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ABSTRACT: Isothermal melt crystallization of poly(vinyl
alcohol-co-ethylene) with different ethylene contents was
studied in the temperature range of 140°C-160°C. A differ-
ential scanning calorimeter was used to follow the energy of
the crystallization process. The results were analyzed by
Avrami and Hoffman-Laurizten methods. The Avrami ex-
ponent was close to 2, indicating two-dimensional growth
with a linear growth rate and crystals nucleating athermally.

The equilibrium melting temperature was determined by
the Hoffman-Weeks method. The rate of crystallization de-
pended on ethylene content and temperature. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 89: 1071-1077, 2003
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try; thermoplastic; biodegradable

INTRODUCTION

The study of crystallization phenomena is of great
importance in polymer processing. The control of tem-
perature during cooling, in the final stage of a process,
usually determines the development of a specific mor-
phology, which influences the final properties of the
material. Therefore, the cooling rate is very important,
and it can be adjusted to modulate the level of crys-
tallinity and the crystal morphology of the polymer.'
The modeling of nonisothermal crystallization re-
quires knowledge of the isothermal phenomenon,
which gives information on kinetics and morphology
development at each crystallization temperature. The
crystals grow slowly by cooling the melt or by isother-
mal crystallization at a temperature between the crys-
talline melting point and the glass-transition temper-
ature.” The degree of crystallinity and morphology of
the polymer, in turn, may affect the mechanical prop-
erties of the material.®

Analysis of the development of crystallinity during
the processing of semicrystalline polymeric materials
requires the application of a macrokinetic approach to
describe the dependence of the degree of crystallinity
on time and temperature.* The formation of a crystal-
line state from a polymer melt involves nucleation of
the crystalline phase and growth of the crystal struc-
ture.”
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The aim of the present work was to study the effect
of ethylene content on the crystallization of poly(vinyl
alcohol-co—ethylene). The Avrami model was used to
analyze the development of the volume fraction of
crystalline phase with time.

Theoretical considerations

The heat evolved during crystallization yields exo-
thermic peaks in differential scanning calorimetry
(DSC), which represents the plot of rate of heat evo-
lution, dQ/dt, versus temperature or time. The heat of
crystallization at a constant temperature can be ob-
tained by measuring the area under the thermogram
peak, AH,.° The crystallization kinetics of polymeric
materials under isothermal conditions for various
modes of nucleation and growth can be approximated
by the well-known Avrami equation.’ The general
form of the Avrami expression is given as:

a=1— exp(—k-t) (1)

where « is the extent of crystallization [crystal conver-
sion, calculated as AH,/AH.,, the ratio of the exother-
mic peak areas at time t and infinite time (when crys-
tallization is finished)], # is the Avrami exponent, and
k is a rate constant, which usually follows the Arrhe-
nius relationship with temperature:

E
k =k, exp( TRT—T) Tc)) (2)

where k; is a preexponential factor and E is the acti-
vation energy. The value of the Avrami exponent, 7,
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depends on the mechanism of nucleation and the ge-
ometry of crystal growth, and the constant, k, includes
nucleation parameters as well as growth-rate param-
eters.

Using a theoretical approach, it can be shown that
the linear growth rate, G, can be considered propor-
tional to 1/t, ,, (crystallization half-time) based on the
Hoffman-Laurizten theory.” The temperature varia-
tion of 1/t, ,, can be written as:

11 u K,
ts - (Bo)o exp(Rm - m)eXP(TCfAT) )

or, in terms of k = 1/t 5,

3 u K,
k =k, exp( — RT.—T.) Tm))exp< - TCfAT> (4)

where the first exponential controls the rate variations
ocurring at a high degree of undercooling, when the
overall crystallization is dominated by chain mobility,
which decreases when the temperatures approaches
the material glass-transition temperature, T,; U is the
activation energy for molecular motion, T, = T, — 30
K; and R is the universal gas constant. For tempera-
tures close to T, the exponential goes to zero because
the mobility of the chains is remarkably reduced. The
second exponential accounts for the driving force of
crystallization and contains thermodynamic charac-
teristics, such as heat of fusion, side and fold surface
free energy, and the infinite-crystal melting point, To,";
T, was determined by the Hoffman-Weeks method,
extrapolating the experimental points of a plot of T,, as
a function of the crystallization temperature, T,, to the
intercept with the plot T,, = T.%; AT = T), — T. is the
driving force for crystallization and indicates that
when temperature approaches the thermodynamic
melting point, there is a substantial decrease in the

\
I \\ i 145°C
° .
2 143°C
S .
142°C
140°C
T T T T T T T T T
150 160 170 180 190 200
Temperature (°C)
Figure 1 Dynamic DSC scan for PVOH-44% ethylene

after isothermal crystallization at several temperatures.
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Figure 2 Hoffman-Weeks analysis. Melting point, T, as a
function of the crystallization temperature, T, for different
ethylene contents.

overall rate of crystallization; f = 2T./(T, + Ty, is a
correction term introduced to account for changes in
the heat of fusion with the crystallization temperature;
and K, is a function of the surface free energy of the
crystals and the heat of crystallization. The induction
time, t;, may be considered the most suitable macro-
scopic parameter representative of the nucleation pro-
cess in calorimetric experiments. A previously pro-
posed* equation for the temperature dependence of
the induction time (f;) was adopted in this study:

E,
t; =Ky eXP{R(Tot_T)} 5)

where K;; is a preexponential factor and E,; is the
activation energy.

EXPERIMENTAL
Materials and methods

Poly(vinyl alcohol-co-ethylene) (PVOH-co—ethylene)
with three molar contents of ethylene (32%, 38%, and
44%), from Sigma-Aldrich (St. Louis, MO), was used
to study isothermal crystallization.

A Perkin-Elmer DSC was used for the study. A first
run was done from 25°C to 250°C at 10°C/min. Then

TABLE 1
T,° and T, Values for PVOH with Different
Ethylene Contents

Ethylene (%) T2(°C) T, (°O) Correlation coefficient
32 187.0 69 0.996
38 182.6 65 0.994
44 176.3 55 0.995
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Figure 3 Crystallization exothermic peak of DSC scan for
PVOH-44% ethylene crystallized at 143°C showing the in-
duction time calculation.

the samples were melted for 10 min at 250°C, cooled to
the crystallization temperature at 250°C/min, and
maintained at the crystallization temperature for 20
min to allow complete crystallization. The material
was crystallized in the temperature range of 140°C-
160°C. Then the materials were heated from the crys-
tallization temperature to 250°C at 10°C/min to melt
formed crystals at the crystallization temperature and
to find the melting temperature of each material.

Isothermal crystallization kinetics was evaluated by
calculating the relative crystallinity, « (t), at time ¢ as
the fractional area confined between the heat flow-
time curve and the baseline of the isothermal calori-
metric curves.

Final crystallinity was also measured by using a
Philips Model PW 1830 X-ray powder diffractometer

TABLE 1I
Induction Times and Activation Energies for Different
Ethylene Contents

Ethylene % T. (°C) t; (s) K,; (s) E,; (KJ]/mol)

150 1.32
152 3.72

32 154 8.41 2.96 X 1074 2.75
156 15.06
147 3.00
149 6.01

38 151 762 740X 10°° 3.00
153 9.96
154 14.01
141 3.06
142 4.26

44 143 730 412 x10°° 3.30
145 12.75
146 20.52
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Figure 4 Induction time as a function of crystallization
temperature for different ethylene contents: (@) PVOH-32%
ethylene, (O) PVOH-38% ethylene, (A) PVOH-44% ethyl-
ene. Lines represent model predictions.

equipped with a graphite monochromator and pulse
height analyzer. Nickel-filtered Cu Ko radiation was
used as the source.
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Figure 5 (a) Preexponential values and (b) activation en-
ergy values in function of ethylene content in poly(vinyl
alcohol-co—ethylene) copolymer.
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Figure 6 Induction time as a function of undercooling for
PVOH-44% ethylene.

RESULTS AND DISCUSSION

Figure 1 shows the DSC results of the PVOH-44%
ethylene samples after isothermal crystallization runs.
It can be seen that the melting temperature increased
when the isothermal crystallization temperature in-
creased. This tendency was present in all materials
and occurred because chain mobility increases when
crystallization temperature increases, allowing forma-
tion of larger crystals and leading to higher melting
temperatures. Because of the different crystallization
conditions, different morphologies were obtained by
varying the level of undercooling. A higher number of
nuclei could be obtained at lower crystallization tem-
peratures, leading to the formation of a larger number
of smaller crystals.'

TABLE III
Experimental Data and Results of Avrami Equation
Parameters for Materials Used

Ethylene

Y% T.(°C) t;(s) tisn(s) In k n T, (°C)
150 1.32 408 -3.11 1.93 181.8
152 3.72 674 —412 213 182.1

32 154 8.41 8.18 —4.43 2.36 182.3
156 15.06 11.62 —-516 227 182.6
147 3.00 405 —3.30 1.87 175.9
149 6.01 465 —3.86 1.89 176.1

38 151 7.62 7.06 —4516 218 176.3
153 996 10.88 —4.83 220 177.2
154 14.01 1640 -570 236 178.8
141 3.06 4.00 —447 2.28 164.4
142 426 570 —454 228 164.8

44 143 7.30 691 —5.05 236 165.2
145 12.75 10.86 —5.76 2.28 165.7
146 2052 1604 -594 203 166.2
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Figure 7 (a) DSC crystallization exothermic peaks for
PVOH-32% ethylene at different temperatures: (@) T =
150°C, (W) T = 152°C, (X) T = 154°C, (O) T = 156°C; (b)
DSC crystallization exothermic peaks for PVOH-38% ethyl-
ene at different temperatures: (M) T- = 147°C, (O) T, =
149°C, (X) T = 151°C, (A) T = 153°C; (c) DSC crystalliza-
tion exothermic peaks for PVOH-38% ethylene at different
temperatures: (M) T = 141°C, (O) T. = 143°C, (X) T =
145°C, (A) T = 146°C.
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Figure 8 Avrami analysis for PVOH-32% ethylene at dif-
ferent crystallization temperatures: (A) A T = 141°C, (@) T
= 142°C, (O) T = 143°C, (¥) T = 145°C, (O) T =146°C.

To obtain the equilibrium melting point, T, a Hoff-
man-Weeks plot of the DSC data was done (Fig. 2).
Linear regression of crystallization data was used, and
a good alignment on a straight line was confirmed by
the correlation coefficients. Glass-transition tempera-
ture, T, reflects the mobility of polymer chains and is
therefore a useful complement to our isothermal crys-
tallization studies (performed in a temperature range
at which mobility of all samples is quite high). Because
the rate of crystallization is zero at the glass-transition
and melting temperatures, 1/(T), — T.) may be as-
sumed as a driving force for crystallization and 1/(T,
— T,) as a diffusion-controlled driving force account-
ing for the increase of viscosity when the temperature
approaches T,. The T, and T, values for the materials
employed are reported in Table I.

Figure 3 shows the induction time at a given T,
defined as the time for formation of an equilibrium

-3.0 4

-3.5

40

4.5

In k

50

-5.5 -

-6.0

T T T T

— 77—y —T

0.026 0.027 0.028 0.029 0.030 0.031 0.032 0.033 0.034 0.035 0.036
[

1T -T)

Figure 9 Plot of In k versus 1/(T%, — T.) for different
materials used: (@) PVOH-32% ethylene, (O) PVOH-38%
ethylene, (A) PVOH-44% ethylene.

TABLE IV
Results of Arrhenius Equation for PVOH with Different
Ethylene Contents

Ehylene (%) ko s E (k]J/mol)
32 687.1 3.03
38 364.2 2.72
44 200.7 2.85

nucleus with critical dimensions” for the PVOH-44%
ethylene crystallized at 143°C. Using eq. (5), by plot-
ting In t; versus 1/(T9, — T.), we calculated K,; and E,,
values. The experimental data are reported in Table II.
It can be seen that the activation energy, E,;, increased
when ethylene content increased, indicating that eth-
ylene in the copolymer chain hinders the nucleation
process of PVOH-co—ethylene. Figure 4 shows the
induction time dependence on temperature for
PVOH-co—-ethylene containing different contents of
ethylene (experimental data and model predictions). It
can be seen that the model is in agreement with most
of the experimental data. For all ethylene contents
used, induction time increased when crystallization
temperature increased; this is because the undercool-
ing, the driving force for the crystallization process,
decreased. Figure 5(a,b) shows the relationship be-
tween the obtained values of, respectively, K,; and E,
with ethylene content. Figure 6 shows the induction
time as a function of undercooling for PVOH-44%
ethylene.

Growth is related to the exothermic peak shown on
the DSC scan. Figure 7 shows the crystallization peaks
for different ethylene contents and several crystalliza-
tion temperatures. It can be seen that crystallization
rate decreased when crystallization temperature in-
creased because of less undercooling, which is the
driving force for crystallization.
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Figure 10 Plot of In k + U/[R(T. — T..)] versus 1/(f T, AT)
for different materials: (@) PVOH-32% ethylene, (O) PVOH-
38% ethylene, (A) PVOH-44% ethylene.
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TABLE V
Results of Hoffman-Laurizten Analysis for Different
Ethylene Contents

Ethylene (%) ko (s K, (K?)
32 448 X 107 1.76 X 10°
38 5.53 X 10° 1.82 x 10°
44 3.56 X 10° 2.12 x 10°

Once the crystallization time is scaled by the induc-
tion time, the parameters of the Avrami model can be
calculated using the classical double logarithm
method on both sides of eq. (1). Figure 8 shows a
linear regression of In[—In(1 — «)] as a function of In
t. The values obtained using the Avrami equation are
reported in Table III. The average of all the Avrami
exponents for linear systems was close to 2, which
may be interpreted as two-dimensional crystal
growth, with a linear growth rate, heterogeneous nu-
cleation,'’ and the crystal nucleating athermally.11
Athermal nucleation implies there is no contribution
from the nucleation rate to the activation energy.’

Using the Arrhenius equation, the rate constant can
be modeled. Applying logarithms to both sides of eq.
(2), the dependence of k on the degree of undercooling
(AT) was determined. Figure 9 shows a linear regres-
sion of In k as a function of 1/AT. From this plot it is
possible to obtain the activation energies for materials
used. The results of this regression are reported in
Table IV. The activation energy was close to 2.88 kJ/
mol for all materials. The preexponential factor (k,)
decreased when ethylene content increased, indicating
that crystallization was slower for higher ethylene
contents.

Using Hoffman-Laurizten analysis, following the
proportionality between k and G, and applying loga-
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Figure 11 Degree of crystallinity as function of time for
PVOH-44% ethylene. Line represents model prediction
from Hoffman-Laurizten analysis.

ALVAREZ, KENNY, AND VAZQUEZ

0.0 -paS T T T T y T T T T ' T
0 5 10 15 20 25 30 35

t(s)

Figure 12 (a) Degree of crystallinity as a function of time
for PVOH-32% ethylene, (b) degree of crystallinity as a
function of time for PVOH-38% ethylene, (c) degree of crys-
tallinity as a function of time for PVOH-44% ethylene. Line
represents Avrami model prediction.

rithm to both sides of eq. (4), the following equation
can be written:

In k u = Ink K 6
N T =Ty~ MR AT (6)
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where U is 1500 cal/mol, which was used in previous
studies'? and is employed here to fit the experimental
data. Figure 10 shows In k + U/[R(T, — T..)] versus
1/(f T, AT). From this plot the ky and K, values were
calculated. These values are reported in Table V. An
increase in ethylene content produced a decrease in k;
this indicates that crystallization is slower when eth-
ylene content increases. On the other hand, K, in-
creased with ethylene content, so that the value for the
second exponential in eq. (6) became lower, decreas-
ing the crystallization rate.

Figure 11 shows the experimental data for the extent
of crystallization and the values obtained with the
macrokinetic model derived from the Hoffman-Laur-
izten model. The « values calculated with this model
are in agreement with the experimental data. How-
ever, the Avrami model (Fig. 12) was in better agree-
ment. It can be seen that when the crystallization
temperature was close to the melting temperature
(low undercooling), the crystallization time increased
and the crystallization rate decreased.

Figure 13 shows the spectrum of poly(vinyl alcohol-
co—ethylene) with different contents of ethylene. Table
VI shows that crystallinity increased when ethylene
content increased. The results shown in Tables IV and
V indicate that the ethylene content in the chain of the
PVOH-co-ethylene copolymer decreased molecular
mobility, and a large activation energy was needed for
the polymer chain to diffuse into the crystalline lattice,
which led to lower crystallization rates. The ethylene
chain produced a larger quantity of crystal which was
obtained at a lower crystallization rate, indicating that
it led to a more perfect crystalline structure.
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Figure 13 Spectrum of X-ray of poly(vinyl alcohol-co-eth-
ylene) for different ethylene contents.

TABLE VI
Crystallinity Measured by X-ray

Ethylene Crystallinity

32 0.48
38 0.56
44 0.60

CONCLUSIONS

The slow crystallization process of PVOH-co—ethyl-
ene was exploited in order to test the applicability of a
previously developed kinetic model through all the
crystallization ranges between T, and T;,. The model
provided an expression for the induction time and
temperature dependence of the kinetic constant.

The temperature dependence of the rate constants
for each of the processes in the crystallinity model was
found to follow Arrhenius relationships. Activation
energies were close to 2.88 k] /mol for all systems, but
the preexponential factors decreased when the ethyl-
ene content increased.

Isothermal crystallization kinetics of these materials
was studied as a function of the degree of undercool-
ing. The overall rate of bulk crystallization followed
the Avrami equation with the exponent n close to 2,
which has been interpreted as two-dimensional crystal
growth with a linear growth rate and the crystals
nucleating athermally.

The crystallization rate showed a maximum at the
lowest crystallization temperature for all the systems
studied. When PVOH-co-ethylene was crystallized at
a high degree of undercooling, crystallization was
faster. When the content of ethylene in the PVOH—co-
ethylene copolymer increased, the final crystallinity
increased, but the crystallization rate was low.

References

1. Iannace, S.; Nicolais, L. ] Appl Polym Sci 1997, 64, 911.
2. Cebe, P.; Hong, S. D. Polymer 1986, 27, 1183.
3. Bogoeva-Gaceva, G.; Janevski, A.; Grozdanov, A. ] Appl Polym
Sci 1998, 67, 395.
4. Torre, L.; Maffezzoli, A.; Kenny, J]. M. ] Appl Polym Sci 1995, 56,
985.
5. Desio, G. P.; Rebenfeld, L. ] Appl Polym Sci 1992, 45, 2005.
6. Lin, C. C. Polym Eng Sci 1983, 23(3), 113.
7. Hoffman, J. D.; Frolen, L.J.; Ross, G. S.; Lauritzen, J. I. ] Res NBS
1975, 79A, 671.
8. Avella, M.; Martuscelli, E.; Selliti, S.; Caragnani, E. ] Mater Sci
1987, 22, 3180.
9. Janevsky, A.; Bogoeva-Gaceva, G. ] Appl Polym Sci 1998, 69,
381.
10. Reinsch, V. E.; Rebenfeld, L. ] Appl Polym Sci 1994, 52, 649.
11. Di Lorenzo, M. L.; Silvestre, C. Prog Polym Sci 1999, 24, 917.
12. Maffezzoli, A.; Kenny, ]J. M.; Nicolais, L. ] Mater Sci 1993, 28,
4994,



