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Abstract

A series of random copolyesters with reasonably high molecular weights were synthesized with varying composition by the bulk
copolycondensation of ethylene glycol with dimethyl isophthalate (DMI) and dimethyl terephthalate. Compositions and molecular weights
of the copolyesters were determined'ByNMR spectroscopy and viscometry, respectively. The copolyesters containing BA2®fmol%
and =90 mol% are crystallizable, whereas the copolyesters with BMD mol% and=90 mol% are amorphous. For the copolyesters
containing DMI of =10 mol%, crystallization behaviors were non-isothermally investigated by calorimetry and analyzed by both modified
Avrami and Ozawa approaches. Regardless of the composition, the value of the Avrami exponent is 2.8—3.5, depending on the cooling rate,
whereas the value of the Ozawa exponent is 2.1-2.6, depending on the temperature. These results indicate that the nucleation and growtt
mechanisms of the copolyesters are apparently identical to those of poly(ethylene terephthalate). However, the crystallization rate is
decreased by incorporating the DMI unit into the polymer backbone and also by lowering the cooling rate. In addition, the crystallization
activation energy is found to be increased by incorporating the DMI unit into the polymer backbone. However, both of the analytical
approaches show a big discrepancy in the estimation of the exponent which is critical to identify the type of nucleation and growth
mechanism in the non-isothermal crystallization even though they have been derived from the same Avrami apAr®d@rElsevier
Science Ltd. All rights reserved.
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1. Introduction permeability, etc. However, as a corollary, the use of
copolymerization to modify a particular property may also
Poly(ethylene terephthalate) (PET) is widely used as alter other properties, not always desirably. For many
synthetic fibers, packaging films, recording and photo- advantages of copolymerization, there is still a great
graphic tapes, bottles for beverage and food, and engineermotivation for incorporating a third component into the
ing plastic components, because of the excellent thermalPET polymer to overcome the undesirable properties.
and mechanical properties, high chemical resistance, and Poly(ethylene isophthalates-terephthalate) (PEIT)
low gas permeability [1-3]. However, PET polymer still exemplifies copolyesters possessing a crystallizing and a
has some undesirable properties: for example, poor dyeabil-poorly or non-crystallizing component [3]. According to
ity, pilling, low moisture regain, generation of static previous studies [4,5], random PEIT copolyester is known
charges, poor adhesion to metals, and poor processabilityto be formed by the conventional bulk polycondensation of
due to the high melting temperature. ethylene glycol (EG) with dimethyl isophthalate (DMI) (or
In general, copolymerization affords a facile means isophthalic acid) and dimethyl terephthalate (DMT) (or
of modifying the crystallinity, morphology, melting terephthalic acid). The incorporation of DMI changes the
point (Ty), glass transition temperaturély), solubility, morphology (i.e. crystallinity and crystal size) and proper-
ties (i.e.Tn, Ty, thermal expansivity, and mechanical proper-
*Corresponding author. Tel.= 82-562-279-2120; fax:+ 82-562-279- ties) of PET homoDOly_mer’ possibly Impl’pVIng the low
3399. temperature processability and the adhesion to substrates
E-mail addressree@postech.ac.kr (M. Ree) such as metal and ceramic sheets. The PEIT copolyesters
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Fig. 1. Synthetic scheme of PEIT copolyesters.
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are currently used in industry as thermally shrinkable pack- (DMT) were obtained from SKC Limited, Korea. Ethylene
age films as well as heat-sealable laminating films for steel glycol (EG) and antimony acetate were supplied from LG
cans and metal and ceramic sheets [5-9]. However, despiteChemical Company, Korea. Zinc acetate dihydrate and
the well recognized industrial importance, PEIT copolyester trimethyl phosphate were purchased from Aldrich Chemical
did not attract the same attention, and few studies dealingCompany, USA. All the chemicals were used as received
with its crystallization from the molten state have appeared without further purification.
up to now.

In fact, properties of a crystallizable polymer are strongly 2-2. Synthesis
dependent on the morphological structure (size, shape,
perfection, volume fraction, and orientation of crystallites)
which is formed by crystallization from the molten state.
Thus, for crystallizable polymers, crystallization behavior is
an interesting research subject to control morphological
structure and to understand resultant properties. In particu-

e e o rylalzable polmers S0 o motr ollowed by aing ain acetats dhydrte (57
y ' 9 104 wt.% of the total amount of DMI and DMT mixture)

technological importance, because these conditions are the . : .
. . . o . as an ester interchange reaction catalyst. After the addition
closest to real industrial processing conditions. Therefore, it

is highly desired to investigate non-isothermal crystalliza- was complete, a condenser was equipped into the flask.

) . o . Then, the ester interchange reaction was conducted with
tion behavior for optimizing their processes and understand- . ™. . )

. . stirring for 2.0-2.5 h at 180-21Q. During the reaction,
ing properties of the processed products.

In this study, a series of PET copolyesters were synthe- methanol, as the by proqluct, was removed with a yield of
. . : . . 92% from the reaction mixture.
sized with varying composition by the conventional bulk : 4
d : : In the second step, antimony acetate ¢0.80 ~ wt.% of
polycondensation of DMT and EG using DMI as a third . .
: the total amount of DMI and DMT mixture) and trimethyl
component. For the copolyesters synthesized, molecular 3
. ” : : phosphate (1.% 10"~ wt.% of the total amount of DMI and
weight and composition were determined. And their non- : . . .
; R . DMT mixture) were added into the reaction mixture as a
isothermal crystallization behaviors were measured by : .
. : . . polycondensation catalyst and a thermal stabilizer, respec-
differential scanning calorimetry and analyzed by both

o . ; ... tively. The polymerization was carried out with stirring for
modified Avrami z?\nd Ozawa approaches in regard with 25 35h at 260-28C under a vacuum of ca. ¥
the effect of the third component.

10 2 Torr as described elsewhere [10].

In the same manner, a series of PEIT copolyetsers with
other compositions were prepared with varying the compo-
sitions of DMI and DMT monomers.

A poly(ethylene isophthalatee-terephthalate) (PEIT) of
50/50 (molar ratio) composition (DMI50) was synthesized
by a two-step reaction sequence as follows (see Fig. 1). In
the first step, DMT of 0.5 equivalent and DMI of 0.5 equiva-
lent were added into EG of 2.2 equivalent in a two-neck
flask equipped with a mechanically sealed stirrer and a

2. Experimental

2.1. Materials 2.3. Characterization

Dimethyl isophthalate (DMI) and dimethy terephthalate =~ Compositions of the copolyesters synthesized were
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Fig. 2."H NMR spectrum of DMI50 copolyester dissolved in a mixture (3:1
in volume) of CRCOOD and CDGL.

determined in a Cf£OO0D/CDC} mixture (3:1 in volume)
[11] using a proton nuclear magnetic resonarfité NMR)
spectrometer (Bruker ASPECT 300 MHz). Intrinsic viscos-
ity was measured in GEOOH at 30+ 0.1°C using an
Ubbelohde suspended level capillary viscometer [12].
Thermal characterization was performed under a dry
nitrogen atmosphere using a differential scanning calori-
meter (DSC) (Seiko DSC 220CU). Both temperature and
heat flow were calibrated using indium and tin standards.
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estimated.Ty was chosen as the temperature at the middle
point of glass transition obtained in the heating run.

For copolyesters containing DMI ofs 10 mol% which
are highly crystallizable, non-isothermal crystallization was
performed with varying cooling rate over 2.0—20.0 K/min.
Each sample was heated up to 200vith a rate of 80 K/min
and then held at that temperature for 10 min to remove
thermal history, followed by cooling to°Q with a chosen
cooling rate. Crystallization peak temperatufg) (vas esti-
mated from the peak maximum of the DSC thermogram. In
addition, the heat of crystallizatiodH,) was obtained from
the DSC thermogram.

3. Results and discussion
3.1. Synthesis

For a series of PEIT copolyesters synthesized, chemical
compositions were determined B NMR spectroscopy.
As shown in Fig. 2, the molar ratio of the DMT and DMI
units on the polymer backbone was estimated from integra-
tions of their specific chemical shifts. The results are
summarized in Table 1. The determined compositions are
in good agreement with the compositions of monomers fed
in the first-step reaction (i.e. ester interchange reaction)
within less than 2%. This result indicates that DMT and

Sample specimens of 3.0-5.0 mg were used. In the DSCp monomers have an almost same reactivity in the

measurement, a polymer sample was preheated &C290
for 10 min in order to remove its thermal history and then
cooled down to BC with a rate of 10.0 K/min. Subse-
guently, the cooled sample was again heated up t6G00
with a rate of 5.0 K/minT,, was chosen as the temperature
at the peak maximum of melting transition measured in the
heating run and the heat of fusioAH;) was additionally

Table 1
Compositions, intrinsic viscositieg], and weight average molecular
weights(M,,) of PEIT copolyesters

Sample Feed rati Polyester ] M, °
designation (DMI/DMT) compositiorl (dl/g)
(DMI/DMT)

PET 0/100 0/100 0.545 36 000
DMIS 5/95 4.9/95.1 0.551 37 000
DMI10 10/90 9.8/10.2 0.542 36 000
DMI15 15/85 14.9/85.1 0.522 34 000
DMI20 20/80 19.6/80.4 0.503 32 000
DMI25 25/75 25.3/74.7 0.536 35 000
DMI30 30/70 30.2/69.8 0.547 36 000
DMI40 40/60 39.9/40.1 0.524 34 000
DMI50 50/50 50.4/49.6 0.504 32 000
DMI60 60/40 60.2/39.8 0.542 36 000
DMI70 70/30 70.7/29.3 0.451 27 000
DMI80 80/20 79.8/20.2 0.389 22 000
DMI90 90/10 90.4/9.6 0.380 21 000
PEI 100/0 100/0 0.372 21 000

#Molar ratio of DMI and DMT monomers fed in the polymerization.
P Measured by'H NMR spectroscopy.

ester interchange reaction with EG.

For the copolyesters synthesized, weight average mole-
cular weights(M,,s) were estimated from the measured
intrinsic viscosities (f]s) using the Mark—Hauwink—
Sakurada equation with constaatandk which were deter-
mined previously by Wallach [12] for PET homopolymer:

)

The results are listed in Table 1. The estima¥gghs are in
the range of 21 000-37 000, depending on the composi-
tions. In comparison, copolyesters rich with DMT unit
have relatively higher molecular weights than those of
copolymers rich with DMI unit. In fact, Eq. (1) was found
for PET homopolymer rather than poly(ethylene isophthalate)
(PEI) homopolymer and PEIT copolyesters. PEI homopoly-
mer may have different values of the constamédk from
those of PET homopolymer. Thus, the relatively I&dy,s
for both the PEI homopolymer and the DMI-unit-rich
copolymers may be attributed in part to the constamts
and k which are estimated incorrectly. Overall, all the
copolyesters were however synthesized in reasonably high
molecular weights.

[7] = 4.33%x 10 *M2%8.

3.2. Phase transition behavior

Fig. 3 shows DSC thermograms of PEIT copolyesters
with various compositions which were measured by heating
with a rate of 5.0 K/min after crystallized with a cooling
rate of 10.0 K/min. The copolyesters containing DMI unit
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only one phase transition that corresponds to the glass tran-
Fig. 3. DSC thermograms of PEIT copolyesters cooled with a rate of sjtion, indicating that these polymers are amorphous. In
10.0 K/min from the molten state. In the heating run, a rate of 5.0 K/min addition, the PET, DMI10, and DMI20 ponesters show an
was employed. exothermic peak over 120-17T0), respectively. These

exotherms are due to the recrystallization occurred during
of =20 mol% reveal two phase transitions: one appears overthe heating run.
50-80C, which corresponds to the glass transition, and From the DSC thermograms in Fig. 3, andAH;, as well
another over 180—-27Q, which correspond to the melting asT, were estimated. In addition, the absolute crystallinity
transition of crystals. In particular, PET homopolymer (X.) was calculated from the measur&H, using the heat of
shows a relatively weak glass transition. This might be fusion (117.6 J/g) for the completely crystallized PET [13].
due to its relatively high crystallinity. In contrast, the The results are summarized in Table 2. For the DMT rich
copolyesters with DMI unit 0&=80 mol% exhibit two tran- copolyester.T,,, AH; and X; decrease with decreasing the
sitions as observed for the copolyesters with DMI unit of DMT content, respectively. SimilaF,,, AH; and X; varia-
=20 mol%. However, the melting transitions appear very tions are observed for the DMI rich copolyester. However,
weakly because of their relatively low crystallinities. This AH;s of the DMI rich copolyesters are relatively much smal-
indicates that the DMI unit is a poorly crystallizable unit, ler than those of the DMT rich copolyesters: thabisis less
which is due to the kinkedmetalinkage. In contrast, than 2.4%.
copolyesters with 20 mol%< DMI unit < 80 mol% show In particular, T,s of the DMT rich copolyesters were

further analyzed by the Flory equation [14]:

— — = =———Inx
Glass transition temperature$gg), melting temperatured {s), heats of Tm Tr% AH;

fusion (AHss), and crystallinitiesX.s) of PEIT copolyestefs

1 1 R
Table 2 (2)

whereT,, is the melting temperature of PEIT copolyester,

Sample designation T, (°C)  Tn (°C)  AH;(Jg) X" (%) T2 the melting temperature of PET homopolymgrthe
PET 761 258.6 43.98 374 molar fraction of crystallizab!e D.MT unit, and ij the upiver-
DMIS 74.6 244.8 37.80 321 sal gas constant. As shown in Fig. 4, the ploTaf against
DMI10 73.5 234.2 35.72 30.4 (—Inx) shows a good linearity. And, the plot df,* is
DMI15 2.4 220.6 29.05 24.7 extrapolated tox = 0, giving TS, = 2593°C which is the
Bm:gg Z;-S 2088 1113 95 melting temperature of PET homopolymer. This value of
DMI30 685 . _ _ the T, is very close to that (258°6) measured for PET
DMI40 66.4 — — — homopolymer.

DMI50 64.1 — — — All the PEIT copolyesters exhibit singl&;s. The T,
DMIG0 62.4 — — — decreases with increasing DMI content. Thg variation
Bm:gg gg'g - - - with composition was further analyzed by the Fox equation
DMI90 57.2 231.0 0.80 0.7 [15]:

PEI 56.0 232.4 2.39 2.0 1 Wy Wy @

#Measured by DSC with a heating rate of 5.0 K/min after crystallization Tg,co Tg,a Tg,b

with a cooling rate of 10.0 K/min from the molten state. h T is th | t it t t f PEIT
P Estimated from the measured heat of fusion against the heat of fusion where lqc 1S the glass transilion temperature o

(117.6 J/g) of the fully crystallized PET polymer [24]. copolyesterw, and w, are the weight fractions of DMT
¢ Not detected. and DMI comonomers, respectivell, , the glass transition
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Fig. 5. Fox plot ofT versus the DMI content for the PEIT copolyestd) (
measured by DSC; (—), fitted by Eq. (3).

temperature of PET homopolymer, afig}, the glass transi-
tion temperature of PEI homopolymer. As shown in Fig. 5,
the measured,s are fitted very well by the Fox equation.

From these results it is concluded that random PEIT
copolyesters were synthesized over all the compositions.
This is consistent with the result reported previously in
the literature [4].

3.3. Non-isothermal crystallization behavior

For the PET homopolymer and DMI5 and DMI10
copolyesters which are crystallizable, non-isothermal
crystallizations were performed from the molten state by
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crystallizable polymers. The measured crystallization

exotherms are shown in Fig. 6. For the PET homopolymer,
the non-isothermal crystallization exotherm becomes broad
and is shifted to the low temperature region as the cooling
rate increases. Similar behaviors were observed for both
DMI5 and DMI10 copolyesters.

In comparison, crystallization exotherm, which was
measured at a chosen cooling rate, is shifted to the low
temperature region as the DMI content increases. This
might result mainly from the depression of crystallization
temperature caused by the incorporation of poorly crystal-
lizable DMI unit into the polymer backbone. For all the
crystallization exotherms measured, peak temperafiyje (
the heat of crystallizationAH.) and crystallinity ¥.) have
been estimated as a function of cooling rate, and listed in
Table 3. OverallT,, AH; andX; decrease, respectively, as
the cooling rate increases. These also decrease, respectively,
as the DMI content increases.

Up to date, several analytical methods have been devel-
oped in order to understand non-isothermal crystallization
kinetics of polymers: (i) modified Avrami analysis [16—18],
(i) Ozawa analysis [19,20], (iii) Ziabicki analysis [21,22],
and (iv) others [23—30]. In the present study, both the modi-
fied Avrami analysis and the Ozawa method have been
adapted for characterizing non-isothermal crystallization
processes of the PEIT copolyesters as follows.

3.3.1. Modified Avrami analysis
The Avrami equation [31—-33] has been used widely to

DSC with various cooling rates over 2.0-20.0 K/min. In - gescribe isothermal crystallization kinetics of polymers:
the DSC measurement, these polymers revealed typical

crystallization exotherms as observed for common

Cooling rate
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—
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L L
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Heat flow (au.) = exo Heat flow (a.u.) — exo Heat flow (au.) = exo

Fig. 6. Non-isothermal crystallization exotherms of PET hompolymer and
PEIT copolyesters measured at various cooling rates: DMI5, PEIT
(5.0 mol% DMI) copolyester; DMI10 (10.0 mol% DMI) copolyester.

1— X = exp(—kt" )

whereX; is the relative crystallinityn is the Avrami expo-
nent, andk is the growth rate constant. Here, the value of
Avrami exponent represents the nucleation mechanism and
growth dimension, and the growth rate constant is a function
of the nucleation and the growth rate. The relative crystal-
linity X is defined as a function of crystallization time in the
following:

_ [4,(dH/dt) dt

[ @H/d dt ©

t
where dH./dt is the rate of heat evolution, arg and t,,
represent the onset and end time of crystallization,
respectively.

The Avrami analysis can be extended for non-isothermal
crystallization as described previously in the literature
[16—18,34]. For non-isothermal crystallization at a chosen
cooling rate, the relative crystallinity; is a function of
crystallization temperature. That is, Eq. (5) can be rewritten
as follows:

_ [1,(dHy/dT) dT

= 7 6
[T (dH/dT) dT ©

t

whereT is the crystallization temperature, aiig and T,
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Table 3

Crystallization peak temperaturegg), heats of crystallizatiomAH.s) and crystallinitiesX.s) of PET homopolymer and PEIT copolyesters

Cooling rate (K/min) PET homopolymer

DMI5 copolyester DMI10 copolyester
Tp (°C) AHc (J/9) X (%) Tp (°C) AH. (J/g) X (%) Tp (°C) AH, (J/9) X (%)
2.0 218.1 —41.73 35.5 209.1 —41.54 35.3 198.0 —38.62 32.8
5.0 2114 —39.92 33.9 196.7 —39.61 337 184.8 —35.86 305
10.0 204.6 —37.52 31.9 184.5 —37.36 31.8 172.6 —26.76 22.8
20.0 198.4 —35.54 30.2 171.7 —29.81 253 161.7 —12.28 10.4

represent the onset and end temperature of crystallization,upon the cooling rate employed. Thus, the crystallization
respectively.

rate constank should be corrected adequately. Assuming

For example, the non-isothermal exotherms of the PET constant cooling rate, the final form of crystallization rate

homopolymer in Fig. 6 were analyzed using Eqgs. (4) and constant can be corrected as follows [34]:
(6). The results are illustrated in Fig. 7. For each cooling

run, X, increases exponentially with decreasing temperature log k' =

and finally levels off. The plot oX; versusT is shifted to the

low temperature region as the cooling rate increases.
The crystallization temperaturdsand Ty in Eq. (6) can

be converted to the crystallization timésnd ty, respec-

tively. The relationship betweethand T can be expressed
as [21,34]:

("

where C is the cooling rate employed for non-isothermal
crystallization. Using Eq. (7), th&; variations withT in
Fig. 7 were re-plotted in Fig. 8 as a function of crystalliza-
tion timet. The plots ofX; versust are in sigmoidal shape,

log k

C )

Further, the crystallization half-timg,,, which is defined as
the time at which the development of crystallization is

complete by 50%, can be determined from the corrected
crystallization rate constamt as follows:

In2\¥"
tyo = (7) .

Fig. 9 shows the plots of log{In(1 — X;)] versus logt for
non-isothermal crystallizations of the PET homopolymer.
For the non-isothermal crystallization with a cooling rate
of 2.0 K/min, the plot of logf-In(1 — X,)] versus logt varies

(10

linearly with a slope at the early stage and then continues a
suggesting that the extended Avrami analysis might be linear variation with a different slope at the later stage,
applicable for non-isothermal crystallizations of the PET consequently showing a two-regime behavior. Similar
homopolymer.

two-regime behaviors are observed

in the plot of
In order to estimate the Avrami parameters (i.e. exponent log[—In(1 — X,)] against logt for rapid cooling rates of

nand rate constat, theX; variations witht in Fig. 8 can be

5.0-20.0 K/min. Overall, the slope in the first regime is

plotted again using Eq. (4) in a double-logarithmic form as: relatively greater than that of the second regime, regardless

log[—In(1 — X)] = 1logk + nlog t. (8

1.0 '—WQ\.\.\.. "_"'TW' -nA‘A
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Fig. 7. Plots of relative crystallinit); versus crystallization temperature for
PET homopolymer crystallized non-isothermally at various cooling rates.

of cooling rates.

The second regime behaviors observed might be due to

Here, the rate of non-isothermal crystallization depends the secondary crystallization. That is caused by the
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Fig. 8. Plots of relative crystallinity; versus crystallization time for PET
hompolymer crystallized non-isothermally at various cooling rates.
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1.0 early stage. Thus, for each cooling run the Avrami para-
— 051 FAr A meters were estimated from the slope and intercept of the
™ plot of log[—In(1 — X;)] versus logt for the primary crystal-
>f.‘ 0.04 [/t/,‘ /Coolmg rate l . . .
i ization which takes place in the early stage. The results are
= 057 * 20K/min summarized in Table 4.
T -1.01 5.0 K/min For the primary crystallization of PET homopolymer,
5] ¢ v s . v 100K/min Avrami exponenh was estimated to be 2.81-3.37, depend-
S , , | * 200K/min ing upon the cooling rates. Here, it is useful to compare the
1.0 values of the Avrami exponent determined in this study with
0s] DMI5 PR those reported previously in the Iiterat_ure. Phillips and
- vt Manson [13] measured= 3.1 for the non-isothermal crys-
>,? 0.0 v'//A‘/‘ Cooling rate tallization under a cooling rate of 3.0-10.0 K/min, so that
Z -0.51 o e = 20K/min they concluded that PET homopolymer crystallizes through
£ 1ol “’ ," e _" 4 50K/min three-dimensional spherulitic growth with a predominant
E" 151 e v s v 10.0 K/min heterogeneous nucleation. In contrast, Jeziorny [33]
- . . . _ ¢ 200K/min reportedn = 2.35-2.65 for cooling runs with a rate of
'i'g 8.5—17.0 K/min. With these results he suggested that there
= o.s] DMI10 is the existence of three-dimensional spherulites which form
;} =] as a result of heterogeneous nucleation. In comparison, the
0.0 / // values of the Avrami exponent in our study are comparable
— .05 / Cooling rate with that of Phillips and Manson, but slightly higher than
i Lo, . igKK//'“‘“ those of Jezorny. In conclusion, the values of the Avrami
® ] . v R . i 1001(/::: exponent in our study sugg_est.thay for the PET hompolymer
i IR a . ‘ _ the non-isothermal crystallization in the early stage follows
2.0 T oo " o * 20'01-12/'"'“ either three-dimensional growth with heterogeneous nuclea-

tion or two-dimensional growth with homogeneous nuclea-
tion. However, the PET homopolymer sample might contain
Fig. 9. Avrami plots of relative crystallinity; for PET homopolymer and some residues of the catalysts which were used in the poly-
PEIT copolyesters crystallized with various cooling rates: DMI5, PEIT Merization. The residues of the catalysts may play a role as
(5.0 mol% DMI) copolyester; DMI10 (10.0 mol% DMI) copolyester. nuclei. Therefore, the non-isothermal crystallization in the
PET homopolymer studied here might follow a heteroge-
spherulite impingement occurred in the later stage of crys- neous nucleation and three-dimensional spherulitic growth.
tallization. Commonly, the secondary crystallization stage  The non-isothermal crystallization exotherms of DMI5
is regarded as the perfection of crystal. In contrast, the firstand DMI10 copolyesters in Fig. 6 were analyzed in the
regime behaviors measured might result from the nucleationsame manner as those of the PET homopolymer. Their
and growth, so-called primary crystallization, occurred in plots of log[~In(1 — X)] versus logt are illustrated in
the early stage. In general, the modified Avrami analysis is Fig. 9. On the modified Avrami plot, these copolyesters
valid only for the first regime, i.e. the crystallization at the also reveal two-regime behaviors similar to those observed
for the PET homopolymer. For the primary crystallization
Table 4 of the copolyesters, Avrami exponents have been
Avrami parameters of PET homopolymer and PEIT copolyesters estimated and compared with those of the PET homo-
polymer in Table 4. It is turned out that similar values of
the Avrami exponent were obtained for the DMI5 and

log ¢

Polyester  Avrami parametérs Cooling rate (K/min)

2.0 5.0 100 200 DMI10 copolyesters. Therefore, it is also suggested that
PET n o8 32 33 34 the non-isothermal crystalllzatlon_s of the PEIT co_polyes_ters
K 0.0946 05462 0.8613 09921 follow a heterogeneous nucleation and three-dimensional
tin 2.03 1.08 0.94 0.89 spherulitic growth as occurring in the PET homopolymer.
In conclusion, the type of nucleation and spherulitic growth
DMI5S — n 29 34 35 31 in the PET polymer is not influenced by incorporating DMI
k 0.0821 0.5060 0.8300 0.9491 it into th | backb
tus 208 110 095 090 unit into the polymer backbone. .
However, the crystallization rate is dependent upon the
DMI10 n 34 3.4 3.1 2.8 cooling rate. For the PET homopolymer, the crystalliza-
K 0.0320 0.3738 0.7268 0.9054  tjon rate constantk() increases with increasing cooling
2 251120 098 091 rate, whereas the crystallization half-timtg,j decreases

nis the Avrami exponent’ the corrected rate constant of crystalliza- With increaSir/]g cooling rate (see Table 4). Similar trends
tion, andty, the crystallization half-time. in both thek’ and ty, are observed for the DMI5 and
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log C

Fig. 10. Ozawa plots of relative crystallini¥; for PET homopolymer and
PEIT copolyesters crystallized with various cooling rates: DMI5, PEIT
(5.0 mol% DMI) copolyester; DMI10 (10.0 mol% DMI) copolyester. The
filled symbols were measured by DSC and the solid lines were fitted by Eq.
(12).

DMI10 copolyesters. However, both tHé andty, are
influenced by the DMI content in the copolyester: that

S.W. Lee et al. / Polymer 40 (1999) 7137-7146

3.3.2. Ozawa analysis
Ozawa [19,20] has extended the Avrami theory for
isothermal crystallization to the non-isothermal case by
assuming that the sample is cooled with a constant rate
from the molten state. In the Ozawa approach, the time
variable in the Avrami equation is replaced by a cooling
rate. Thus, the relative crystallinit); is described as a
function of constant cooling rat€ as:
Xi=1- exp( ES—))
whereK(T) is the cooling function at temperatufeandmis
the Ozawa exponent. Here, the Ozawa exponent is similar to
the Avrami exponent, which depends on the type of nuclea-
tion and growth mechanism. Double logarithms of Eq. (11)
and rearrangement result in the following form:
log[—In(1 — X;)] = log K(T) — mlog C.

1D

12

The non-isothermal crystallization exotherms of the
PET and its copolyesters in Fig. 6 were analyzed
using Eq. (12). The results are illustrated in Fig. 10.
For the non-isothermal crystallizations of PET homo-
polymer, plots of logf-In(1 — X)] versus logC are reason-
ably linear as reported previously in the literature [19,35].
Thus, the Ozawa exponent)s and the cooling function
(K(T))s have been determined from the slope and intercept
of the plots, and summarized in Table 5. The expomant
and the logarithmic cooling function Idg(T) are 2.1-2.5
and 0.958-2.726, respectively, depending upon the
temperature over 195-2%5.

Here, the values of the exponenin this study are worth
comparing with the results reported previously. Ozawa [19]
reportedm = 3.4-3.6 for PET polymer crystallized with a
cooling rate of 1.0—4.0 K/min. Ozawa suggested that the
non-isothermal crystallization in PET homopolymer
follows a homogeneous nucleation and three-dimensional

is, thek’ at a chosen cooling rate became small and the spherulitic growth. However, Jabarin [35] obtained=

ty» large as the content of DMI unit increased. Conclu-

2.5-2.8 for the non-isothermal crystallization with a cooling

sively, the crystallization rate is accelerated by increasing rate of 5.0-20.0 K/min, concluding that a heterogeneous

the cooling rate, but retarded by incorporating the DMI
unit into the polymer backbone.

Table 5

nucleation and three-dimensional spherulitic growth occur
in the non-isothermal crystallization of PET polymer. In

Ozawa exponents and cooling functions of PET hompolymer and PEIT copolyesters

Temperature°C) PET homopolymer DMI5 copolyester DMI10 copolyester

m log K(T) m log K(T) m log K(T)
215 25 0.958 — — — —
210 2.2 1.311 — — — —
205 2.1 1.821 — — — —
200 2.3 2.309 2.6 1.166 — —
195 2.3 2.726 25 1.484 — —
190 — — 2.6 1.836 24 1.002
185 — — 25 2.256 23 1.248
180 — — 25 2.669 25 1.830
175 — — — — 2.3 1.989
170 — — — — 2.2 2.149
165 — — — — 21 2.306
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Fig. 11. Variations of cooling function versus crystallization temperature
for PET hompolymer and PEIT copolyesters crystallized with various cool-
ing rates: DMI5, PEIT (5.0 mol% DMI) copolyester; DMI10 (10.0 mol%
DMI) copolyester.

comparison, the values of the exponentin the present

study are much lower than those reported by Ozawa and,
however, very close to those obtained by Jabarin. And, at

190-195C the values of lod<(T) are in good agreement
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The Ozawa exponent and cooling function were esti-
mated for the DMI5 and DMI10 copolyesters. For the
DMI5 copolyester, the exponemh and cooling function
log K(T) are 2.5-2.6 and 1.166—2.669 over 180210
respectively. For the DMI10 copolyester, the exponent
and cooling function logk(T) are 2.1-2.5 and 1.002-
2.306 over 165-19C, respectively. In comparison, the
exponentsm and cooling functions lo&(T) of the PEIT
copolyesters are very close to those of the PET homopoly-
mer, respectively. This suggests that the non-isothermal
crystallization of PEIT copolyester follows the same nuclea-
tion and growth mechanism of PET homopolymer.

The cooling functiorK(T) is a function of nucleation and
growth rate [19,20]. For the PET homopolymer, tKér)
increases exponentially with decreasing temperature (see
Fig. 11). In fact, the thermodynamic driving force for crys-
tallization increases as the crystallization temperature
lowers until the temperature which causes a big increment
in the viscosity so that the transport of polymer chains to the
growth point becomes very difficult. Therefore, the result
observed in the PET polymer is natural.

Similar dependencies oK(T) to the crystallization
temperature were detected for the DMI5 and DMIL10

with those reported by Jabarin. Therefore, the statement ofcopolyesters. In comparison, while decreasing the crystal-

Jabarin may be applicable for the non-isothermal crystal-
lization of PET polymer in this study.

In addition, it is noted that the values of the Ozawa expo-
nentm are relatively smaller than those (2.8—3.4) of the
Avrami exponentn which were obtained by the modified
Avrami analysis in the earlier section. That is, the Ozawa
exponent is always smaller than the Avrami exponent by
0.7-0.9. A similar situation has been reported for the non-
isothermal crystallizations of other polymers, such as poly-

lization temperature th&(T) in the copolyester however
increases more slowly than in the PET homopolymer.
This trend is pronounced further as the content of DMI
unit in the copolyester increases. This might result from
the chain irregularity due to themetalinked DMI unit on

the polymer backbone which hinders the polymer chains to
pack each other in a regular manner. That is, the PEIT
copolyesters containing the irregular DMI units take
relatively longer time in the crystallization than does the

(ether ether ketone) [17], poly(aryl ether ether ketone ketone) PET homopolymer.

[36], and poly(hydroxy ether of bisphenol-A)/poktapro-

lactone) blend [18]. These results are evident that there is a3.4. Activation energy of non-isothermal crystallization

big discrepancy between both of the analyses even though

they have been derived from the same Avrami approach.
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Fig. 12. Kissinger plots of PET homopolymer and PEIT copolyesters crys-
tallized with various cooling rates: DMI5, PEIT (5.0 mol% DMI) copoly-
ester; DMI10 (10.0 mol% DMI) copolyester. The filled symbols were
measured by DSC and the solid lines were fitted by Eq. (13).

In a non-isothermal crystallization, the activation energy
E, can be derived from the variation of crystallization peak
temperaturel, with cooling rate by the Kissinger approach
[37] as follows:

din(C/T))
duT,)

where R is the universal gas constant. The Kissinger plotting
was performed for th&gs and cooling ratesQ)s in Table 3
which were measured for the PET and its copolyesters (see
Fig. 12). Overall, for all the polymers the Kissinger plots
exhibit a relatively good linearity. The crystallization acti-
vation energy was estimated from the slope in the plot.
The E, is estimated to be-230.0 kJ/mol for the PET
homopolymer,—116.3 kJ/mol for the DMI5 copolyester
and —114.4 kJ/mol for the DMI10 copolyester. Here, the
crystallization is exothermic, so that the activation energy
is negative. In comparison, the, of the PET polymer is
almost two times lower than those of the DMI5 and DMI10

Ea

R 13
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copolyesters. And, thde, of the DMI5 copolyester is  the primary factor to influence the crystallization rate: that
slightly lower than that of the DMI10 copolyester. is, the crystallization activation energy is increased by incor-
In the view of kinetics, the activation energy can be corre- porating the DMI unit into the polymer backbone.
lated to the crystallization rate. As described earlier in this
study, the crystallization rate constakdt which was esti-
mated by the modified Avrami analysis, decreases relatively
in the order PET> DMI5 > DMI10 (see Table 4). The
cooling functionK(T) obtained by the Ozawa analysis is
also in the decreasing order PETDMI5 > DMI10. That
is, the lower activation energy of crystallization drives the
more rapid crystallization rate. These may result from fact
that the more regular PET polymer chains are packed more
easily in an ordered manner than do the less regular PEIT
copolyester chains.
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