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ABSTRACT: An investigation was carried out on the crystallization behavior of p-
dioxanone polymers using differential scanning calorimetry (DSC). Kinetic analyses
were performed on data collected primarily during isothermal crystallization. Isother-
mal data were treated within the framework of the classical Avrami equation. Using
this approach, both the Avrami exponent, n, and the crystallization half-time, ¢;,,,
were evaluated and their implications are discussed for each system studied. It is
shown that a small change in the polymer’s composition greatly affects the crystalli-
zation kinetics, as well as the crystallizability of the materials. Additionally, noniso-
thermal crystallization under controlled heating and cooling rates was explored. In the
case of cooling from the melt, the Ozawa theory and the recently proposed Calculus
method were employed to describe the nonisothermal crystallization kinetics. In view of
our results, the validity of these two estimation techniques for determining important
kinetic and morphological parameters is also discussed. © 2000 John Wiley & Sons, Inc. J

Appl Polym Sci 79: 742-759, 2001
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INTRODUCTION

In an effort to gain a better understanding of the
crystallization behavior of absorbable polymers,
we have undertaken the development of opti-
mized methodologies and associated characteriza-
tion techniques for evaluating the crystallization
behavior for absorbable materials. It is well doc-
umented in the literature'= that the final physi-
cal properties and product performances of poly-
meric medical devices are controlled not only by
chemistry, but also by the morphology of the mac-
romolecular chains. A variety of experimental
techniques such as dilatometry,® differential
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scanning calorimetry,” X-ray diffraction,® hot-
stage optical microscopy,’ scanning electron mi-
croscopy,’® dynamic mechanical analysis,'' di-
electric relaxation spectroscopy,'? light scatter-
ing,'® birefringence,'* and Raman spectroscopy!®
have been already proven as valuable tools for
assessing morphological changes during crystal-
lization. The knowledge gained from these mea-
surements could aid in the understanding of
structure—process—property relationships in ab-
sorbable synthetic polymers, improve current
products and process control, and open up the
possibility of producing commercial devices in en-
tirely new areas.

The experimental work in this present investi-
gation was focused on the poly(p-dioxanone) ho-
mopolymer (PDS) and an 89/11 PDS/glycolide
segmented block copolymer.® PDS is a synthetic
absorbable material, which is typically made by
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ring-opening polymerization of the lactone mono-
mer, p-dioxanone (also known as 1,4-dioxanane-
2-one).!” Polymers and copolymers based on p-
dioxanone have became increasingly important in
a variety of biomedical applications'®!® due to
their in vivo degradability, low toxicity, softness,
and flexibility. For instance, these important fea-
tures allowed PDS to be made into a synthetic
absorbable monofilament suture, with handling
characteristics needed by surgeons. It is crucial,
however, to control and optimize the morphology
of these polymeric devices to provide the best
balance of mechanical and biological properties in
the final product. A review of the existing litera-
ture indicates that no comprehensive study has
been performed on the crystallization behavior of
this important class of polymers.

The first step in assessing the crystallization
data on PDS materials was accomplished by uti-
lizing differential scanning calorimetry (DSC).
This technique has several advantages including
a small sample size, easy-to-handle apparatus,
and, more importantly, the ability to achieve a
rapid thermal equilibrium, especially at high un-
dercooling. Because of these characteristics, DSC
has been one of the most convenient and popular
methods in studying the crystallization behavior
of bioabsorbable polymers (e.g., refs. 19—-23 and
references therein). Some of the reported studies
are of great importance because of their direct
relevance to our work and should be singled out.
For instance, isothermal crystallization kinetics
of biodegradable poly(glycolic acid) (PGA) was
studied by Chu using DSC.?* This work suggested
that experimental isotherms of PGA did not agree
well with theoretical Avrami prediction through-
out the whole crystallization process and that bet-
ter fits were observed at higher annealing tem-
peratures. Migliaresi and coworkers?® analyzed
the effect of the thermal history on the crystallin-
ity of biodegradable poly(r-lactide) (PLLA) poly-
mers. They studied the capability of different mo-
lecular weight PLLA samples to crystallize under
constant heating and cooling rate treatments.
While the lower molecular weight polymers devel-
oped fair amounts of crystallinity for any cooling
rate during cooling from the melt, higher molec-
ular weight PLLAs were not able to crystallize
when cooled from the melt, unless very low cool-
ing rates (0.5 and 1°C/min) were used. When
heated after quenching, however, all materials
showed similar behavior, with an increase of crys-
tallinity as the heating rate decreased. In a sep-
arate effort, Urbanovici et al.?? studied the crys-

tallization kinetics of PLLA by DSC under iso-
thermal conditions. Kinetic analysis was
performed utilizing the classical Avrami equation
together with the new model that contains three
adjustable parameters. The values of the Avrami
exponent, n, were found to be about 3 for both
methods, indicating the three-dimensional and
athermal growth of the PLLA nuclei. The same
conclusion was reached by Iannace and Nicolais®?
in their excellent recent study on isothermal crys-
tallization and chain mobility of PLLA. These
authors discussed the presence of a fraction of the
amorphous phase which does not relax at the
glass transition temperature measured by calori-
metric and dielectric relaxation spectroscopy
(DRS). Interestingly, the amount of this so-called
rigid amorphous phase was found to be a function
of the annealing temperature. To describe this
phenomenon, DRS was a particularly effective
tool since the dipoles that were part of the rigid
amorphous phase responded by markedly lower
mobility (and lower activation energy) than those
trapped in a “liquidlike” amorphous part of the
molecule.

The principal objective of this communication
was to examine the crystallization behavior of
PDS materials by DSC. The kinetic data were
collected during isothermal and nonisothermal
crystallization scans under controlled heating
and cooling rates. To evaluate important kinetic/
morphological parameters that are characteris-
tics of a crystallization process, several known
kinetic models were employed.

EXPERIMENTAL

Materials

The majority of data were generated on a dyed
PDS homopolymer but a cross-study was per-
formed using an undyed homopolymer as well as
a 89/11 PDS/glycolide segmented block copoly-
mer, whose chemical structure is shown below:

0
I
~{CH,CH,0CH,C 0
\ I
0)3—~(CHC-0 )t

The dye used was D&C Violet No. 2 at approxi-
mately 0.2 wt %. Surgical sutures are frequently
dyed to aid in their visualization in the surgical
site. The dyed and undyed PDS homopolymers
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and the copolymer all had weight-average molec-
ular weights of approximately 80,000 as deter-
mined by GPC. These three resins displayed in-
herent viscosities, as determined in hexaflu-
oroisopropanol at 25°C at a concentration of 0.1
g/dL, of 1.85, 1.88, and 1.77 dL/g, respectively.
The glass transition temperature of all studied
materials was found to be around —10°C, as de-
termined by the DSC method using the heating
rate of 10°C/min. The polymers were made in-
house by ring-opening bulk polymerization. Due
to the high sensitivity of the polymers to hydro-
lytic degradation, materials were stored and
tested under strict dry nitrogen conditions.

Methods

DSC measurements were performed with a TA
Instruments differential scanning calorimeter,
Model 2910 MDSC, using dry N, as a purge gas.
The instrument was calibrated with an indium
standard for temperature and heat change. Crys-
tallization studies were conducted in three ways:
(1) After melting, the sample was cooled under a
controlled rate; (2) after melting, the sample was
quenched below its glass transition temperature,
then heated under a controlled rate; and (3) after
melting, the sample was rapidly cooled to a tem-
perature of interest and the crystallization mea-
sured under these isothermal conditions.

In a typical nonisothermal crystallization run
under a constant heating or cooling rate, a sample
weighing around 5 mg was first heated to approx-
imately 35°C above its melting temperature and
held in the molten state for 5 min to remove any
crystallinity present at that time. From this
point, a subsequent cooling step was performed
with a constant rate, ¢, and the crystallization
exotherm recorded. In a constant heating rate
experiment, the sample was quenched from its
amorphous, melted state to below its glass tran-
sition temperature, followed by a controlled heat-
ing step.

The experiments on the isothermal melt crys-
tallization of PDS homopolymers were carried out
as follows: A sample of 5 mg was first melted and
maintained for 5 min at 140°C (35°C above its
melting point) to remove any nucleation sites
present in a sample. Subsequently, tested mate-
rials were rapidly cooled (ca. 30°C/min) to the
constant test (crystallization) temperature. The
isothermal method assumes that no crystalliza-
tion occurs before the sample reaches the test
temperature. Crystallization behavior was char-

acterized over a wide range of temperatures, be-
tween 15 and 80°C. The isothermal heat flow
curve was integrated to determine the crystallin-
ity as a function of time.

It is worth noting that isothermal and noniso-
thermal runs were made in randomized order to
avoid any bias due to possible molecular weight
degradation. All temperature runs for a given
polymer were performed on a single sample, and
the self-consistency of the data engenders confi-
dence that molecular weight loss during testing is
not of any concern.

RESULTS AND DISCUSSION

Isothermal Crystallization

DSC data for the isothermal melt crystallization
of dyed PDS over the temperature range of 15—
75°C are considered first. A typical DSC thermo-
gram for the crystallization temperature of 40°C
is shown in Figure 1. The symmetric shape of the
isothermal peak suggests that this process does
not contain any secondary crystallization, which
is usually accompanied by a long-term heat flow
beyond the exothermic maximum.?®> In a few
cases, due to a relatively fast crystallization, it
was difficult to extrapolate the initial part of the
isothermal curve with high accuracy, leading to
uncertainty in estimating the value of the zero
time. However, this problem does not affect the
correct estimation of the kinetic parameters dur-
ing isothermal measurements.

The evolution of crystallinity with time can be
assessed from the degree of crystallization, «,
which is expressed by the ratio

td

Jd?dt
_AHt_ 0 (1)
“TAH. T (=40

J Wdt

0

where dQ/dt is the respective heat flow; AH,, the
partial area between the DSC curve and the time
axis at time ¢; and AH., the total area under the
peak and corresponds to the overall heat of crys-
tallization. The degree of crystallization, «, is
then the crystalline volume fraction developed at
time ¢.

The kinetic data for isothermal melt crystalli-
zation were analyzed using a classical Avrami
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Figurel Isothermal DSC trace, including integrated peak area, obtained during melt

crystallization at 40°C.

approach developed six decades ago.?® According
to the Avrami model, the time dependence of «
can be described by the following kinetic expres-
sion:

—In(1 - a)=K X t" (2)
where K is the composite rate constant, and n,
the Avrami exponent, typically ranging from 2 to
4 for semicrystalline polymers. These constants
are related to the crystallization half-time, ¢,,,
and to the type of nucleation and geometry of the
crystal growth. The crystallization half-time, ¢,
is the time needed for crystallinity to reach 50%
conversion. The Avrami exponent, n, was deter-
mined from the slope of the log[—1In(1 — «)] versus
log t curve. Finally, the composite rate constant,
K, can be evaluated either from the intercept or
calculated using the following expression:

In 2
K= 3)

n
t1/2

In this study, ¢,,, was determined by fitting each
set of data to Eq. (2) and then graphically locating
the crystallization time that corresponds to «
= 0.5. Figure 2 displays both experimentally ob-
tained « versus ¢ data and their best fits (solid
lines) originated from the Avrami equation for the
isothermal crystallization of the dyed PDS sam-
ple at selected crystallization temperatures (7).
As Figure 2 indicates, an excellent agreement was
observed between experimental data and the
Avrami theory for all runs except for the two
highest crystallization temperatures (70 and
75°C) at the very latest stages of the process. This
deviation is manifested by somewhat faster kinet-
ics than predicted, and it was caused, in our opin-
ion, by the onset of secondary crystallization.
These data points are marked by arrows in Figure
2. In addition, there are two more signs that may
suggest the presence of a secondary process dur-
ing isothermal melt crystallization of dyed PDS:
(1) crystallization exotherms obtained during 70
and 75°C runs are more skewed at the long-term
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Figure 2 Extent of crystallization as a function of time with annealing temperature
as a parameter. Solid lines are fits to the Avrami equation. Arrows indicate the onset
of secondary crystallization.

side than what is showed for 40°C in Figure 1, higher. This is illustrated in Figure 3, where the
and (2) a significant, 25% increase in the plateau heat of crystallization versus time curves are plot-
crystallization volume was observed for isother- ted for selected T.’s. The presence of secondary
mal crystallization temperatures of 60°C or crystallization might be explained by an increase
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Figure 3 Heat of crystallization as a function of time with crystallization tempera-
ture as a parameter.
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Table I Isothermal Crystallization Data for Dyed PDS

Slope
T (°C) /o (8) n K@i@t™™) AH, (J/g) (Wg tmin™1)

20 2100 2.44 5.69e-9 31.5 0.000455
25 1180 2.37 3.74e-8 33.6 0.00161
30 760 2.44 6.48e-8 33.9 0.00384
35 570 2.57 5.73e-8 32.0 0.00666
40 525 2.51 1.03e-7 31.3 0.00709
45 400 2.41 3.71e-7 31.2 0.00886
50 470 2.42 2.37e-7 314 0.00870
55 585 2.43 1.31e-7 34.7 0.00665
60 800 2.53 3.24e-8 39.5 0.00408
65 1200 2.62 5.93e-9 40.5 0.00193
70 2200 2.57 1.78e-9 43.4 0.000561
75 3450 2.22 9.70e-9 40.0 0.000202

in the mobility of macromolecular chains due to a
lower energy barrier at elevated crystallization
temperatures. Additional evidence that would
support the existence of this phenomenon in PDS
materials was obtained directly from our noniso-
thermal crystallization studies. These data will
be presented and discussed later in the text.

A summary of important kinetic parameters
obtained from Figures 1 and 2 are listed in Table
I. Analysis of the half-time values indicates that
they are a strong function of T'.. The fastest iso-

3.0

thermal crystallization rate (the lowest ¢,,, value)
was detected at 45°C. An alternate way to de-
scribe crystallization kinetics (not yet seen by the
authors in the literature) is to record the initial
slope of the crystallization peak (see Fig. 1) for
each isothermal run. These data are displayed in
Table I (last column) and replotted in Figure 4
with a reciprocal half-time as a function of crys-
tallization temperature for a comparison. A satis-
fying agreement between these two methods was
observed, suggesting that, in at least some cir-
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Figure 4 Reciprocal half-time and the left slope of crystallization exotherm as a

function of crystallization temperature.
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Figure 5 Reciprocal half-time as a function of crystallization temperature for undyed

and dyed PDS.

cumstances, the present method can be used to
advantage to determine crystallization rates. The
main advantage of this approach is that the rates
can be established with a shorter experimental
time.

Next, we compared the crystallization kinetics
of undyed and dyed PDS using ¢,,, as a kinetic
parameter, as shown in Figure 5. For any given
isothermal crystallization run, except that per-
formed at 35°C, we found that the crystallization
of undyed PDS is slightly faster than that of the
dyed. Data collected between 45 and 60°C for
undyed PDS are not included in the analysis be-
cause at these temperatures crystallization pro-
gressed notably before the sample reached ther-
mal equilibrium, causing the distortion of the ini-
tial portion of the thermogram. Although small
differences in the crystallization kinetics between
the undyed and dyed PDS homopolymer cannot
be explained at this time (especially that the un-
dyed crystallizes faster), it is apparent that opti-
mum processing conditions for these two materi-
als will be accordingly different.

The geometry of the crystal habit during iso-
thermal crystallization of dyed PDS, expressed
via the Avrami exponent, n, is also listed in Table
I. For the sake of clarity, these results are graph-
ically displayed in Figure 6. The values of n were
relatively constant at 2.5 for all T, investigated,

indicating that the crystal growth was three-di-
mensional. The same value was found for the
undyed PDS homopolymer. This is in agreement
with the results reported earlier for a majority of
polyesters, 2527 including poly(ethylene terephta-
late) and poly(e-caprolactone). With regards to
the copolymer, an isothermal -crystallization
study on the copolymer unfortunately could not
be performed using DSC. This was the result of
the crystallization rate being so low that the rate
of heat gain in the calorimeter was less than was
the heat-loss rate resulting in no net change in
the enthalpy signal. We expect that supporting
evidence from hot-stage optical microscopy mea-
surements would be particularly beneficial to
judge the consistency of the Avrami exponent for
this group of materials and will be the subject of
future investigations.

Nonisothermal Crystallization
Effect of Heating Rate

The second part of this study dealt with noniso-
thermal crystallization of dyed PDS utilizing con-
trolled heating steps. Samples were quenched
from the molten state to obtain a fully amorphous
morphology and, subsequently, heated at rates of
1,2, 4, 8, 15, and 20°C/min.
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Figure 6 Avrami exponent, n, as a function of crystallization temperature.

A typical DSC trace generated using this
method is shown in Figure 7 for the heating rate
of 1°C/min. An important feature that emerged
from this study is the discovery of two indepen-
dent crystallization exotherms. The higher-tem-
perature process is assigned to the secondary
crystallization that was suggested earlier by the
isothermal measurements at elevated tempera-
tures. Table II summarizes most of the thermal
data regarding the effect of the heating rate on
the crystallization and melting behavior of dyed
PDS. With an increase in heating rates, both crys-
tallization exotherms appeared at higher temper-
atures. A particularly large shift was observed for
the primary crystallization peak. The melting
point location, on the other hand, was almost
constant for the conditions used in this study. It is
worth noting that the melting endotherm is char-
acterized by a 10°C shift to lower temperature
when compared to that of the initial sample (first
heat). This is probably due to the nature of the
short annealing treatment that was performed on
a sample. Lack of sufficient time for the crystal-
lization to occur during these nonisothermal mea-
surements prevented crystals to fully grow and
perfect their morphology. We would like to em-
phasize that exactly the same effect was observed
earlier for PLLA.%° Additionally, the data in Ta-
ble II indicate that the peak areas under the
secondary crystallization exotherm and the corre-

sponding melting endotherm systematically de-
creased with increase in the heating rate. We
attribute this to the simple fact that the poly-
meric samples have less time to undergo second-
ary crystallization as heating rates are increased.
Although the primary crystallization peaks in-
creased in temperature as mentioned above, their
areas remained fairly constant. This invariance
suggests that the same amount of crystallization
occurred during this early process within the ex-
perimental heating rate range studied. The sum
of areas under the 7T,; and T., peaks equal
roughly those for a fusion process, suggesting that
the heating scan started from a fully amorphous
sample. Certain discrepancies that are observed
for the lower heating rate runs reflect the inabil-
ity of the instrument to account for a continuing
incremental crystallization that took place be-
tween the two exotherms during longer-lasting
runs.

The areas under the melting peak (heat of fu-
sion) as a function of the heating rate for the
undyed and dyed PDS homopolymers along with
the copolymer are now compared. With an in-
crease in the heating rate, the apparent heat of
melting systematically decreased. This effect is
associated to the same concept of the previously
stated argument related to the heat-loss and
-gain characteristics of the calorimeter. Compen-
sation for induced crystallization in the melting
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Figure 7 Nonisothermal DSC trace obtained during heating step from the quenched

amorphous state at 1°C/min.

endotherm can only result when an area exists for
that event that can be attributed to an enthalpy
change. At slow heating rates (i.e., 1-2°C/min), a
low crystallization rate does not impart changes
to the enthalpy (baseline) of the DSC thermo-
gram, while at higher heating rates (>10°C/min),
the secondary crystallization processes do not
have time to occur. The observed pattern is
graphically illustrated in Figure 8. For any given
heating rate, data points for undyed and dyed

PDS practically overlapped, suggesting that an
equal crystal content was present at the end of
each heating step. The copolymer, however,
showed a considerably lower ability to crystallize
as was manifested by the small heat of fusion
values. In addition, the data in Figure 8 indicate
that, in this case, heating rates of 10°C/min or
higher did not produce any crystallinity at all; flat
DSC thermograms are obtained during noniso-
thermal measurements at higher heating rates.

Table II Nonisothermal Crystallization Data Obtained During Constant Heating Rate Experiments

for Dyed PDS

Heating Rate Peak Area at Peak Area at Peak Area at
(°C/min) T., (°C) T., (°C) T,, (°C) T., (J/g) T., (J/g) T, (J/g)
1 30.4 79.6 107.2 33.6 5.29 42.5
2 35.1 79.7 106.3 34.2 4.78 41.5
4 424 82.9 106.0 35.5 4.22 41.0
8 51.7 87.0 105.5 35.6 3.34 39.0
15 59.4 88.5 105.3 35.9 0.50 36.5
20 65.9 — 105.3 33.5 — 33.5
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Figure 8 Heat of fusion as a function of heating rate for undyed and dyed PDS

homopolymer and undyed copolymer.

Through extrapolation of the curves in Figure 8 to
a zero heating rate, one reaches the conclusion
that the equilibrium heat of fusion for the copol-
ymer is lower than those of the PDS homopoly-
mers. The reason for this behavior can be found in
a disruptive role that glycolic acid comonomer
plays in the overall ability of the copolymer’s mac-
romolecular chains to align properly for the crys-
tal formation.

Effect of Cooling Rate

The study of morphological changes of absorbable
semicrystalline polymers occurring during
nonisothermal crystallization from the molten
state is of increasing technological importance,
because these conditions are the closest to real
industrial processing. It is anticipated that the
kinetics and extent of crystallization will be
grossly affected by the rate at which the polymer
is solidified from its fully amorphous molten
state. In this section, we analyze the kinetic data
using two existing methods, the first one based on
the well-known Ozawa equation,?® followed by
thg Calculus method recently proposed by Cazé et
al.??

A typical DSC trace captured during the con-
stant cooling rate experiment is shown in Figure
9 for the dyed PDS sample cooled from the melt at
0.5°C/min. A summary of thermal characteristics

obtained by this method is listed in Table III for
different cooling rates. With a slower cooling rate,
the crystallization exotherm becomes larger and
the crystallization temperature, T, shifts to a
higher value. This behavior is related to the fact
that, for slower cooling cycles, the polymer re-
mains for a longer time at a temperature range
sufficiently low for the polymer to begin to crys-
tallize, but also high enough to provide sufficient
chain mobility to facilitate crystal growth. By
cooling the dyed PDS sample at rates faster than
5°C/min, on the other hand, we obtained a super-
cooled material, freezing the molecular motion
quickly before the chains were able to generate
ordered crystals. The last column in Table III
displays the slope values of the right side of the
crystallization exotherm that are shown in Figure
9. These numbers mirror the crystallization rate
and, as was graphically illustrated in Figure 10,
decreased continuously in a nonlinear fashion
with increase in the cooling rate.

To collect information about the crystalline
fraction attainable at different cooling rates, we
recorded the total area under the crystallization
exotherm after series of nonisothermal runs.
These results are plotted against different cooling
rates in Figure 11 for all the materials under
study. A trend was observed: With increase in the
cooling rate, the heat of crystallization decreased
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Figure 9 A nonisothermal DSC trace, including an integrated peak area, obtained
during crystallization from the melt at constant cooling rate of 0.5°C/min.

abruptly. However, a remarkably different extent
of crystallization is encountered not only between
the PDS homopolymers and the copolymer, but
also between the undyed and dyed PDS them-
selves. According to data in Figure 11, for every
given cooling rate, the crystalline content in un-
dyed PDS was the highest for the three materials.
This finding, obtained under nonisothermal cool-
ing conditions, is in line with the relative crystal-
lization rates observed earlier for the samples
under isothermal conditions.

Table III Nonisothermal Crystallization Data
Obtained During Constant Cooling Rate
Experiments for Dyed PDS

Cooling Rate Peak Area at T, Slope Value

(°C/min) T, (°C) J/g) (WgteC™
0.25 64.0 41.2 —0.00416
0.5 57.8 39.3 —0.00381
1 48.4 32.8 —0.00367
2 42.6 14.0 —0.00182
3 39.2 4.0 —0.00109
4 41.3 1.5 —0.00068

Methods

The final part of this study dealt with semiem-
pirical treatments of nonisothermal crystalliza-
tion kinetics under constant cooling rate condi-
tions according to two proposed methods. The
Ozawa approach?® and the recently developed
Calculus method??° were used here to describe
the crystallization kinetics of PDS polymers. Both
of these methods allow the determination of the
type of nucleation (homogeneous or heteroge-
neous) and characterize the growth geometry
(one-, two-, or three-dimensional) using the
Avrami exponent, n.

Ozawa Method

Theoretical treatment of the nonisothermal crys-
tallization kinetics was addressed by Ozawa?® as
early as 1971 and represents a modified Avrami
approach. The Avrami approach was described
and utilized in the previous section for our iso-
thermal studies. The Ozawa method determines
the Avrami exponent, n, using data exclusively
confined to the primary crystallization regime.
There are certain limitations involved, including
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Figure 10 The right-side slope of crystallization exotherm during nonisothermal
crystallization as a function of different cooling rates.

the important assumption that n is independent fe
of temperature. Xy=1—exp| - 7 4)
The determination of n during the constant
cooling rate steps from the molten state uses the where X is the volume fraction of the trans-
following equation proposed by Ozawa: formed polymer at the temperature T q, the cool-
45
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Figure 11 Heat of crystallization as a function of different cooling rates for undyed
and dyed PDS homopolymer and undyed copolymer.
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Figure 12 Volume fraction of the transformed polymer, X, as a function of temper-

ature with cooling rate as a parameter.

ing rate; n, the Avrami exponent; and f., the
so-called cooling function, which has been as-
sumed to increase exponentially with tempera-
ture. In general, crystallization thermograms ob-
tained in DSC give the transformed mass func-
tion Xy by partial integration of the exothermal
peak at the temperature T'. Since eq. (4) uses a
transform volume fraction, it is necessary to first
convert Xy, into Xy, by the following expression:

X,
Xy = pg (5)
A
1—-(1——1|X
[ PC} v

where p, and p. are the density of the amorphous
and crystallized phases, respectively. As deter-
mined by Dolegiewitz,3! a relationship which ties
density and percent crystallinity (using X-ray de-

fraction) for undyed and dyed PDS monofilaments
is

p=1.3382+ «1.337 x10°? (6)

where «a denotes a percent of crystallinity. Com-
bining eqgs. (5) and (6), the original DSC curve can
be now redrawn as a curve which depends on the
transformed volume fraction. In Figure 12, the

nonisothermal crystallization kinetics were dis-
played by plotting X, against the temperature for
different cooling rates.

To determine the Avrami exponent using the

Ozawa method, eq. (4) needs to be rewritten as
follows:

In[—In(1 -Xy)]=Inf—nlngqg (7)

Equation (7) involves determination of trans-
formed volume fractions for different cooling
rates at a given temperature. Plots of In[—In(1
— Xy)] versus In(q) should result in straight
lines with the exponent n calculated from the
slope. Due to the considerable change in the
degree of supercooling with different cooling
rates, it appears difficult, in practice, to find
more than a few points at a particular temper-
ature. Results of this analysis generated at
three applicable temperatures are presented in
Figure 13(A,B) for undyed and dyed PDS. Al-
most perfect linear dependencies were observed
for both systems at all temperatures, suggest-
ing that the Avrami exponent, n, is constant
within the selected cooling rate range. How-
ever, we detected a systematic change in the
slope, increasing with increasing temperature.
The calculated Avrami exponents for undyed
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Figure 13 (A) Linear plots of Y = In[—In(1 — X,,)] against In ¢ for undyed PDS at
various temperatures. (B) Linear plots of Y = In[—In(1 — X,,)] against In ¢ for dyed

PDS at various temperatures.

PDS were 1.72, 1.85, and 2.0 at 55, 57, and
59°C, respectively. According to the litera-
ture,?’ n close to 2 may describe heterogeneous
nucleation with a two-directional disclike
growth. Values of 3.15, 3.31, and 3.37 were ob-
tained at 59, 60, and 61°C, respectively, for

dyed PDS and may accompany heterogeneous
nucleation with three-dimensional spherulitic
growth. These data are difficult to interpret
considering the fact that the Avrami exponent
2.5 was found for both polymers during isother-
mal crystallization. The major obstacle to cor-
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rectly interpret these findings using Ozawa’s
theory rests with his assumption that » is inde-
pendent of temperature. Clearly, the data show
that this is not the case with this family of
materials, leading us to believe that the Ozawa
method of analysis is not entirely suitable here.

Calculus Method

A modification of the Ozawa method was re-
cently developed by Cazé and coworkers®® for
studying nonisothermal crystallization kinetics
during constant cooling steps. This new method
is based on the experimental observation that
the crystallization exotherms essentially have a
Gaussian shape. For this reason, only the max-
imum and inflection points of the curve need to
be considered, substantially simplifying the de-
termination of the Avrami exponent, n. An out-
line of equations used in this study is briefly
recapped below:

Assuming a linear dependence between In f,
versus temperature, as suggested by the Ozawa
theory, we may write

Infe=aT +0 (8)

where a and b are empirical constants. Cazét al.
suggested that it is possible to express the value
of the extremum of the exothermal curve T, for a
given cooling rate ¢ by finding the zero of the
primary derivative of the peak equation:

i Xy] =0 9
o7 \ a1 Xv . = 9
Using eq. (4), this equation can be solved as

’fo 1 <6fc)2 (10)

0T ¢t \aT

Substituting derivatives from expression (8) and
setting T = T, the following relationship
emerged:

q’

n b
qualnq—g (11)

The Avrami exponent, n, is then obtained as the
slope of the T, versus In(g)/a curve. To evaluate
the constant “a,” the following steps were per-
formed. At the extreme point 7' = T, combining
eqgs. (8) and (11) results in

fe(T) =q" 12)

Installing this expression in the Ozawa equation,
we finally arrived at

In[~In(1 - Xy)] = a(T — T,) (13)

Thus, plots of In[—-In(1 — X,)] versus T allow
the calculation of the constant “a” and the prod-
uct —aT, from the slope and intercept, respec-
tively. Since eq. (13) is confined to the primary
crystallization regime, the above linear regres-
sion analysis has to comply with two criteria: (1)
the lowest X, employed should be kept around 2%
to ensure precision, and (2) the range of Xy, se-
lected should cover data in such a way that the
coefficient of determination, r2, is greater than
0.980. Having that in mind, linear plots of
In[-In(1 — X)] against temperature were con-
structed for undyed and dyed PDS polymers at
different cooling rates. Xy, data for both systems
were taken, approximately, from 2 to 50%. As an
example of this calculation, data for dyed PDS are
shown in Figure 14. Estimated parameters “a”
and T, obtained from this figure are listed in
Table IV. The results show that both absolute “a”
(ie., |a|) and T, increase with decreasing q. Mak-
ing use of these data, plots of T, versus In g/a
were made for undyed and dyed PDS to determine
the Avrami exponent n. The data are shown in
Figure 15. Unexpectedly, the absence of a single
linear curve was observed for both polymers. In-
stead, we can identify two regions with two dis-
tinctly different slopes that characterize lower
(region I) and higher (II) cooling rate domains.
Avrami exponent values of 3.0 and 1.1 for undyed
and 5.2 and 0.75 for dyed PDS were calculated
from regions I and II, respectively.

We stress that Chuah et al.,° obtained exclu-
sively a single Avrami exponent using this
method for a wide variety of semicrystalline poly-
mers including the related polyester, poly(e-cap-
rolactone). What, then, causes this unique re-
sponse of PDS materials? We believe that a sub-
stantiality lower crystallization rate of undyed
and dyed PDS, compared to materials studied in
ref. 30, must play a critical role in this event. In
the above-mentioned study, Chuah and cowork-
ers used a very broad cooling rate range (from 2 to
40°C/min) to describe fast crystallization behav-
ior for the majority of the polymers tested. We
remind the reader that, in our case, the ability of
PDS materials to crystallize was drastically re-
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Figure 14 Linear plots of Y = In[-In(1 — X,)] against temperature for dyed PDS

with cooling rate as a parameter.

duced as the cooling rate was increased from 1 to
2°C/min (almost 60% change!) as was illustrated
earlier in Figure 11. A continuously diminishing
crystal content observed in samples at even
higher rates would, in our opinion, strongly affect
the kinetic calculations based on this method. To
overcome this problem, one could either take into
consideration only the lowest cooling rate domain
or seek complementary information utilizing a
technique where a lower-speed process is not an
obstacle (i.e., hot-stage microscopy). Finally, it is
worth mentioning that due to the very slow crys-
tallization of the copolymer only two data points
were attainable (at 0.25 and 0.5°C/min), generat-
ing the Avrami exponent of 3.39.

Table IV Characteristic Kinetics Parameters
Determined from Figure 14

Cooling Rate Intercept
(°C/min) a (-a X T,) T, (O
0.25 —0.498 31.5 63.3
0.5 -0.339 19.5 57.4
1 -0.275 13.2 48.0
2 -0.211 8.43 40.0
3 -0.187 6.89 36.8
4 -0.160 5.76 36.0

CONCLUSIONS

DSC was used to study the crystallization behav-
ior in PDS-based materials. Kinetic analyses
were performed for isothermal and nonisothermal
crystallization under controlled heating and cool-
ing rates.

A classical Avrami approach was used to eval-
uate important kinetic and morphological param-
eters during isothermal crystallization of these
materials. For that purpose, a partial integration
under a heat flow—time curve was used to calcu-
late the crystal fraction volume developed at a
given time. Based on the determination of half-
time crystallization, the maximum rate of the pro-
cess for undyed and dyed PDS was found to occur
around 45°C. The Avrami exponent, n, for these
two polymers was determined to be around 2.5,
indicating the heterogeneous nucleation with
three-dimensional diffusion-control spherulitic
growth. The crystallizability and crystallization
rate of the 89/11 PDS/glycolide copolymer was
found to be significantly reduced compared to
those of the PDS homopolymers. The reason for
this behavior is a disruptive role that the glycolic
acid comonomer plays in the overall ability of the
copolymer’s macromolecular chains to align prop-
erly for the crystal formation.



758  ANDJELIC ET AL.

75
65
60 |
55 |
50 |
45
40 |

35

30

-10 -8 -6

4

In g/a

-2 0 2 4

Figure 15 Determination of Avrami exponent, n, using linear plots of T, against In

g/a for undyed and dyed PDS samples.

A secondary crystallization phenomenon was
identified in all studied materials that sets in
around 70°C during nonisothermal crystalliza-
tion runs from the quenched state at constant
heating rates. It was shown that secondary crys-
tallization markedly influenced the final crystal-
linity extent, as well as the overall rate of crys-
tallization. On close examination, we found that
secondary crystallization is also present in the
later stages of both the constant cooling rate
nonisothermal processes and the isothermal pro-
cesses above 60°C.

Finally, an attempt was made to use the
Ozawa approach and the recently proposed Cal-
culus method to describe the crystallization kinet-
ics of PDS polymers during cooling from the melt
at constant cooling rates. Although we were able
to calculate the apparent values of the Avrami n
using the Ozawa approach, we found that the
calculated values were dependent on the temper-
ature, inconsistent with the theory. On the other
hand, using the Calculus method, we arrived at
two distinct values of the Avrami exponent de-
pending on the cooling rate employed. We believe
that the values obtained at lower cooling rates are
legitimate and those obtained at higher rates lead
to artifactual inaccuracies. This is due to DSC’s
insensitivity to account properly for the critically
low crystallinity observed at higher cooling rates.

Thus, the Ozawa method and the Calculus
method for nonisothermal cooling processes
should be used with care.
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