ;.
The normalized series Avrami rate constant, Kj;,
is calculated for each crystallization temperature
using ty,.; for that temperature, n; for the temper-
ature range, and Eq. (3):

In Ko; = ln[—ln(l - Cfnl‘%)]

—n;(Intyn;) (5)

The units K,; are (min) —ni , so the K, ;’s for all crys-
tallizations of a given composite system have the
same units and can be compared.

Tables V, VI, and VII give the values for K, n,,
Ky 2, and n, for the PET, plasticized PET, and nu-
cleated PET composites, respectively. Unreinforced
PET, plasticized PET, and nucleated PET have n,
values in the range of 2.5-3. The values for n, are
much lower, ranging between 1 and 1.5 for unrein-
forced systems. These results are in good agreement
with other studies that determined an n, value of 3,
and an n, value falling between 1 and 1.5.%%® These
values were interpreted as indicative of initial het-
erogeneously (athermally) nucleated spherulitic
growth followed by highly constrained secondary
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Figure 11 Typical Avrami plot for unreinforced PET and Kevlar-reinforced PET at a
crystallization temperature of 230°C. Results plotted represent the average of three sets.
Best-fit lines to results for Kevlar composite show series Avrami analysis approach.

crystallization.® These interpretations are also pos-
sible for our results. We note the possibility that
the range of n, and n, values (noninteger) may be
due to previous thermal history effects (multiple
crystallizations), and interactions between thermal

Table V Normalized Series Avrami Rate
Constant, K, ;, and K, ,, and Series Avrami
Model Exponent, n; and n,, for PET Composites
as a Function of Crystallization Temperature

T. Ko, } Kos }
System (°C) (min™) (min™™) n, n,
PET 215 3.63 0.51 250 1.08
220 0.93 0.28 254 1.38
225 0.27 0.14 254 137
230 0.05 0.06 2.34 1.17
Unsized 220 18.45 0.64 2.70 1.02
Kevlar 225 0.97 0.33 3.22 1.06
230 0.09 0.16 3.13  1.22
Sized Kevlar 220 8.12 0.76 268 1.18
225 0.95 0.28 253 1.15
230 0.17 0.14 2.87 1.51
235 0.02 0.04 2.28 1.32
Water-sized 215 1.05 0.27 2.04 1.37
glass 220 0.34 0.13 2.07 1.70
225 0.15 0.06 1.98 131
230 0.02 0.02 195 1.95
Sized glass 215 0.51 0.15 2.00 1.36
220 0.16 0.07 2.10 1.47
225 0.05 1.86 1.80
230 0.02 0.01 1.75 1.22

history effects and polymer additives. Alternatively,
processes other than spherulitic primary crystalli-
zation followed by secondary crystallization may be

Table VI Normalized Series Avrami Rate
Constant, K, ,, and K, ,, and Series Avrami
Model Exponent, n; and n,, for Plasticized PET
Composites as a Function of Crystallization

Temperature
Tc KO,I N K0,2 _
System (°C) (min™) (min™) n ny
Plasticized 215 3.00 0.48 2.37 1.02
PET 220 0.62 0.24 2.35 1.05
225 0.11 0.12 2.77 1.18
230 0.03 0.06 2.46 1.37
Unsized 220 3.07 0.36 3.01 1.06
Kevlar 225 0.563 0.18 253 1.25
230 0.02 0.04 2.57 1.29
235 0.005 0.02 2.35 1.89
Sized Kevlar 220 6.36 0.63 2.89 1.30
225 0.73 0.24 269 1.21
230 0.07 0.08 266 1.19
235 0.01 0.03 249 1.72
Water-sized 215 1.26 0.29 219 1.36
glass 220 0.39 0.14 2.10 1.57
225 0.09 0.06 221 1.84
230 0.02 0.02 2.11 131
Sized glass 215 1.70 0.34 1.90 1.07
220 0.36 0.14 1.85 0.99
225 2.03 1.32
230 0.09 0.06 1.90 1.40
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Table VII Normalized Series Avrami Rate
Constant, K, ,, and Ky, and Series Avrami
Model Exponent, n, and n;, for Nucleated PET
Composites as a Function of Crystallization
Temperature

T, Koy Koz
System (°C) (min™) (min™ ™) n, ny
Nucleated 225 7.71 0.62 2.88 0.76
PET 230 1.26 0.34 285 0.94
235 0.13 0.17 3.11  1.17
Unsized 220 9.53 0.67 2.79 1.06
Kevlar 225 1.97 0.33 2.72 1.26
230 0.07 0.11 2.83 0.92
235 0.06 0.07 2.23 1.32
Sized Kevlar 220 26.28 1.14 2.80 1.17
225 1.68 0.38 2.82 0.83
230 0.26 0.20 264 1.09
235 0.05 0.08 245 1.13
Water-sized 220 3.97 0.53 248 0.93
glass 225 0.61 0.26 2.51 1.06
230 0.12 0.12 239 1.24
235 0.05 0.06 242 1.19
Sized glass 220 4.15 0.49 269 0.83
225 0.84 0.26 2.24 1.06
230 0.08 0.11 2.08 1.21

occurring, resulting in variation from expected in-
teger n values associated with these morphological
interpretations.

All PET matrices reinforced by Kevlar fibers have
n, values between 2.5 and 3, while glass fiber com-
posites have lower n, values, between 2 and 2.5.
These results appear to run counter to the micros-
copy results. Kevlar fibers induced a much more lin-
ear growth emanating from the fiber surface than
did glass fibers. According to Avrami theory, linear
growth results in a lower value of n than does less
constrained spherical growth. Yet lower n, values
were obtained for glass fiber composites, where op-
tical micrographs displayed less constrained growth
than for Kevlar composites. All fiber reinforced sys-
tems, like unreinforced systems, have n, values be-
tween 1 and 1.5. These values seem indicative of
highly constrained secondary crystallization.

Tables V, VI, and VII show that the values for
the Avrami rate constant for the first process, Ko,
have a much broader range than the values for the
second process, Ko, for all systems investigated.
K, thus has a stronger temperature dependence
than K, ,. At the lower crystallization temperatures
investigated, Kj; is much larger than K, for all sys-
tems, while at the highest crystallization tempera-
tures (very slow crystallization) the Avrami rate

constants for both processes are approximately
equal. K, values for unreinforced PET and plas-
ticized PET are similar across the temperature range
studied, while Kj, for nucleated PET is substantially
greater. K, values for all unreinforced systems are
approximately equal.

For PET, plasticized PET, and nucleated PET,
Kevlar fiber reinforcement resulted in an increase
in Ky, for all crystallization temperatures investi-
gated. Glass fiber reinforcement produced a decrease
in K, for these systems. These results agree with
those for the overall crystallization rate based on
t1/2. This is expected, as the overall crystallization
rate emphasizes events occurring in the early stages
of crystallization, as does the Avrami rate constant
for the first series process, K, ;. The effect of fiber
reinforcement on the rate constant for the second
process, like the effect of additives, is not as strong.
These results for K,; and K,» agree with our pre-
vious conclusions concerning a primary crystalli-
zation process followed by constrained secondary
crystallization.

From the results for K;; as a function of crystal-
lization temperature, Arrhenius plots of In Kj; as a
function of undercooling from the melt, AT = T,
— T,, can be prepared. The activation energy of the
ith crystallization process, E, ;, is determined from
the slope of the Arrhenius plot, and the frequency
factor, Ao;, from the intercept. A typical Arrhenius
plot is shown in Figure 12. One can also express the
overall activation energy as a combination of con-
tributions of nucleation and growth activation ener-
gies: ¥

E,,=x(E,; —E;;) +nE,; (6)
2 2
E,,1= 1.54 kcal/mol
a Ay 1= 1.08 x 106 min™ ,
e g
E 0o -0
£ g
- I E]
=IBs -1 5,
-2 Ea2= 0.78 kcal/mol --2
A0_2= 322 miri"Z r
'3 L4 1 T T T 3
16 17 18 19 20 21 22

10%/ AT (1/°C)

Figure 12 Plot showing Arrhenius temperature depen-
dence of the normalized Avrami rate constant for the first
and second series processes for unreinforced PET.



Ao = (A*,i)x(Ag,i)(ﬁi_x) (7)

where x is the relative contribution of nucleation
rate to K, ; , E, ; the activation energy of nucleation,
E,; the activation energy of growth, A, ; the fre-
quency factor of nucleation, and A, ; the frequency
factor of growth. For athermally nucleated growth,
there is no contribution of nucleation rate to the
rate constant, so x = 0. The activation energy and
frequency factor of growth then become

E,,=E,;/n (8)
Agi = (Ag;) Y™ (9)

The results for E, 1, E, 1, Ao1, Agys Eag, Eg2, Ags,
and A, , are given in Table VIIL.

These results show considerable variation, per-
haps as a result of the relatively small range of crys-
tallization temperatures investigated and scatter
introduced in the data by thermal history effects
from multiple crystallizations. However, it is clear
that while the overall activation energy of the first
process is larger than that of the second for all sys-
tems, the activation energy of growth is roughly the
same for both processes and among all samples
(within the significant scatter of the data). This
result is reasonable, as the same type of chain-folded
melt crystallization of PET is occurring in all cases.
The overall frequency factor, A, for the first pro-
cess is several orders of magnitude greater than that
of the second (A,;) . By assumption of athermal nu-
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cleation, A,; is not affected by nucleation rate.
However, A,; presumably depends on other nucle-
ation parameters such as density and distribution
of nuclei.?! These factors are likely to be much higher
in primary than secondary crystallization. And
while, for all systems, the frequency factor of growth
of the first process, A, is greater than that of the
second process, A, 2, both are typically of the same
order of magnitude. These results, too, seem rea-
sonable. The development of crystallinity in the
primary stage is less likely to be slowed by entan-
glements and other restrictions than later growth.

Modeling crystallization kinetics of PET, PET
with additives, and fiber-reinforced PET using a se-
ries Avrami model with Arrhenius temperature de-
pendence of crystallization rate gives useful insight
into the nature of crystallization in these materials.
There is, however, significant scatter in the results.
This scatter may be indicative of complex crystal-
lization processes, a combination of several crystal
growth patterns, or thermal history effects. While
the series Avrami model provides a valuable indi-
cation of the basic processes involved, a model that
takes into account more complicated growth habits
may be warranted.

CONCLUSIONS

In this study, we examined the effect of fiber rein-
forcement and polymer additives on the crystalli-
zation of PET. Plotting crystallized volume fraction

Table VIII Arrhenius Activation Energies and Frequency Factors (Overall, and for Crystal Growth)
for First and Second Series Avrami Processes for All Composite Systems

Aoy Ags Az Ag

E,, E,, (min™  (min™™ E.» E,, (min™  (min™

Sample (kcal/mol)  (kcal/mol) X 107%) X 1073  (kcal/mol) (kcal/mol) X 1073 X 107%
PET 1.5 0.62 1.1 2.6 0.78 0.65 3.2 1.2
Unsized Kevlar 1.9 0.63 N 5.6 0.72 0.65 4.2 2.4
Sized Kevlar 1.8 0.69 72 10 0.90 0.69 24 4.0
Water-sized glass 1.2 0.60 0.02 1.4 0.97 0.65 8.7 0.9
Sized glass 1.2 0.63 0.01 1.2 1.01 0.67 6.5 0.7
Plasticized PET 1.7 0.69 4.5 4.6 0.76 0.63 2.3 0.9
Unsized Kevlar 1.9 0.74 99 12 0.93 0.66 15 1.8
Sized Kevlar 1.8 0.68 64 7.8 0.92 0.66 22 2.5
Water-sized glass 1.5 0.68 0.29 3.1 1.03 0.69 14 1.3
Sized glass 1.8 0.88 3.4 18 0.65 0.54 0.6 0.3
Nucleated PET 1.7 0.59 150 6.6 0.53 0.53 1.2 1.2
Unsized Kevlar 1.7 0.65 570 23 0.63 0.57 5.8 3.2
Sized Kevlar 1.5 0.62 60 9.1 0.55 0.53 4.0 1.2
Water-sized glass 1.6 0.60 11 5.0 0.55 0.58 3.2 0.4
Sized glass 1.4 0.59 9.3 11 0.53 0.53 14 1.4
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as a function of time for the unreinforced films il-
lustrated the effects of nucleant and plasticizer in
the earlier and later stages of PET crystallization.
Crystallization rate and T, of PET were strongly
affected by both additives and fibers. Additives were,
in some cases, able to mask fiber and fiber sizing
effects observed in unmodified PET, thus providing
further insight into the mechanisms whereby fibers
and fiber surface treatments affect polymer crystal-
lization. Degree of crystallinity of PET was inde-
pendent of crystallization temperature and the
presence of additives and fibers. Kinetics of PET
crystallization were analyzed using a modified
Avrami model. Results indicated that two crystal-
lization processes may occur in series, corresponding
to primary crystallization and a slow secondary, or
crystal perfection, process.
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