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ABSTRACT: The isothermal crystallization kinetics of
melt-blown webs produced from a series of elastomeric
block copolymers was studied through differential scan-
ning calorimetry (DSC). Three hardness grades were
selected for a polyester and a polyether Elastollan® ther-
moplastic polyurethane and Pebax® polyether-block-amide
copolymers. The Avrami crystallization kinetics parameters,
k and n, were derived from two different methods: (1) tra-
ditional Avrami model and (2) derivative of the Avrami
model proposed by Kurajica et al. (Croat Chem Acta 2002,
75, 693). The kinetic parameters from both models were
consistent and showed good correlation. For all polymer
types and hardness grades, crystallization kinetics were
interpreted with the derivative model (Kurijica et al.) since
it could be directly fitted to untransformed DSC isothermal

crystallization data, and thus reduces the errors involved in
Avrami analysis. The values of the Avrami exponent, n
ranged between 2.59 and 3.41, indicating similar nucleation
and growth mechanisms. These n values and morphological
observations indicate that crystallization occurs in these
copolymers in three dimensions from pre-existing nuclei
and the crystals grow under isothermal conditions. This
suggests that, in these elastomeric copolymers, crystalliza-
tion of the hard segments drives microphase separation
into crystalline and amorphous regions rather than forma-
tion of hard and soft domains. © 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 111: 1246-1256, 2009
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INTRODUCTION

Thermoplastic polyurethane (TPU) and polyether-
block-amide (PEBA) elastomers are semicrystalline
block copolymers that consist of two phases: hard
and soft segments. These polymers exhibit elasto-
meric properties at room temperature, but can be
processed like plastics at high temperature.
Although the amorphous soft segments provide rub-
ber-like properties, hard segments crystallize,
thereby forming a thermally reversible network
structure responsible for the mechanical properties,
i.e., the crystallized hard segments behave as physi-
cal crosslinks. In typical TPU elastomers, hard seg-
ments are created by the reaction of a diisocyanate
with low-molecular weight diols, yielding hard seg-
ments with urethane groups. Typically, soft seg-
ments are polyether or polyester polyols. In PEBA
elastomers, hard polyamide segments are connected
to soft segments through ester groups. The PEBA se-
ries studied here consists of polyamide 12 hard seg-
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ments and poly(tetramethylene oxide)glycol (PTMO)
soft segments.'™

It is well established that the morphology of semi-
crystalline block copolymers depends strongly on
the interaction between two self-organizing mecha-
nisms: crystallization of hard segments and micro-
phase separation to form domains due to
incompatibility and immiscibility of hard and soft
segments. In TPU and PEBA block copolymers, crys-
tallization occurs through association of hard seg-
ments via hydrogen bonding between urethane and
amide groups, respectively.*® Domain formation
and microphase separation in block copolymers
depend on how crystallization proceeds. Microphase
separation may precede crystallization from disor-
dered melt, or crystallization may drive microphase
separation from disordered melt when block incom-
patibility is small. Depending on the strength of
segregation, degree of cooling, glass-transition tem-
perature of the amorphous segments, and competi-
tion between crystallization and diffusion rates,
crystallization may proceed within the preexisting
domains or it may destroy existing microphase-sepa-
rated domains.*” When block copolymers crystallize
from a single-phase melt, their crystallization behav-
ior is similar to homopolymers. In this case, crystals
can grow freely and aggregate to form macroscopic
structures such as spherulites since there are no
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existing domains to restrict the crystal growth. How-
ever, in strongly phase-separated melts, crystal
growth is restricted in one direction since crystalliza-
tion is confined to microdomains. This leads to
nanoscale crystal structures. These morphological
differences affect the crystallization kinetics. When
crystallization drives microphase separation either
from homogeneous melt or by destroying an existing
domain structure, the Avrami model describes the
characteristic sigmoidal crystallization kinetics at
early stages of isothermal crystallization. For crystal-
lization isolated to domains, crystallization will fol-
low first-order kinetics along with very small
Avrami n values (n < 1).77*

Many earlier studies investigating the morphology
of block copolymers consisting of crystalline hard
and flexible amorphous soft segments have been
reported. In a series of morphological studies of
ether—ester copolymers, Wegner et al.'"*"” observed
formation of spherulitic crystals in the amorphous
matrix, which was similar to the crystallization of
homopolymers rather than microphase separation as
observed in block copolymers. Ho et al.'® suggested
spherulitic crystallization of hard segments with no
macrophase separation in ether—ester block copoly-
mers. Seymour et al.'’ and Xu et al?® proposed a
model of spherulitic crystallization for ester—ure-
thane copolymers, in which microphase separation
occurs only into crystalline and amorphous regions.
In these models, incompatibility of hard and soft
segments drives association and crystallization of
hard segments rather than microphase separation
into hard and soft domains. In a study of nano-
phase-separated Pebax 3533 and Pellethane TPU
70A with AFM, McLean and Sauer®' observed larger
crystals in PEBA than in TPU 70A. They described
crystallization in PEBA as crystallization-driven
phase separation, whereas in TPU crystallization
was restricted to hard domains which had already
phase separated.”

The polymers used in this study were processed
via melt-blowing before measuring the crystalliza-
tion kinetics. Melt-blowing is a unique nonwoven
process, in which the molten polymer is extruded
into high-velocity convergent air streams that
stretch the polymer melt rapidly into very fine
fibers. These fine fibers are then collected on a
moving belt to produce self-bonding web struc-
tures. Because the polymer melt is attenuated by
the air streams until reaching the air velocity or
reaching the collector, the resultant fiber proper-
ties and fiber formation process depend strongly
on the interaction between the processing condi-
tions and polymer characteristics. The critical
processing conditions that determine the degree
of attenuation and solidification attained when
the fiber interacts with the others already on the

collector are mainly the air velocity, die-to-collec-
tor distance (DCD), polymer extrusion tempera-
ture, and air temperatures. As discussed earlier,
the crystallization behavior of elastomeric copoly-
mers is complex and controls the polymer proper-
ties through the morphology established during
processing and solidification of these polymers.
Thus, to optimize the melt-blowing process and
obtain webs with better properties, it is critical to
understand the correlation between the crystalli-
zation behavior of TPU and PEBA elastomers and
the processing conditions, which in turn governs
the web properties. Despite the fact that thermo-
plastic elastomers including these copolymers
have found use in a variety of nonwoven applica-
tions, the literature describing their processin%
and use is limited to the patent literature.**
Therefore, we aim to examine the relationship
between the polymer material, processing condi-
tions, and web properties in melt-blowing TPU
and PEBA elastomeric copolymers. Here, we
investigate the crystallization behavior of TPU
and PEBA elastomers to understand the effect of
polymer crystallization on melt-blowing process
conditions and web properties, which will be
reported in a future study.”’

A variety of models have been developed to
describe the crystallization kinetics of semicrystalline
polymers under isothermal quiescent conditions.**>!
Among these, the Avrami model has been the most
commonly used to describe the kinetics of the pri-
mary crystallization stage of isothermal crystalliza-
tion, which includes primary nucleation and growth
of the crystal units until their impingement, followed
by the secondary crystallization stage. At a given
crystallization temperature, the degree of phase
transformation, i.e., relative crystallinity, X(t — to), is
related to time t by the Avrami equation®® as fol-
lows:

X(t—ty) = ;((ci =1—exp(—k(t —tp)") 1)

where Xc; and Xc,, are the amount of crystallinity at
time t and at infinite time, respectively. k is the crys-
tallization rate constant; n is the Avrami exponent;
and t, is the time at the onset of crystallization. If
one assumes that the relative degree of crystallinity
increases with crystallization time, eq. (1) can be
used to analyze isothermal crystallization. The crys-
tallization rate constant, k, is a function of nucleation
and growth rates, and it depends on polymer prop-
erties and temperature. The Avrami exponent, 7 pro-
vides information on the number of dimensions in
which growth takes place (growth geometry) and on
the nucleation process. According to the original
assumptions of the theory, the Avrami exponent, 7,
ranges between the positive integers 1 and 4.>**
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TABLE I
Melt-Blowing Process Conditions
Sample ID Die temp. (°C) Air temp. (°C) Polymer mass flow rate (ghm®)
Ether TPU Elastollan® C78A15 T80 233 222 0.50
Elastollan® C85A10 T90 251 238 0.50
Elastollan® C95A10 T98 261 249 0.50
Ester TPU Elastollan® 1180A10 S78 253 234 0.50
Elastollan® WY5352D-1 595 262 261 0.50
PEBA Pebax® 2533 P25 287 258 0.24
Pebax® 3533 P35 305 267 0.24
Pebax® 5533 P55 312 274 0.24

? ghm, grams per hole per minute.

The Avrami kinetic parameters are usually deter-
mined by taking double logarithm of eq. (1):

log[-In(1 — X(t — tp))] = nlog(t — tp) + logk  (2)

The rate constant, k, and Avrami exponent, n, are
obtained by plotting the log[—In(1 — X(t — ty))]
against the log(t — tp). The value of y-intercept gives
log (k) while n is just the slope of the least-square
line.*

Even though the traditional Avrami method is
commonly accepted for the analysis of isothermal
crystallization kinetics of polymers, it has well-
known shortcomings. The Avrami equation is only
valid for crystallization levels where no impinge-
ment of crystal units occurs, i.e., at short crystalliza-
tion times. Because the crystallization onset, t, is
typically determined visually on the DSC isothermal
crystallization exotherm, the calculation of the rela-
tive crystallinity, X(t — fy) by integrating the DSC
data inherently involves errors. In addition, the dou-
ble logarithmic form of the Avrami plot may result
in superficially good fits for experimental data, and
thus the derived kinetic parameters may not give a
true representation of the crystallization process.'®**
Although this does not mean that the derived
Avrami parameters are invalid, the evaluation of the
crystallization kinetics based only on the Avrami
analysis may be misleading. Among many studies
attempting to improve the Avrami analysis, Kurajica
et al.’! proposed a different approach for analysis of
isothermal crystallization DSC data. They took the
derivative of the Avrami equation and fit the
untransformed DSC data directly to this function. In
their equation, they replaced k of the Avrami equa-
tion by k". Thus, they represented the heat flow dgq/
dt measured by DSC as follows:

49 _ A _ AHnK"(t — to)" 'exp(—K"(t — to)") (3)
dt dt
where AH is the enthalpy of crystallization and do/
dt is the change in the amount of crystalline material
with time. One advantage of this approach is that
dq/dt is obtained directly from the DSC data while
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the traditional Avrami analysis requires transforma-
tion of the DSC data from differential to integral
form, which makes this traditional method very sen-
sitive to errors. It is also worth noting that k in the
Kurajica analysis has units of 1/time while in the
traditional Avrami analysis, k has units of 1/time".

We report the analysis of the isothermal crystalli-
zation kinetics of polyether- and polyester-based
TPU and PTMO-based poly(ether-block-amide)
(PEBA) elastomers using both the traditional Avrami
analysis and the analysis of Kurajica et al.>' In both
polyether and polyester TPU elastomers, the hard
segment is 4,4'-diphenylmethane diisocyanate (MDI)
and 1,4-butanediol (BDO), whereas that of PEBA is
polyamide 12.

EXPERIMENTAL

Melt-blown webs were produced on the North Caro-
lina State University Nonwoven Cooperative
Research Center’s melt-blowing line from thor-
oughly dried (1) BASF Elastollan® Ether TPU series
(Shore A): 1180A10, 1190A16, and WY5352D-1; (2)
BASF Elastollan® Ester TPU series (Shore A):
C78A15 and C95A10; and (3) Arkema Pebax® series
(Shore D): 2533, 3533, 5533. Within Table I, and
throughout this manuscript, ester and ether TPUs
are denoted as Sxx and Txx, respectively, where xx
represents Shore A hardness. Likewise, the PEBAs
are referred to as Pxx, where xx represents Shore D
hardness. These elastomers were chosen to span
similar hardness ranges across all of the materials
studied.

The processing conditions in melt-blowing TPU
and PEBA elastomers are shown in Table I. Melt-
blown webs analyzed in this study were produced
at a DCD of 0.14 m. The DCD and polymer mass
flow rates used are representative of commercial
melt-blowing DCDs and rates. The polymer extru-
sion or die temperatures were adjusted for each
polymer type and hardness grade to maintain the
melt viscosity and die pressures in the acceptable
range for an efficient melt-blowing process. The
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TABLE II
DSC Crystallization Temperatures and Test Conditions

DSC isothermal crystallization

Sample ID T, °C) Crystallization Topset (°C) Crystallization Tpear (°C) Melt temp. (°C) Temp. range (°C)

Ether TPU T80 146.5 79.1 71.2 195 89-93.5

T90 165 106.2 99.3 210 110-120

T98 183.3 118.4 112.9 225 130-146
Ester TPU S78 158.1 81.0 71.8 215 88-93.5

595 196 113.2 107.7 225 124-134
PEBA P25 135 90.1 81.6 180 84-92

P35 142 98.6 91.1 180 96-110

P55 161 133.8 126.8 200 138-143

resulting webs were used to determine the crystalli-
zation kinetics.

A Perkin—-Elmer Diamond differential scanning
calorimeter (DSC) was used to detect the thermal
transitions and follow the heat flow from the web
samples during isothermal crystallization from the
melt. The DSC equipped with internal liquid nitro-
gen cooling unit reliably provided a cooling rate up
to 50°C min '. At higher cooling rates, it was
observed that the collected data was unreliable due
to the initial instability of the DSC program versus
sample temperature. Temperature calibration was
performed using an indium standard (T, = 156.6°C
and AH = 285 ] g '). All DSC scans were carried
out under nitrogen atmosphere, and each sample
was used only once to reduce degradation. Web
samples of 3-5 mg were placed in open DSC pans,
vacuum-dried at 60°C for 3 h, and kept in desicca-
tors until just before loading into the DSC.'® To
observe the crystallization exotherm and determine
the onset of crystallization, web samples were first
heated to temperatures 40-50°C above their peak
melting temperature at 20°C min ™', maintained at
this temperature for 3 min to ensure complete melt-
ing, and then were cooled to 25°C at 10°C min~".%

To determine the rate of crystallization during iso-
thermal crystallization, it is desirable to have crystal-
lization times of a few minutes so that the DSC can
acquire accurate data. To reduce the crystallization
rate, the initial isothermal crystallization temperature
was chosen by adding 5-10°C to the observed onset
of crystallization temperature as seen in Table II. On
subsequent isothermal crystallization runs, the iso-
thermal temperature was increased or lowered,
depending on the rate observed in the initial run.
Isothermal crystallization kinetics from the melt was
determined as follows. Melt-blown web samples
were melted at temperatures 40-50°C above their
peak melting temperature at heating rates of 20°C
min~?}, held there for 3 min, and then cooled at 50°C
min~' to the desired isothermal crystallization tem-
perature, T,, and maintained at that temperature for
10 min until crystallization was complete. The heat

flow generated as a function of time during the iso-
thermal crystallization was recorded and analyzed
to obtain relative degree of crystallinity, X(t — to):

Ay
xtt—t0) = (5] @
where tj is the time at which the web sample attains
stable isothermal conditions, which is assumed to
correspond to the crystallization onset. A, is the cu-
mulative area under the exotherm from time ¢, to
time t and A, is the total area of the crystallization
exotherm at long times.

The morphology of the melt-blown webs was
observed using Metaltek Instruments Carl Zeiss opti-
cal polarizing microscope with a Mettler model
FP82HT hot stage and a Diagnostic Measurements,
0.6x, HRP060-CMT camera. Meltblown web samples
produced from P55, T98, and S95 were sandwiched
between two microscope cover glasses, melted at
200-225°C for 3 min and then rapidly cooled to the
crystallization temperature at a rate of 10°C min .
Morphology development was recorded during
crystallization.

RESULTS AND DISCUSSION

Figure 1 shows a typical DSC crystallization exo-
therm for isothermal crystallization of the melt-
blown web, T98 at T, = 130°C after complete melt-
ing at 225°C for 3 min. Crystallization is assumed to
begin at Point A where t; = 0.778 min, which is pre-
ceded by a short-time period during which the tem-
perature of the web sample reached isothermal
crystallization conditions and crystallization begins.
The exothermic heat flow increases until reaching a
maximum at Point B.¥ Beyond the maximum heat
flow, crystallization slows significantly, and no no-
ticeable change in the heat flow is detected after
Point C. As expected, melting and crystallization
peaks as well as onset of the crystallization shift to
higher temperatures with increasing amount of crys-
tallizable component, i.e., increasing Shore hardness.
Thus, the crystallization temperature, T,, follows the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Isothermal crystallization of T98 melt-blown
web at T. = 130°C.

order of P55 > P35 > P25 for PEBA, S95 > S78 for
ester TPU, and T98 > T90 > T80 for ether TPU.

The rate of heat flow during isothermal crystalliza-
tion depends strongly on the kinetics of the crystalli-
zation process, which is very sensitive to
crystallization temperature. This is illustrated in Fig-
ure 2, where crystallization exotherms of web T90 at
several crystallization temperatures are plotted. It is
clearly observed that at higher crystallization tem-
peratures, the crystallization maxima shift to longer
times and become flatter. This means that the time
to reach the ultimate degree of crystallinity becomes
longer and the crystallization rates decrease due to
the decrease in the degree of cooling (Tmelting point
— Terystallization)- The crystallization exotherms of the
other polymers studied are not shown here since all
exhibited similar temperature dependency.

Figure 3 shows the development of relative crys-
tallinity X(t — ty) with crystallization time for PEBA
series. It can be seen that all exotherms exhibit char-
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Figure 2 Isothermal crystallization of T90 melt-blown
web at varying T.
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Figure 3 Relative crystallinity X(t — t) versus crystalliza-
tion time for (a) P25, (b) P35, and (c) P55.

acteristic sigmoidal behavior and the curves shift to
longer times with increasing crystallization tempera-
tures. The relative crystallinity versus crystallization
time plots of ether and ester TPU systems are not
shown here since all exhibit similar sigmoidal
dependence.

The double logarithmic Avrami plots of log[—In(1
— X(t — to))] versus log(t — ty) are shown in Figure 4.
As observed from the plots, experimental DSC data
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Figure 4 Avrami double logarithm plots from dried sam-
ples of P25, T80, and S78.

fit the Avrami model only for the initial portion of
the crystallization process, beyond which deviations
from the model are observed as changes in the
slope. This is in agreement with the literature sug-
gesting that the Avrami model is valid only for the
early stages of the crystallization process. Therefore,
to obtain the Avrami kinetic parameters, k and #, the
experimental data at low transformations of the crys-
tallization are used, corresponding to around X,
< 30% for soft and medium grades and <10% for
the hardest grades.***

The values of the crystallization kinetics parame-
ters determined from the DSC heat flow data using
traditional Avrami analysis in eq. (2) are plotted
against those derived from the Kurajica model in
eq. (3) in Figure 5. A linear correlation between the
n-parameters [Fig. 5(a)] obtained from both models
is observed indicating that both methods give simi-
lar values. However, n obtained from the Avrami fit
tends to be larger than that obtained from the Kuraj-
ica model. In Figure 5(b), the Avrami K" value is
plotted against the k value from the Kurajica model.
This approach accommodates the different defini-
tions used for k in egs. (1) and (3). There is a linear
dependence of the value of k from the Kurajica
model with the value of k" derived from the
Avrami model. However, although there is a similar
correlation for P55, the slope is quite different from
the other polymers [see Fig. 5(b)]. Since the Kurajica
model is less sensitive to errors, we use Kurajica’s
approach in the remainder of this study.
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Figure 5 Comparison of the kinetic parameters derived
from the Avrami model in eq. (2) and the Kurajica model
in eq. (3). (a) Avrami exponent and (b) Kurajica and
Avrami crystallization rates k and k', respectively. Hol-
low symbols represent P55.
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Figure 6 Avrami exponent n as a function of crystalliza-
tion temperature as obtained from the Kurajica model.

Figure 6 shows the Avrami exponent, n, from
eq. (3) plotted as a function of polymer type as well
as isothermal crystallization temperatures. For a sin-
gle polymer type, n has a weak dependence on tem-
perature except for P55. On the other hand, k has a
strong dependence on temperature (Fig. 7). As
expected, k decreases with increasing crystallization
temperatures, regardless of the polymer type and
hardness. Because n values of nearly 3 are relatively
independent of the isothermal crystallization temper-
atures, the mechanism of nucleation and crystal
growth do not change with increasing crystallization
temperatures, at least within the temperature ranges
studied. The decrease in the crystallization rate is
therefore due to the decrease in the rate of nuclea-
tion and crystal growth with increasing crystalliza-
tion temperatures. This is expected since the energy
barrier for nucleation will increase as the crystalliza-
tion temperatures approach melting tempera-
tures.'®**" The values of k and n obtained from
Kurajica’s model are shown in Table III. Analysis of
the secondary crystallization is not considered
within this text because the purpose of this research
is to understand the effect of crystallization kinetics
in melt-blowing process where polymer melt reaches
the collector within time scales significantly shorter
than the onset of secondary crystallization.”” As seen
in Table III, for all studied webs, noninteger #n values
were obtained, contradictory to the theoretical
expectations of integer values based on the original
Avrami assumptions. Earlier studies interpreted
noninteger n values due to simplified assumptions
in the original Avrami equation, which may not
apply to all polymers under all crystallization condi-
tions, the complex nature of c:rys’talliza’cion,33
mixed nucleation and/or crystal growth modes,*
variations in crystal growth dimension,*' variation
in nucleation and/or crystal growth rates during

Journal of Applied Polymer Science DOI 10.1002/app
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crystallization,”® development of similar crystal
growth structures from different types of nuclei,*
and simultaneous occurrence of two- and three-
dimensional crystal growth.® As suggested by Cho
et al,*> noninteger n values will be considered as
representative of the nearest integer. Based on the
characteristic sigmoidal crystallization behavior
observed in Figure 3 along with n values of around
3, the crystallization mechanism is similar to that of
semicrystalline homopolymers involvin§ the forma-
tion of macroscopic crystal structures.'> "

The nature of nucleation and crystal growth, and
how crystallization develops from the melt either
from single-phase melt or by destroying existing
microphase separated domains was further explored
by optical microscopy. Figure 8 shows microscopic
images of P55 crystallized at 138°C from the melt
under crossed polarizers and at different times dur-
ing crystallization. The initial melt conditions were
the same as the DSC protocol described in the Ex-
perimental section. Within the resolution of the
microscope, no residual crystallites or other struc-
tures were observed in the melt state. This observa-
tion indicates that crystallization develops from a
single-phase melt structure, in which crystallization
dominates the formation of final morphology. Upon
reaching the isothermal crystallization temperature,
crystal nuclei are observed to form rapidly and
grow in size until reaching a constant size as seen in
Figure 8(e,f). Some of the crystals impinge against
each other but others do not, even after long crystal-
lization times. Because of the limited resolution of
the microscope, it is difficult to conclude the nature
of nucleation and growth modes from these images.
These results suggest the following nucleation and
crystal growth possibilities: (1) three-dimensional
crystal growth that nucleates with instantaneous
(heterogeneous) nucleation or (2) two-dimensional
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Figure 7 Crystallization rate, k as a function of crystalli-
zation temperature obtained from the Kurajica model.



CRYSTALLIZATION BEHAVIOR OF ELASTOMERIC BLOCK COPOLYMERS 1253
TABLE III
Kinetic Parameters for Isothermal Crystallization of Melt-Blown Samples Obtained by the Kurajica Model
T80
T. (°C) 89 90 91 91.5 92 93 93.5
n 2.98 2.94 2.99 3.02 291 3.15 297
k (mint) 0.61 0.57 0.51 0.51 0.48 0.44 0.41
t1,2 (min) 1.45 1.55 1.73 1.74 1.84 2.02 2.16
T90
T. (°C) 110 112 114 116 118 120
n 2.87 2.99 3.19 3.22 3.32 2.93
k (min~1) 1.05 0.83 0.62 0.46 0.33 0.24
t1 /2 (min) 0.84 1.07 1.44 1.94 271 3.68
S78
T. (°C) 88 90 92 92.5 93 93.5
n 2.68 2.63 2.57 2.59 2.57 1.54
k (min’l) 0.87 0.61 0.55 0.53 0.47 0.44
t1 /2 (min) 1.00 1.43 1.58 1.64 1.84 1.97
P25
T. (°C) 84 86 87 88 90 92
n 2.7 2.67 2.65 2.72 2.65 2.87
k (min Y 0.85 0.78 0.76 0.73 0.69 0.64
t1,2 (min) 1.03 1.12 1.15 1.20 1.26 1.38
P35
T. (°C) 96 98 100 102 104 106 108 110
n 2.95 3.16 3.29 3.27 3.37 3.34 3.41 34
k (min ™) 0.96 0.82 0.75 0.66 0.59 0.52 0.46 0.41
t1 /2 (min) 0.92 1.09 1.19 1.35 1.52 1.72 1.95 2.19
P55
T. (°C) 138 139 140 141 142
n 2.77 292 3.19 3.19 3.54
k (min Y 1.05 0.76 0.72 0.52 043
t1/» (min) 0.83 1.16 1.24 1.71 2.10

crystal growth that nucleates with sporadic (homo-
geneous) nucleation.”***? Because crystals appear
to be visible around the same time upon reaching
the crystallization temperature, three-dimensional
crystal growth initiated by heterogeneous nucleation
is suggested. Also, compared to the time to reach
the ultimate crystallinity, the nucleation time is very
short, again indicating heterogeneous nucleation and
three-dimensional crystal growth, in agreement with
earlier studies on block copolymers.””*"** Similar
crystal nucleation and growth were observed for the
corresponding hardness grades of ether and ester
TPU elastomers (T98 and S95), while crystallites
were too small to be observed microscopically for
the medium and soft grades of both TPU and PEBA
series.

In comparing the crystallization rate for different
polymers, it is generally considered better to mea-
sure the rate at constant difference in crystallization
temperature below the melting temperature, i.e., AT
= T,, — T. = constant. This is illustrated in Figure 9,
where k is plotted as a function of the extent of cool-
ing, AT. It is clear from Figure 9 that the extent of
cooling required to achieve a given crystallization
rate follows the order P55 < P35 < P25 for PEBA se-
ries, T98 < T90 < T80 for ether TPU series, and S95
< S78 for ester TPU series. Also, at constant AT, the
crystallization rate, k, decreases with increasing con-

centration of noncrystallizable component, i.e., soft
segment. This means that with increasing amount of
crystallizable component, i.e.,, polymer hard seg-
ments, the crystallization of the polymer melt
becomes faster, and crystallization onset tempera-
tures shift to higher temperatures, but crystallization
onset occurs with a smaller extent of cooling.

The crystallization half-time, t;,, is defined as the
time from the onset of the crystallization until the
crystallization is half-completed. Based on the Kuraj-
ica approach, the crystallization half-time is defined
as follows:

In2y /"
he= () (5)

Typically, the crystallization half-time, shown in Fig-
ure 10, is used to represent the overall crystallization
rate, which is assumed o be proportional to the
inverse of crystallization half-time. Since the crystal-
lization half-time depends on both n and k, compari-
son of the crystallization rates of different polymers
having different 1 values is not appropriate.'® How-
ever, as seen in Figure 6, the n values determined in
this study for all different polymer types and hard-
ness grades do not change significantly and are all
around 3. Therefore, the crystallization half-time can
be used to compare the overall crystallization rates.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Optical images of the same field of P55 crystallized at T, = 138°C at crystallization times of (a) 0, (b) 45, (c) 90,

(d) 135, (e) 180, and (f) 225 s.

In agreement with the results in Figure 9, the crys-
tallization half-time increases with increasing tem-
perature. The half-time also increases with
increasing amount of noncrystallizable soft segment.
This means that the crystallization process of the
crystallizable hard segment slows down since the
noncrystallizable soft segment dilutes the probability
for nucleation and crystal growth.'#3%3940

Figure 11 illustrates the dependence of the crystal-
lization half-time on the degree of cooling, which
allows comparison of different polymers under simi-
lar cooling conditions. In agreement with Figure 10,
the degree of cooling required to reach the same
crystallization half-time decreases with increasing
crystallizable component. Thus, t;,, follows the
order of P55 < P35 < P25 for PEBA, T98 < T90

Journal of Applied Polymer Science DOI 10.1002/app

< T80 for ether TPU, and S95 < S78 for ester TPU se-
ries. This means that for a given elastomeric copoly-
mer, the increase in the overall crystallization rate is
dependent on the relative concentration of the hard
and soft segments under similar cooling conditions.
This is also evident from the slopes of each curve,
where the slope reflects the temperature and compo-
sition dependence of the overall crystallization rate.

CONCLUSIONS

Melt-blown webs were produced from the following
elastomeric copolymers: (1) BASF Elastollan® Ether
TPU series (Shore A): 1180A10, 1190A16, and
WY5352D-1; (2) BASF Elastollan® Ester TPU series
(Shore A): C78A15 and C95A10; and (3) Arkema
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Figure 9 Crystallization rate, k as a function of the degree
of cooling.

Pebax® series (Shore D): 2533, 3533, 5533. The iso-
thermal crystallization kinetics of these melt-blown
webs were analyzed through DSC by two different
models: (1) the Avrami analysis, which requires
transformation of the DSC data from differential to
integral form making this traditional method sensi-
tive to errors, and (2) a model proposed by Kurajica
et al., which is the derivative of the Avrami equation
and could be fitted directly to the untransformed
DSC data. The crystallization kinetics parameters,
Avrami n and crystallization rate k, derived from
both models were comparable and exhibited similar
crystallization temperature, polymer type, and hard-
ness dependence. Since the Kurajica model could be
directly fitted to the DSC heat flow data, the possible
errors involved in the Avrami model were reduced,
thereby improving the accuracy of the derived ki-
netic parameters. The values of the Avrami expo-
nent, n obtained from eq. (3) range between 2.59 and
3.41, suggesting all webs produced from these poly-
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Figure 10 Crystallization half-times of melt-blown webs
as a function of T..
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Figure 11 Crystallization half-times of melt-blown webs
as a function of the degree of cooling.

mer types have similar nucleation and growth
mechanisms, even under different melting and crys-
tallization conditions. These n values of around 3
along with morphological observations indicate that
the crystallization mechanism is similar to that of
homopolymers involving the formation of macro-
scopic three-dimensional crystal structures that nu-
cleate and grow with instantaneous nucleation
under isothermal conditions. The crystallization rates
of all polymer types and hardness grades decreased
with increasing crystallization temperatures for
lower degree of cooling and concentration of non-
crystallizable soft segment. The extent of cooling
required to achieve a given crystallization rate fol-
lowed the order of P55 < P35 < P25 for PEBA series,
T98 < T90 < T80 for ether TPU series, and S95 <
S78 for ester TPU series. Although among all poly-
mers, P55, the hardest grade of PEBA series, crystal-
lized the fastest at a given extent of cooling, the
crystallization rates and half-times of the soft hard-
ness grades for all polymer types, i.e., P25, T80, and
S78 were comparable within similar isothermal crys-
tallization temperature ranges. This means that for a
given elastomeric copolymer, the overall crystalliza-
tion rate is dependent on the relative concentration
of the hard and soft segments under similar cooling
conditions.

The authors thank BASF and Arkema for providing the poly-
mer materials, and Birgit Andersen for support during DSC
analysis.
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