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Abstract

Differential Scanning Calorimetry has been used to study the isothermal crystallization kinetics and melting behaviour of PET. Kinetic
analysis indicated that the overall crystallization of PET involved two processes, attributed to primary and secondary crystallization.
Secondary crystallization occurred consecutively with primary and both processes obey different Avrami time dependences. The primary
process was that of heterogeneous nucleation and three-dimensional spherical growth that was confirmed by direct observation of spherulites
by SEM. Secondary crystallization was that of one dimensional growth involving fibrillar growth between the primary lamellae of the
spherulites. Accordingly primary crystallization has a stronger temperature dependence on temperature than secondary. Further analysis
based on Hoffman—Lauritzen theory revealed that PET crystallization followed regime I kinetics at temperatures between 490 and 564 K.
Below 490 K, regime II kinetics were operational. Multiple endotherms were observed in melting PET and attributed to the effect of crystal
perfection and re-crystallization on heating from the crystallization temperature to the m.pt. Increasing the crystallization temperature and
the rates of heating during melting scans minimized these effects.

Increases in yield stress, yield strain and decrease in elongation at break with crystallinity were ascribed to the strengthening effect of the
crystals on the amorphous matrix, accompanied by the change in mechanism of tensile deformation from ductile yielding to craze-crack

growth. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terephthalate) (PET) is a well established
engineering polymer used in the manufacture of fibre, film,
tape, mouldings and pressurized liquid containers. As with
other semi-crystallisable polymer, the physical and mechan-
ical properties of PET depend on its microstructure and so
are determined by crystallization rate, the degree and quality
of crystallinity. In order to control the rate of crystallization
and the degree of crystallinity and to obtain the desired
morphology and properties, a great deal of effort has been
made into studying the crystallization kinetics and deter-
mining the change in material properties [1-18]. Many
experimental techniques have been applied to these studies
including calorimetry, dilatometry, infrared spectroscopy,
X-ray diffraction, light scattering and others [19]. Differen-
tial scanning calorimetry (DSC) in particular has been very
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successful in studying polymer crystallization kinetics [20—
21].

Although PET has been largely studied, it has not been
investigated in all aspects of crystallization behaviour, e.g.
secondary crystallization, and some studies conflicted with
one another [22-23]. This paper aimed to investigate the
isothermal crystallization kinetics and mechanism of
PET in more detail primarily by using DSC. Relevant to
these aspects, the melting behaviour of PET and the effect
of crystallinity on tensile properties have also been
investigated.

2. Experimental

Commercial PET with a number average molecular
weight of 16kgmol ' and polydispersity of 2.2 was
supplied by ICI plc. in sheet form. It was dried in a vacuum
oven at 100°C for 12 h before re-moulding. Disc specimens,
3.0 mm in diameter and 1.5 mm in thickness were cut from
the dried sheet and used for all DSC studies on melt-crystal-
lization kinetics.
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A Perkin—FElmer differential scanning calorimeter, DSC-2,
interfaced to a PC computer was used to follow the variation
of the rate of heat evolution with time. The temperature
scale of the DSC was calibrated from the melting point of
high purity metals (99.999%): lead (600.65K); tin
(505.06 K); indium (429.78 K); stearic acid (343.15 K).
The power response of the calorimeter was calibrated
from the enthalpy of fusion of indium [24], taken to be
28473 ¢!, Samples were weighted and enclosed in
aluminum pans and an empty aluminum pan was used as
reference.

All crystallization rate studies were carried out on
completely amorphous samples. Corresponding to the
different routes to crystallization temperature the
samples were heated from the glass or cooled from
the melt, isothermal crystallization was referred to as
cold- and hot-crystallization, respectively. Isothermal
cold-crystallization studies were carried out in the
temperature range of 390-410 K. The samples were
placed in DSC at 320K and heated to the desired
temperature at 160 K min~'. They were kept at the crystal-
lization temperature for sufficient time that the DSC trace
returned to the calorimeter baseline. Isothermal hot-crystal-
lization experiments were performed in the temperature
range 480-500 K. For experiments carried out on molten
materials, the samples were cooled from above the observed
melting point at a rate of 160 K min "' to the crystallization
temperature and kept at that temperature until the DSC trace
returned to the calorimeter baseline. Each result is an aver-
age of three.

A potassium hydroxide solution in methanol was used to
etch the surface of crystallized PET. The morphology of the
etched specimens was examined on a Jeol, model 5410,
scanning electron microscope (SEM).

Tensile load-extension experiments were carried out
using an Instron floor standing tester, model TT-BM.
Dumbell shaped samples were cut from compression-
moulded plaques. The specimens had a gauge length of
25 mm, width 4 mm and thickness 0.8 mm. The cross-
head speed was 0.01 cm min 'min with an accuracy of
*1%. The tests were conducted in a constant room at 295 *
1 K and constant humidity of 50 = 1%. The applied loads
were calibrated by standard weight and an interfaced PC
computer recorded the response of samples to the applied
load.

3. Results and discussions
3.1. The crystallization of PET

The isothermal crystallization exotherms of PET,
obtained as described above, are shown in Figs. 1 and 2.
The weight fraction crystallinity, X;, was obtained from the
ratio of the area of the endotherm upto time ¢ divided by the
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Fig. 1. DSC exotherms of the isothermal cold-crystallization of PET.

total endotherm, i.e.

f (dH/dr) dt
X =0 (D

J’ (dH/dt) dt
0

where dH/dt is the heat flow rate. The development of the
weight fraction crystallinity with time for cold- and hot-
crystallization of PET is shown in Figs. 3 and 4. All
isotherms exhibited a sigmoid dependence with time. The
dependence of the overall crystallization rate on tempera-
ture can be seen from the half-lives in Fig. 5. The depen-
dence of the overall crystallization rate on temperature can
be seen from the variation in the half-lives in Fig. 5. This
followed the conventional bell-shaped curve with the fastest
rate of crystallization in the region of 430—450 K.

A slow increase of crystallinity with time after most of
the crystallization had taken place was observed and this
was attributed to the presence of secondary crystallization
[21,25]. The time dependence was analysed assuming the
presence of two crystallization processes, primary and
secondary, and using a modified Avrami equation [26] for
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Fig. 2. DSC exotherms of the isothermal hot-crystallization of PET.
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Fig. 3. Development of crystallinity with time during cold-crystallization.

which
X, = Xpwll — exp(—=Z1")] 2)

where X, and X, ., are the fractional extent of crystallinity at
time ¢, and at the end of the primary process. Z is the primary
composite rate constant and n a constant whose value varies
according to the primary crystallization mechanism.

Eq. (2) can be differentiated and rearranged to give the n
value for the primary process,

dX; _ . X
n= —I(E)/I:(Xp,w X)) ln(l Xn )] 3)

Eq. (3) reflects instantaneous values of n as a function of
crystallinity, X,. Empirically, the primary and secondary
crystallization processes have been considered to occur
either consecutively or concurrently but the n value will
predict the change from primary to secondary [26,27].
The resolution of the two processes becomes that of deter-
mining a critical value of X, ., which marks the completion
of the primary crystallization. This was achieved by adjust-
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Fig. 4. Development of crystallinity with time during hot-crystallization.
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Fig. 5. The overall crystallization rate of PET as a function of crystallization
temperature.

ing X, ., until the value of n remains essentially constant at
the end of the primary process.

Instantaneous variation in n value with extent of crystal-
linity is shown typically in Fig. 6. It can be seen that the
Avrami exponent changed progressively from 0.5 to 2.6
during the initial development of crystallinity, but remained
at 2.6 = 0.2 over the range 30—90% of the process. Beyond
90%, it suddenly rose towards 4.0 implying the mechanism
of crystallization changed beyond the transition point corre-
sponding to the end of the primary process, i.e. at X, ». The
values of X, . for cold- and hot-crystallization at different
temperatures were obtained in this manner and are shown in
Table 1.

For cold-crystallization, X, . decreased with increase in
temperature, and at the same time the rate constant of
primary crystallization increased. For the hot-crystallization
of PET, X, . increased with the increasing temperature, and
the rate constant of primary crystallization decreased. It
would appear that a faster primary crystallization process
was accompanied with an increase in the amount of second-
ary crystallization present.

n=2.6
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Fig. 6. Variation in n value during PET isothermal crystallization.



9426 X.F. Lu, J.N. Hay / Polymer 42 (2001) 9423-9431

Table 1
X, for PET isothermal crystallization

Cold-crystallization Hot-crystallization

Temperature (K) Xp.o Temperature (K) Xp.o
391.0 0.98 484.9 0.91
392.9 0.97 486.8 0.95
394.8 0.96 488.8 0.92
396.7 0.93 490.7 0.95
398.6 0.95 492.6 0.96
400.6 091 494.5 0.97

3.2. Primary crystallization

The Avrami kinetic analysis of the primary crystallization
process is shown in Figs. 7 and 8 for cold- and hot-crystal-
lization respectively. A series of straight lines were obtained
from plots of (—In(1 — [X,/X])) against In(¢) for which the
slope is equal to the Avrami exponent, 7, and the intercept at
In(t) = 0 is In(Z,). Values of n;, Z; and the corresponding
half-life, #;,,, for cold- and hot-crystallization are listed in
Tables 2 and 3, respectively.

It can be seen from Tables 2 and 3 that the n values were
essentially constant at 2.6 £ (.2 for both cold- and hot-crys-
tallization and are not the integer values required by the
crystallization mechanisms considered by Avrami. The
values are consistent with other polymer crystallization
kinetic studies for which the mechanism is one of growth
of spherulites from heterogenious nuclei. Indeed, a spheru-
litic morphology was observed by SEM in these crystalline
samples after etching with methanolic KOH, see Fig. 9.

3.3. Secondary crystallization

Many research workers [28-30] have attributed the
deviation to the presence of a secondary process. However,
up to now, the exact mechanism of the secondary crystal-
lization has not been clear, thus the analysis of secondary
crystallization has been based on certain approximations.

Following Hillier’s two-stage crystallization of spheru-
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Fig. 7. Avrami analysis for the primary stage of cold-crystallization of PET.
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Fig. 8. Avrami analysis for the primary stage of hot-crystallization of PET.

lites in which secondary crystallization develops within
the boundaries of the spherulite, Verhoyen and coworkers
[31] consider that the secondary crystallization occurs well
after the primary has stopped and the two follow their own
Avrami kinetic equation.

Thus for the primary crystallization,

Xp =w [l — e*Zl(l*f(xl)”'] )

where f; is an induction time for the primary crystalliza-
tion, and Z; and n, represent the Avrami constant and rate
constant, respectively.

For the secondary crystallization,

X, = wy[l — e 20702 (5)

where fy, is the induction time for the secondary crystal-
lization. The essential and necessary condition for the model
is fpp > 1. np and Z, represent the Avrami constant and
rate constant of the secondary process, respectively. wy and
w, represent the relative importance of the two processes
and w; + w, = 1. The total crystallinity developing with
time is thus given by

X, =w[l — ele(t*fo,l)"'] + wo[l — efzz(f*to,z)"z] (6)

This equation was used to analyse the crystallization of
PET in this study. The relative importance of the two
processes, wy and w,_is reflected by the relative degree of
crystallinity at the end of primary crystallization, X;, ., and
the secondary process, X, respectively. An additional
assumption was made that the secondary process started at
the end of the primary process. Thus, £y, was set as the time

Table 2
The Avrami rate parameters for PET (Primary stage of cold-crystallization)

T. (K) 391.0 3929 3948 396.7 398.6 400.6
n; 0.1 2.6 2.5 2.6 2.7 2.6 2.5
Z; X 10° (min™") 1.24 2.66 5.19 724 18.6 68.0
tijp,1 (min) 11.4 9.26 6.57 5.42 4.25 3.45
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Table 3
Avrami rate parameters for PET (Primary stage of hot-crystallization)

Table 4
Avrami rate parameters for PET (Secondary process of cold-crystallization)

T. (K) 4849 4868 488.8 4907 4926 4945
n; = 0.1 2.7 2.7 2.7 2.5 24 24
Z, x10° (min™™) 12,6 799 475 420 349 271
f172,1 (min) 441 522 633 771 872 10.1

T. (K) 391.0 3929 394.8 396.7 398.6 400.6
ny = 0.1 13 1.3 1.2 1.2 1.2 1.2
Z, (min™"™) 0.17 0.25 0.28 0.32 0.39 0.48
tip (min) 4.1 33 2.5 2.2 1.8 1.5

when the primary process finished and the secondary
process started.

The total crystallinity at time, ¢, has two time depen-
dences, i.e. initially when, X, < X, o,

X, = XP = Xp,oo[l - e_ZI(t_tO’I)n]] @)
and when, X; > X, o
X, = Xpeo + Xy = Xpoo + Xyl | — e 207027 (8)

The cold- and melt-crystallization rates were analysed in
terms of these two regions and the kinetic parameters of the
secondary crystallization, i.e. the Avrami constant, n,, rate
constant, Z,, and the half-life, #,, obtained. These are listed
in Tables 4 and 5, respectively.

From Tables 4 and 5 it can be seen that the n, values were
about 1.2, suggesting that one dimensional crystal growth is
occurring in the final stage of the crystallization. The values
of Z, and ¢, are dependent on temperature and changing in
the same relative way as the values for primary crystalliza-
tion. In the temperature region of cold-crystallization, the
rate of the secondary process decreased with decreasing
temperature consistent with the increase in melt viscosity
as the glass transition is approached. In the temperature
region of hot-crystallization, the rate constant decreased
with increasing temperature consistent with nucleation
control of crystallization.

Secondary crystallization develops after 90% of the crys-
tallization process has taken place and the kinetic analysis is
severely restricted by the limited sensitivity of the DSC.
Secondary crystallization continues to develop well beyond

( 10KV x 2,000)

Fig. 9. Spherulites of PET after crystallization at 120°C for 1 h and KOH
etching.

the detectable limit of heat flow measurements in the DSC
and this reduces the accuracy of determining the rate
constants and »n value.

3.4. Nucleation characteristics

The crystallization characteristics of thin films of PET
were studied by hot stage microscopy. Resolvable spheru-
lites were observed in the temperature range 110 to 160°C.
The radii of the spherulites were observed to grow linearly
with time up to impingement and the nucleation density was
measured from the number of spherulites in the field of
view. Radial growth rates increased and nucleation densities
decreased with crystallization temperature in the range of
cold-crystallization, as can be seen in Fig. 10. Nucleation
was heterogeneous as the spherulites reformed in same
place within the PET sample on melting and crystallization.
Heterogeneous nuclei are most likely to form on a range
of different size particles with progressively smaller ones
becoming effective with decreasing temperature. The
density of nuclei should increase with decreasing crystal-
lization as the more numerous small particles become
activated.

3.5. Melting and the equilibrium melting point

In order to understand the temperature dependence of the
crystallization rates it was important to measure the equili-
brium melting temperature of PET by establishing the rate
dependence on the degree of super-cooling, AT = T,,, — T..
As described above, PET can be crystallized over a wide
temperature range between the glass transition and the melt-
ing point. The different thermal history leads to different
morphologies as evidenced by the presence of multiple
melting endotherms [32—-35]. A weak dependence of melt-
ing point on crystallization temperature is then observed as a
result of melting and re-crystallization or annealing of the
sample during the heating to the melting point. This
produces further structural changes within the sample. In
investigating the effect of heating rate on this recrystalliza-
tion and subsequent changes in melting behaviour, PET was

Table 5
Avrami rate parameters for PET (Secondary process of hot-crystallization)

T. (K) 484.9 486.8 488.8 490.7 492.6 494.5
ny = 0.1 1.2 1.3 1.2 1.0 1.3 1.3
Z, (min~") 0.28 0.24 0.22 0.18 0.16 0.15
ti2, (min) 2.4 2.8 32 3.8 43 4.7
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Fig. 10. Changes in nucleation density and crystal growth rate with
temperature.

isothermally hot crystallized at 485 K for various periods up
to complete crystallization. The samples were then melted at
different heating rates from 5.0 to 20 K min~'. Three melt-
ing endotherms were observed in these samples, as shown in
Fig. 11, labelled 1, 2 and 3 with increasing temperature.
Endotherm 1 started about 10 K above the crystallization
temperature but shifted to increasing temperature with heat-
ing rate. If this is due to the melting of the smallest lamellae
produced by secondary crystallization and to inter-lamellar
growth it should not develop until after the primary stage is
complete.

Endotherm 2 was independent of the heating rate and
considered to be characteristic of the melting of the crystals
formed in the primary crystallization. Endotherm 3 resulted
from the melting and recrystallization of endotherms 1 and
2. Accordingly it increased in intensity with the slower heat-
ing rates with the greater amount of time for melting and
re-crystallization. Increasing the rate of heating during melt-
ing minimized the effect of re-crystallization and, for a
specific heating rate, re-crystallization is reduced by crystal-
lizing the sample at higher temperatures. Reliable measure-
ment of melting point should only be made by using high
crystallization temperatures and rapid melting rates.
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Fig. 11. Effect of heating rate on PET melting behaviour.
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Fig. 12. The development of the melting point on crystallization tempera-
ture of PET.

Conventionally the melting point as measured by DSC is
defined as the temperature corresponding to the maximum
rate of melting, T}, Instead, the temperature corresponding
to the last trace of crystallinity of the sample [36] was
adopted as Tiyeps) Fig. 12 shows the melting endotherms
at a heating rate of 20 K min~' of PET isothermal crystal-
lization from 511 to 521 K for 24 h. Further annealing of the
samples showed that a stable crystal structure had formed
and the observed melting points, 7y ps) did not increase with
further increasing time, suggesting that crystal perfection
did not occur to any appreciable extent. In addition, a single
melting endotherm only was observed and it shifted to
higher melting points with the increasing crystallization
temperature. The observed melting points were characteris-
tic of the large stable crystals produced at the crystallization
temperature.

Using these values, corrected for thermal lag, the proce-
dure suggested by Hoffman et al. [37] was adopted of plot-
ting Trn(ops), against 7, to determine the equilibrium melting
point, T;. The plot was linear, see Fig. 13, and could be
interpolated to intersect the line of T, = T at a value for TS1
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560-] e ]
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e sl L EE 1
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Fig. 13. The determination of the equilibrium melting point.
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of 564.0 £ 2.0 K. The slope of the line, i.e. 1/23 was equal
t0 0.50 £ 0.1, giving 8 = 1.0. This confirmed that no crystal
perfection and recrystallization had occurred and caused the
thickness of lamellae to increase as PET was further
annealed, or while it was being heated during the melting
run.

3.6. The temperature dependence of primary and secondary
crystallization rates

The primary and secondary crystallization rates at differ-
ent temperatures were expressed in the form of reciprocal
crystallization half-life, 1/¢;,, using Hoffman-Lauritzen
relationship [38] and following Chan and Isayev [39],
(1/t1,) and (1/t;,), were used to substitute for g and g,
respectively. The temperature dependence of the crystalli-
zation half life (1/¢,,,) is given by

1y (1 -U" -K,
(E) - (E)o e"p[ R(T - T.) ] eXp[ T(AT)f] ®

Plots of In[(1/t,,) + U"/IR(T — T,)] against 1/(TATf) are
shown in Fig. 14 for both primary and secondary crystal-
lization. The data is consistent with two linear relationships
for both primary and secondary processes, corresponding to
two nucleation regimes,

It is considered that at high crystallization temperatures,
corresponding to small degrees of super-cooling, regime I
kinetics are operative. In this case, surface nucleation
involved in crystal growth leads to rapid completion over
the surface of the new phase prior to the next nucleation
event. Therefore, secondary nucleation dominates crystal
growth and for primary and secondary crystallization,

4b0—0—eTr91 52
= ———=50x100K
el AHk

At large degrees of super-cooling, i.e. below 490 K,
regime II kinetics are operative, where the rates of the
secondary nucleation and the spread of the molecular strip
along the growing face are comparable.
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Fig. 14. [In[In[(1/t,,) + U*/R(T — Tx)] versus 1/(TAT).
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Fig. 15. WAXD diffractograms of 30% crystallized and amorphous PET.

Studies with polyethylene [38,40] also clearly show a
defined transition from regime I to II accompanied by a
morphology change from axialites to spherulites. PET also
exhibits spherulite morphology at low temperature consis-
tent with the regime II kinetics, applicable to PET crystal-
lization at large super-cooling. In this case, the primary and
secondary processes have the same K, value, i.e.

2boo, To
Ky = ——™ =25x10° K
&1 T AHk
where b is the monomolecular layer thickness, taken to be
the perpendicular separation of (010) planes. This is 5.53 A
[41]. o is the side surface free energy of the polymer crystal,
which is often estimated as [38,40,42],

g = &AHf(aobo)”z (10)

Where ¢ was derived empirically to be 0.11 by analogy with
the known behaviour of hydrocarbons [43].

The unit cell dimensions, ay and b, for PET used in the
analysis are 4.57 and 5.95 A, respectively [44]. Accord-
ingly, for PET isothermal -crystallization, o= 1.09 X
102Jm™? Using T® =564 + 2 K and the recommended

Intensity

Fig. 16. The crystalline diffractogram of 30% crystallized PET after
subtraction of the amorphous background.
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Fig. 17. The stress—strain curves of PET with various degree of crystallinity.

values [38] U"=6284Jmol”' and [5] AH;=2.1X
108 Jm > the value of o, was obtained as o, =0.106 =
0.02J m~? An alternative method for determining the fold
surface free energy, o has been applied by Wlochowicz and
Przygocki [45], from small-angle X-ray diffraction to
measure the fold period in PET crystal at known melting
points. According to the kinetic theory of chain folding [38]
they calculated o for PET crystallized in temperature range
427-473 K to be 90.9-93.6X 10 I m ™.

Obviously, the values for o obtained in the present study
are in very close agreement with these results, although a
very different method was used in their calculation.

3.7. The effect of crystallinity on the tensile properties of
PET

PET was annealed at 120°C for different times to produce
samples of different degrees of crystallinity and their stress—
strain behaviour investigated. WAXS and DSC were used to
measure the degree of crystallinity. WAXS measures the
volume fraction crystallinity, X, ,. The amorphous scattering
curve was scaled according to the amorphous content, and
the crystalline peaks obtained by subtraction. The ratio of

65 T T T T T T T )
. 1

55 J + 4
50 J_—*

35 . T T T T T T T
0 5 10 15 20 25 30 35

Volume fraction of crystallinity ( %)

Yield stress (MPa)

Fig. 18. The relationship between yield stress and crystallinity of PET at
23°C.

Table 6
The effect of crystallinity on the tensile properties of PET (295 £ 1 K at
strain rate 4.0 X 10> min ")

% Crystallinity Yield stress (MPa) Yield strain (%)

0 382 3.8x0.5
7*3 432 43=x05
153 51=*3 53x05
22+3 57x2 6.5+0.5
303 60 =2 7.0 x£0.5

the area of the crystalline bands, A, to the total area, (A, +
A,), as shown in Figs. 15 and 16, was determined and used
to define the volume fraction crystallinity, i.e.

Ac
X

= — 11
ey (an

These samples were subjected to stress—strain analysis as
can be seen in Fig. 17. The tensile characteristics are
summarized in Table 6. There was a progressive increase
in the strain at yield with increasing crystallinity as well as
an almost linear increase in yield stress with crystallinity,
see Fig. 18. It would appear that the crystalline phase is
reinforcing amorphous regions. However, as the degree of
crystallinity increased shape of the neck becomes more
diffuse and a region of uniform drawing eventually occurs.
At this stage fracture occurs at a lower stain. Crystallization
would appear to make PET more brittle as a result of
increasing the yield stress and a change in fracture mechan-
ism from ductile shear yielding to craze crack growth.

4. Conclusions

PET isothermal crystallization kinetics, including cold-
and hot-crystallization were measured by using DSC. It
was observed that the overall crystallization included two
different steps i.e. primary and secondary crystallization,
and the two occurred consecutively. The two processes
were separated at a critical value of the degree of crystal-
linity, X, ., when there was a sudden change in the value of
the Avrami exponent, n, from 2.6 to 1.2, consistent with this
transition from primary to secondary.

The Avrami analysis indicated that the primary crystal-
lization of PET followed the mechanism of three-dimension
spherical growth on heterogeneous nuclei, while the second-
ary crystallization was linear growth within formed
spherulites. The relevant kinetics parameters at various
temperatures (390—400 and 480-500 K), for primary and
secondary crystallizations were obtained separately.

The study on PET melting behaviour focused on the
determination of the equilibrium melting point. The multi-
ple melting peaks were ascribed to crystal perfection and
recrystallization as the polymer was further annealed, or
while it was being heated during the melting run. The effects
of crystal perfection and recrystallization were minimized
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by increasing the crystallization temperature as close as
possible to the melting point temperature, and by increasing
the rate of heating during the melting run. According to
Hoffman and Weeks equation, the equilibrium melting
point of PET, T% was determined to be 564 = 2 K and B
was 1.0 = 0.2. The value of B confirmed there were no
further crystal perfection and recrystallization existing
during the melting measurements.

Analysis using Lauritzen—Hoffman equation indicated
that at temperatures above 490 K, PET crystallization
followed regime I kinetics, while below 490 K, regime 1I
kinetics was operative. The fold surface energies, o for
PET primary and secondary crystallizations had the same
value, 0.106 = 0.02 I m _2, which was ten times larger than
the side surface energy o.

The increase in the yield stress, and decrease in elonga-
tion at break with degree of crystallinity was attributed to
the reinforcing effect of crystalline regions on the amor-
phous matrix, while there was a gradual change in mechan-
ism of tensile deformation from ductile shear yielding to
craze-crack growth with the increasing crystallinity.
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