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Abstract

The overall crystallization rates of poly(ethylene terepthalate) (PET) in its blends with poly(vinylidene fluoride) (PVF,) were studied by
differential scanning calorimetry. At a fixed temperature the crystallization rate of PET decreased with increase in ¢pyg, (dpyr, =
volume fraction of PVF,) in the blend. However, at a fixed undercooling, initially there was almost an invariant rate with ¢pyg,, but it
increased at higher PVF, concentrations. The Avrami analysis indicated that the nucleation process of PET changed from three-dimensional
heterogeneous nucleation to two-dimensional heterogeneous nucleation due to blending in major cases. Analysis of crystallization rate
according to the extended form of Lauritzen—Hoffman (L—H) growth-rate theory indicated regime-I to regime-II transition both in pure PET
as well as in the blends. The undercooling (AT) required for the regime transition was almost the same for both the pure polymer and the
blends except for the blend composition ¢ppr = 0.35. A jump in the crystallization rate was observed at the regime transition temperatures
for the blends with higher ¢pyg,. This phenomenon has been attributed to the different diffusion processes occurring in the two regimes.
Analysis of the lateral surface free energy (o) obtained from the nucleation constant (K,) indicated that there might be some chain extension

of PET due to blending. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terepthalate) (PET) is a technologically
important crystalline polymer and is widely used in making
fibres, bottles, packages, etc. The crystallization mechanism
of pure PET has been widely studied from overall crystal-
lization kinetics [1—3], from spherulitic growth rate [4], and
by low-angle laser light scattering [5]. Recently Phillips and
Tseng [6] made an extensive study on the crystallization
kinetics of PET both in the presence and in the absence of
applied pressure using light scattering techniques. In their
study, a PET sample having M, = 21000 shows a regime
break from regime-III to regime-II at 167 °C during normal
pressure crystallization while only regime-III crystallization
takes place in high-pressure crystallization. The regime-III
to regime-II transition is common in many polymers [7],
however, the regime transition temperature may depend on
molecular weight [§—10], chain structure [10,11], blending
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with other polymer [11,12], etc. Recently we have reported
that PET and poly(vinylidene fluoride) (PVF,) are miscible
in the melt state and that the y value of the system is strongly
composition dependent [13]. Here we report the crystal-
lization kinetics of PET in its blend with PVF, and examine
the changes in crystallization kinetics that occur due to
blending.

The crystallization behaviour of a polymer in its blend
with an amorphous polymer is somewhat different because
the amorphous polymer should diffuse away from the
crystal growth-front [14—17]. Moreover, in the blends the
crystallizable polymer chain may get extended due to strong
specific interaction with the other polymer [11,12]. Both
these factors may result the crystallization kinetics in the
blends different from that in the neat system. Wang and
Nishi [18] explained the crystallization rate of PVF; in its
blends with poly(methyl methacrylate) (PMMA) by apply-
ing the Lauritzen—Hoffman (L—H) growth rate theory [19],
by using glass transition temperature (7,) and equilibrium
melting point (T2) of the blends. However, more precise
approaches to analyse the crystallization rates in the blends
have been made by Ong and Price [20] and Alfonso and
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Russel [21] by expressing the free energy of formation of
critical size nucleus (AF™) in the presence of a diluent.

In our previous works [11,12] on the blends of PVF, with
poly(methyl acrylate) (PMA) and with PVF, having
different amounts of head-to-head (H-H) defect structure,
we have analysed the rate of crystallization by Ong and
Price [20] approach. From an analysis of the lateral surface
energy obtained from the kinetic results it has been argued
that PVF, chain becomes extended in the melt state of the
blends [11,12]. Similar chain extension is also reported for
poly(pivalolactone)/PVF, systems [22]. However, in all
these cases the polymer chains are flexible; but PET is a
rigid chain polymer. So it will be interesting to observe any
chain extension from the analysis of crystallization kinetics
data of PET in the PET/PVF, blend. Also we followed the
effect of blending on regime transition, the change in
Avrami coefficient, etc. Recently Inoue and his co-workers
have proposed [14,15] a two-step diffusion mechanism for
the diffusion process of a crystalline polymer during its
crystallization in blends. In this system we also found the
existence of the said mechanism.

2. Experimental

The PET sample (M, = 18 000) used here was purchased
from Aldrich Corporation, USA. The PVF, sample was a
product of Solvay Corporation, USA (Sol-1010) and had
molecular weight M, =4.48X 10°, polydispersity
index = 2.09 and head-to-head (H-H) defect = 4.19 mol%
[23]. The PET and PVF, samples were re-crystallized from
their dilute solutions in dimethyl sulfoxide (DMSO) and
acetophenone, respectively, washed thoroughly with metha-
nol and dried in vacuum at ca. 80 °C for three days [13]. The
blends of different compositions were prepared by solvent-
cast method using DMSO as the common solvent [13]. In
Table 1 the composition of the blends used in the work and
their 70 determined by T,, — T, extrapolation procedure
[13] are presented. The crystallization kinetics study of the
samples was performed on a Perkin—Elmer differential
scanning calorimeter (DSC-7). About 5 mg of the samples

Table 1

Characteristics of samples used in the work

Sample  Wppr®  ¢per® Mol wt. 9 (K) T, (K)
PET 1.00 1.00 M, = 18000 578.0 345.5
B10 0.83 0.85 568.0 [319.6]
Bl11 0.64 0.68 560.5 [249.9]
B24 0.50 0.55 556.0 [279.0]
B7 0.45 0.51 553.0 [273.8]
B8 0.31 0.35 545.0 [260.0]
PVF, 0.00 0.00 M, =448 x10° 234.0°

T, values in braces are calculated according to Fox equation [35].
% Wpgr = wit. fraction of PET in blend and ¢z = vol. fraction of PET in
blend.
® From Ref. [36].

were encapsulated in aluminium pans. They were initially
melted at 310 °C for 10 min to destroy all the crystal nuclei
and then quenched at the rate of 200 °C/min to the
predetermined isothermal crystallization temperatures
(T.s). Crystallizations were performed for different times
after which the samples were heated from the 7,s to 310 °C
at the rate of 10 °C/min. The enthalpy of fusion for ideal
crystal of PET (AHS) was taken as 135 J/g [24] and the ratio
of measured enthalpy and AH! yielded the crystallinity,
(1 — A)pg value. The experiment was repeated for different
crystallization times and also for different isothermal
crystallization temperatures to yield the crystallization
isotherms. The representative DSC thermograms for the
blend composition ¢ppt = 0.85 have been shown in Fig. 1
for crystallization at 234 °C for different times.

3. Results and discussions

3.1. Crystallization isotherms

The crystallization isotherms of PET in the neat state and
in the blends are very similar to those of other polymers [8,
9,11,12], showing the autocatalytic nature of the crystal-
lization and exhibiting retardation at the tail part of the
isotherms (Fig. 2a—d). The temperature ranges (TR) of
isothermal crystallization were compiled from the above
figures for all the blends and they were plotted with ¢pyg, in
Fig. 3. It was observed that initially the TR decreased
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Fig. 1. DSC heating thermograms for the blend composition Wpgr = 0.83
crystallized isothermally at 234 °C for indicated times (in min). (Heating
rate 10 °C/min.)
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Fig. 2. Crystallization isotherms for PET in its blends with PVF, at indicated isothermal temperatures (°C) for the blend compositions (¢pgr) : (a) 1.00 (b) 0.85

(c) 0.55 (d) 0.35.

sharply with increase in ¢pyp, but it remained almost
invariant for the higher PVF, content blends. A decrease in
crystallization temperature range is common to crystalline
polymers in their blends [11,12] because of difficulty of
crystallization of the polymer in the blends.
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Fig. 3. Plot of isothermal temperature range as a function of volume fraction
of PVF; (¢pyg,) in the blend.

There was a significant decrease in crystallization rate of
PET in the blends as shown in Fig. 4, where the crystal-
lization rate (1/7y5, 7905 = time required to achieve 5%
crystallinity) is plotted with blend composition (¢pyg, ) for a
particular crystallization temperature (7, = 228 °C).2 This
may be attributed to the difficulties in diffusion and
nucleation processes due to strong specific interaction of
PET with PVF, in the blend. In the same figure the
crystallization rate (1/7p¢s) is plotted with ¢pyg, for
crystallization at same undercoolings (70 — T, = AT =
65 and 60 °C), where interesting observations may be noted.
With increase in ¢pyg,, at first there is almost a constant
crystallization rate but beyond ¢pyg, = 0.45 there is a sharp
increase in the crystallization rate. At the same under-
cooling, the crystallizing molecules experience the same
nucleation force and, therefore, the crystallization rate
should essentially be the same. This has indeed been

2 The temperature 228 °C was chosen because this crystallization
temperature was common in the isothermal region of most of the blends
studied. Subsequent calculations and arguments based on same isothermal
T. refers to this temperature unless otherwise mentioned.
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Fig. 4. Plots of crystallization rate of PET (1/7s) as a function of volume
fraction of PVF, (¢pyg,) in the blend: (a) at the same isothermal
T, =228 °C (b) at the same undercooling, AT = 60 °C, (c) at the same
undercooling, AT = 65°C and (d) plot of Flory—Huggins’ interaction
parameter (x12) versus ¢pyg, for PET/PVF, blends [13].

observed for lower PVF, content blends but with increase in
PVF, content, the crystallization rate increases.

3.2. Avrami analysis

The Avrami equation [25,26] for polymer crystallization
is expressed as

1= A(t) =1 — exp(—kt") (1)

where 1 — A(?) is the crystallinity at time ¢, k is the overall
rate constant and »n is the Avrami exponent which gives an
insight into the nature of the nucleation and growth
processes. For the low level of crystallinity, when 1 — A(f)
is plotted with time in double logarithmic scale, the slope of
the linear plot gives the value of n [27,28]. Representative
plots are shown in Fig. 5a and b for compositions
¢per = 1.0 and 0.85, respectively. The n values calculated
from the least-square slopes of these plots are presented in
Table 2. It is clear from the table that for pure PET at low T,
(228-232°C) the n values lie between 2.6 and 2.9,
however, with T, > 236 °C they lie between 3 and 4.
From these data it may be interpreted that two-dimensional
heterogeneous nucleation with linear growth takes place at
lower temperature while above 236 °C the crystallization
takes place by three-dimensional heterogeneous nucleation
with linear growth [25-28]. Thus it appears that in pure
PET there is a change in growth habit with increase in
crystallization temperature. In the blend of composition
¢per = 0.85 the Avrami exponent lies between 2.1 and 2.6
indicating that here two-dimensional heterogeneous
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Fig. 5. Plot of the Avrami equation for (a) neat PET and (b) blend
composition ¢prr = 0.85 at indicated isothermal 7s (°C).

nucleation with linear growth is taking place throughout the
whole temperature range. For ¢ppr = 0.55, the Avrami
exponent values lie between 1.5 and 1.8 and it may be better
interpreted as one-dimensional heterogeneous nucleation with
linear growth. For the blend with ¢ppr = 0.35, at low T the
Avrami exponents lie between 1.4 and 2.1 like earlier, but for
T. > 218 °C the growth habit changes to two-dimensional

Table 2
Values of Avrami exponents (n) for PET-PVF, blends
T. (°C) Composition (¢pgr) of blends

1.0 0.85 0.55 0.35
210 1.5
212 1.5
214 1.7 1.4
216 1.8 1.7
218 24 1.7 2.1
220 2.6 1.5 2.1
222 2.7 1.7 2.7
224 2.5 1.5 3.0
226 2.6 2.6
228 2.7 2.5 2.5
230 2.6 2.1
232 2.9 2.1
234 2.3
236 3.6 2.5
238 38 2.3
240 39
242 3.1
244 3.7
246 3.6
248 4.0
250 32
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Fig. 6. Plot of In(1/75s) — In ¢, + (U*/R(T, — Ty,)) — (O.ZTfI’,b/(Tgb — T.)f)n ¢, versus (1/Tc(T3.b — T.)f) for the PET-PVF, blend compositions (¢pgr) :
(a) 1.00 (b) 0.85 (c) 0.55 (d) 0.35. The numerals in Roman indicate crystallization in the corresponding regimes.

heterogeneous nucleation with linear growth (n = 2.5-3.0)
[25-28]. Thus from the results it is clear that the growth
habit of PET changes due to blending from three-
dimensional to two-dimensional in most cases. In most
cases a variation of Avrami exponent with temperature is
also observed.

It is now pertinent to compare the Avrami exponent
values of PET and its blends with those in the literature. In
the PET/poly(ether imide) blends Hwang et al. [29]
obtained n values close to three for all blend compositions
calculated from both Avrami and Price models [30]. Jang
et al. [31] studied the crystallization kinetics of PET/hyper-
branched polymer blends by DSC and obtained n values
between 2.3 and 2.9. Yu and Bu [32] recently studied the
crystallization kinetics of PET modified by ionomers and
obtained n values between 2.3 and 2.8. The crystallization
kinetics of PET is recently studied by Lee et al. and obtained
n values close to three [33]. Thus our results are very much
similar to those of other workers [29-33].

3.3. Surface nucleation theory

From the consideration of chain folding process during
polymer crystallization Hoffman et al. [19] propounded the
surface nucleation theory and according to the theory the
growth rate (G ) is expressed as

~U* — K, (i)
R(T. — To) ]e"p[ T.ATY ] @

G =G, exp[

where Gy is a pre-exponential factor, U * is the activation
energy of transport having a value of 1500 cal/mol, R is
the gas constant, 7, is the crystallization temperature,
T = (T, —30) K, T, being the glass transition tempera-
ture, AT = T, — T, is the undercooling with 7% being the
equilibrium melting temperature, Ky(i) is the nucleation

constant for regime (i): K, (I) = 2K, (II) = K, (III') with

4boo, T

KD = =1 AH,

3)
where o and o, are lateral and end surface energies,
respectively, b is the stem length, k is the Boltzmann
constant and AH; is the enthalpy of fusion per unit volume
and f = 2T /(T2 + T.), is a correction factor. By extending
this theory for application to polymer blends [20,34] one
gets,

_ U*
G=G0¢23Xp[7R(T -7 )]
— K, (i) 0.27°,
exp[ T, —Tof T (10 —Tof " ¢2] @

where T2, is the equilibrium melting point of the crystalline
polymer in the blend and ¢; is its volume fraction. The first
exponential term represents the contribution of diffusion to
the growth rate and will be denoted by B in relevant
discussions later on. Now representing the growth rate G as
1/7905 (with 7y 05 being the time required to achieve 5%
crystallinity at a particular 7,.) and rearranging Eq. (4) we
have,

U* 0.27°
ln( )-—1n¢@4— T
T0.05 RT, —Tw) (Ty, —TJf

In ¢,

K, (i)

=InGy - ————
O T(T0, - T.f

()
Thus, a plot of the left-hand side of Eq. (5) against
UT.(T?, — T.)f should yield straight line and the plots are
shown in Fig. 6. In case of the blends, the 7, of the melt
calculated from Fox relation [35] has been used taking the
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Table 3
Regime transition temperature (7}) for regime-II to regime-I and under-
cooling (AT) at T, for PET and its blends with PVF,

Sample dpET T (°C) T, (°C) AT at T, (°C)
PET 1.00 305.0 236 69
B10 0.85 295.0 229 66
B24 0.55 283.0 215 68
BS 0.35 272.0 219 53

T, of pure PET = 72.5 °C and that of pure PVF, = —39 °C
[36]. This has been done because the two polymers, though
miscible in the melt state, phase-separate in the solid state
and show composition independent 7, characteristic of the
pure polymers [13].

From Fig. 6 it is clear that for pure PET, the data points
may be better fitted by two intersecting straight lines instead
of a single straight line. The ratio of the slopes of the two
straight lines is 1.4. Therefore, from the nature of the plots it
may be surmised that there may be a regime transition from
regime-I to regime-II [8—12,19] at 236 °C.

It is now pertinent to examine the literature reports in
connection with crystallization regime of PET. Runt et al.
[37] critically analysed the growth rate data of Van
Antwerpen and Van Krevelen [4] and obtained no regime
transition, however, from the Lauritzen Z-test they find that
crystallization occurs in regime-II at T, = 120-200 °C for
molecular weight M, = 39100. Phillips and Tseng [6]
analysed the crystallization kinetics data obtained from light
scattering study of PET (M, = 21000) and obtained a
regime-II to regime-III transition at 167 °C. Hwang et al.
analysed the crystallization kinetics of PET (M, = 12 000)
in the temperature range 95-230 °C by DSC and did not
observe any regime transition [29]. Thus in the literature
there are contradictory reports on the regime transition of
PET. In our work we crystallized the sample near the
melting point (228-250 °C). The crystallization kinetics
study of PET at this temperature range is not yet reported in
the literature. Our sample (M, = 18000) characteristics
might be close to that of Hwang et al. [29], however, they
did not observe regime transition between 95 and 230 °C
since they did not crystallize the sample at the high
temperature region. Phillips and Tseng crystallized the
samples between 120 and 220 °C and observed a regime-II
to regime-III transition at 167 °C. However, in our sample
the I-II regime transition temperature was observed at

Table 4
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236 °C. Thus our results appear to be justified since regime-I
crystallization occurs at higher 7s.

For the PET-PVF, blends, in every case there was
regime [-II break. The regime transition temperatures are
presented in Table 3. Here, it may be noted that in most
cases at regime transition temperature a change in the
Avrami exponent took place (Table 2). Like the isothermal
crystallization temperature range, the regime transition
temperature also shifted to lower temperatures due to
blending. Except for the blend composition ¢pgt = 0.35 the
undercooling required for regime transition was the same
(ca. 67 °C) (Table 3). This supports the kinetic nucleation
theory, however, the reason for the difference in behaviour
for ¢pgr = 0.35 is not clear. It may be mentioned here that
Hwang et al. [29] studied the crystallization kinetics of
PET-PEI blends, but did not observe any regime transition.
K, values of different regimes were calculated from the
slopes of the plots of Fig. 6. The K, values of the blends
were lower than that of the pure polymer in every regime
(Table 4).

3.4. Chain configuration of the melt

The lateral surface energy (o) of the polymer crystal may
be determined from Eq. (3) provided the o, value is known.
Various o, values of PET have been reported in the
literature [6,29,37], however, for the present calculation we
have taken o, = 140 erg/cm2 [37] which is close to that of
other rigid chain polymers [19]. In Table 4 o values for
different regimes are presented for all the systems. Recently
Hoffman et al. [38] related o with the chain configuration
parameter, the characteristic ratio (c«), of the pure polymer
melt by the relation

o = AH,(al2) Ci ©)

o

where a is the width of the chain and ¢, = F§/nl*, with 7§ the
mean square end to end distance in the unperturbed state, / is
the length of a segment and » is the number of segments in
the chain [39]. In the blends, the lateral surface energy of the
crystal may be expressed in the same way as Eq. (6), where
c, assumes a value c, = afg/nl’, a being a factor
characterizing the chain extension that may occur due to
blending with other polymer [11,12,22]. The « may be

Interfacial free energies and chain extension factors for PET in its blends with PVF,

Sample dpET Regime-I Regime-II
K, X107 o, (erg¥lem®) o) (erglem®)  a[o/og)]® K X 1070 oo, (erg’fem®) oy, (erglem®) @ [olog)]™?
PET 1.00 87 1887 13.48 6.1 2647 18.9
B10 085 69 1523 10.88 1.11 5.6 2473 17.7 1.03
B24 055 84 1872 13.37 1.01 6.0 2709 19.3 0.99
B8 035 55 1265 9.09 1.22 23 1058 7.6 1.58




M.H. Rahman, A.K. Nandi / Polymer 43 (2002) 6863—-6870 6869

calculated from the relation

172
-(2)

The «a values calculated from the measured o values are also
presented in Table 4. It is apparent from the table that most
of the o values are slightly greater than unity indicating
there may be small extension of the PET chain in the melt of
the blends. These « values are lower than those in the blends
of flexible chain polymers. As for example, in PVF,—PMA
blends « ranges from 1.03 to 1.39 [11] and in PVF,-
poly(pivalolactone) it ranges from 1.2 to 2.1 [22]. The rigid
nature of PET chains might be the cause for such a small
value of the extension factor («). However, the reason for
the relatively high value of « (1.58) obtained from regime-II
crystallization of the blend composition ¢pgr = 0.35 is not
clear to us

3.5. Diffusion processes

It may also be observed from the temperature coefficient
plots of the blends (Fig. 6) that there is a jump of
crystallization rate at the regime-I to regime-II transition
temperature and the jump is more pronounced in blends
with higher ¢pyp,. This type of behaviour is observed in
PVF,/poly(methyl methacrylate) blends and has been
explained from a two-step diffusion mechanism [14].

Here we would like to analyse the various diffusion
processes operating in different crystallization regimes to
explain the results. For crystallization in blend the diffusion
may consist of two processes: (i) mutual-diffusion and (ii)
self-diffusion [14,15]. In the crystalline polymer—amor-
phous polymer blends, two competing rate processes may
control nucleation: attachment of crystalline polymer onto
the substrate surface and the exclusion of the amorphous
polymer from the crystal growth front (mutual-diffusion,
Dyy). Subsequent spreading of the nucleus throughout the
surface is controlled by the rate of pulling-out of its residual
segments from the melt near to the growth front (self-
diffusion, Dg). According to L—H theory [19] the crystal-
lization rate (Eq. (4)),

o< B exp[—K,/T(AT)f] (®)
T0.05

is mostly governed by nucleation rate, i for regime-I and -IIT
and it is proportional to (ig)"* for regime-II, where g is the
rate of surface spreading. Again,

i oc ¢, Dy exp[— K /T (AT)f ] (92)
and
g oc Dy (9b)

Consequently, transport contribution to the growth rate:

for regime-1: B oc Dy (10a)
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Fig. 7. Plot of self-diffusion coefficient (a), mutual-diffusion coefficient (b),

and diffusional part of growth rate in regime-I (c) and in regime-II (d) as a
function of ¢pyg, in the blends.

for regime-II : B oc > (DyDs)" (10b)

The mutual diffusion coefficient may be expressed as [14,
40]

-1
¢ ¢
Dy < 11
M (D(l)/nl +Dg/n2 (b

where ¢ is the volume fraction of the component, D © is the
diffusion coefficient of the monomer unit and n is the
degree of polymerization. On the other hand, self-diffusion
coefficient in the blend may be expressed as [14,41]

12)

D, D) Y+ (1 — y)(ma/ny) ]

Ly + (= pna/ny) + (na/ne)

where v is a constant, 7, is the degree of polymerization
between the entangle points. For the present system we
considered PVF, as component-1 and PET as component-2.
We used DY = 107%° DY = 1077 [42], n; = 3350, n, = 94,
v=0.5[14,41] and n, = 20 and calculated both Dy; and Dg
values. The variation of Dy; and Dg with ¢, is shown in
Fig. 7, where it is apparent that Dy, values decrease with
increasing PVF, concentration. We calculated the transport
part, B of crystallization rate for both the regimes using Eqs.
(10a) and (10b). These are also presented in Fig. 7. From
this figure it is apparent that B8 in regime-I decreases with
increasing ¢pyp, at a larger rate than that in regime-IL
Consequently we observe a jump of crystallization rate at
regime-I to regime-II transition region. The fact that we did
not observe the said jump in crystallization rate for the blend
composition ¢pgt = 0.85 may be due to the small

3 Since D ° for PVF, monomer unit is not available in the literature, we
approximated it to that of polyethylene monomer unit [42].
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difference of B between the two crystallization regimes at
this composition.

4. Conclusion

The study indicates that the crystallization rate of PET
decreases due to blending at a particular isothermal T,
while at the same undercooling it remains almost constant at
lower concentration of PVF,, but it increases with increase
in PVF, concentration. The Avrami exponent n decreases
due to blending indicating a change in the nucleation
process from three-dimensional to two-dimensional hetero-
geneous nucleation. There is a regime-I to regime-II
transition of PET during its isothermal crystallization in
the pure state and also in the blends. A jump in the
crystallization rate at the regime-I to regime-II transition
temperatures is observed for the blends ¢ppr = 0.55 and
0.35. This has been attributed to the increased difference of
the diffusion contribution to the crystallization rate ()
between regime-I and regime-II with increasing PVF,
concentration in the blends. Analysis of the lateral
interfacial free energy (o) obtained from the nucleation
constant (K,) in each regime indicate that there might be
some chain extension due to blending.
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