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Abstract: The phase transition behavior and isothermal micro-phase separation kinetics of polyester-based thermoplastic
elastomer were studied using the synchrotron X-ray scattering (SAXS) method. The structural changes occurring during heat-
ing period were investigated by determining the changes of the one-dimensional correlation function, interfacial thickness
and Porod constant. Based on the abrupt increases of the domain spacing and interfacial thickness, a major structural change
occurring well below the melting transition temperature is suggested. Those changes are explained in terms of melting of the
thermodynamically unstable hard domains or/and the interdiffusion of the hard and soft segments in the interfacial regions.
SAXS profile changes during the micro-phase separation process were also clearly observed at various temperatures and the
separation rate was found to be sensitively affected by the temperature. The peak position of maximum scattering intensity
stayed constant during the entire course of the phase separation process. The scattering data during the isothermal phase sep-
aration process was interpreted with the Cahn-Hilliard diffusion equation. The experimental data obtained during the early
stage of the phase separation seems to satisfy the Cahn-Hilliard spinodal mechanism. The transition temperature obtained
from the extrapolation of the diffusion coefticient to zero value turned out to be about 147+ 2°C, which is close to the order-
disorder transition temperature obtained from the Porod analysis. The transition temperature was also estimated from the
invariant growth rate. By extrapolating the invariant growth rate to zero, a transition temperature of about 145+ 2°C was

obtained.
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Introduction

A polymeric chain of thermoplastic elastomer (TPE)
consists of two chemically distinct segments, i.e., hard and
soft segments. Due to the thermodynamic incompatibility
between the two segments, it undergoes a microphase separation
process resulting in the phase-separated, heterogeneous
structure of hard and soft domains[1-3]. Since the glass
transition temperature of hard domains, of which the major
component is hard segment, is well above the room
temperature, a hard domain acts as a physical crosslinking.
The soft segments are in the rubbery state at room temperature
due to its low glass transition temperature. Thus if external
stress is applied, the soft segments in the soft domain can be
extended rendering high elongation of the TPE. The extended
soft segment can relax to its undeformed state due to the
entropically driven retractile force when the external stress is
released. Since both ends of soft segment are chemically
connected to the hard segments, which are generally anchored
to the glassy hard domains, plastic deformation is limited
and the elastic recovery can be achieved for the TPE[1,3-5].

The physical properties of TPE are determined by many
factors, such as chemical nature and composition of both
segments, phase separated structure, and degree of phase
separation[4]. During processing, the TPE is generally heated
above the order-disorder transition temperature (7Topr) to
achieve a homogeneous and low viscosity state. After the
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overall shape of TPE is formed, the temperature is lowered
below Typr to solidify the shape. Upon cooling, the micro-
phase separation process starts to turn the homogeneous
state into the phase separated heterogeneous state. Since
the physical properties of TPE are sensitively affected by
the phase separated structure which is determined by the
phase separation process, the phase separation behavior,
including phase separation kinetics, has been widely studied
using various methods, such as thermal, spectroscopic and
scattering methods, in order to establish the structure-property
relationship.

Phase separation kinetics of polymer blends and simple
block copolymers has been widely studied experimentally as
well as theoretically[6- 14]. However, microphase separation
kinetics of segmented block copolymers has not been studied
extensively, mainly due to the complexity of the structure
and the lack of concrete theoretical development. Polymer
blends or simple block copolymers, such as diblock or
triblock copolymers, undergo phase separation through
spinodal decomposition or nucleation and growth mechanisms,
depending on the composition of the constituent of the chain
and the phase separation temperature. Even though the
phase-separated structure of polymer blends may be eventually
similar, irrespective of the phase separation mechanisms, the
initial phase separation process is distinctively different.

Phase separation kinetics have been generally studied with
various scattering methods using light[7,10,12], x-ray[8,9,
13,15-18], and neutron[12,14] sources, even though other
methods, such as thermal and spectroscopic methods[19-
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23], were successively applied to monitor the process. The
domain size of the segmented block copolymers is generally
in the range of 100-500 A which can be easily studied using
the small angle x-ray scattering method[11]. There are two
major factors limiting the SAXS method for the study of the
microphase separation kinetics of the TPE. Even though
complete phase separation may be achieved after several
days, the majority of the phase separation occurs within
several minutes during the processing of TPE. Special
method is therefore required to follow the fast changing
process. And, the electron density difference between the
two domains of TPE is relatively low, resulting in very low
scattering intensity. The low contrast problem is significant,
especially during the early stage of phase separation. Both
problems can be overcome by using a high energy x-ray
source, such as synchrotron radiation.

Synchrotron x-ray radiation has been reported to be
successfully used for the study of the micro-phase separation
kinetics of thermoplastic elastomers[11,16,18]. Chu and
coworkers studied phase separation kinetics of polyurethanes
[16,18]. They found that phase separation rate depends
strongly on the annealing temperature. For the polyurethanes
consisting of 4,4'-diphenylmethane diisocyanate (MDI), 1,4-
butane diol (hard segment content is about 50 wt%) and
poly(tetramethylene oxide) endcapped with poly(propylene
oxide) (soft segment, Mn= 1000), the maximum phase
separation rate was observed at around 80-107°C. The rate
decreased with the increase of temperature due to increased
compatibility at higher temperatures. They also studied the
effect of soft segment length and structure on the microphase
separation kinetics of polyurethanes. The micro-phase
separation kinetics were interpreted in terms of a relaxation
process having single or double relaxation times, depending
on the chemical structure of the soft segment. It was also
reported that the relaxation time was sensitively affected by
the soft segment molecular weight. By increasing the soft
segment molecular weight from 1000 to 2000 g/mol, the
relaxation time was reduced from about 10" to 64 sec. They
concluded that three factors which control the micro-phase
separation rate of segmented polyurethanes are hard segment
mobility, system viscosity, and hard segment interactions.
Even though the micro-phase separation process of
segmented polyurethane was clearly observed and analyzed
in terms of a relaxation process, the overall intensity and
signal to noise ratio was relatively low due to the inherently
low electron density contrast between the hard and soft
domains, thus preventing a more quantitative analysis.

In this study, micro-phase separation kinetics of a polyester-
based thermoplastic elastomer was studied using synchrotron
x-ray radiation. The elastomer was heated above its order-
disorder transition temperature to ensure a homogeneous
state, and then quenched to various phase separation temper-
atures to induce a heterogeneous phase separated state.
SAXS profile changes during the micro-phase separation
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Figure 1. Approximate chemical structure of the sample used in
this study. Small amount (about 4%) of aromatic chain extender is
included in addition to the butanediol to lower the melting
temperature of the hard segments.

process were clearly observed with high signal to noise ratio,
and experimental observations during the initial micro-phase
separation process were tested according to the Cahn-
Hilliard linearization theory[9,10,24-27].

Experimental Section

Material

The polyester-based segmented block copolymer, Esrel
1040M ", of which the approximate chemical structure is
shown in Figure 1 was supplied by the Cheil Synthetic Inc.
(Gi-heung, Korea). The hard segment consists of poly
(butylene terephthalate) and 1,4-butanediol (hard segment
content is 43.8 wt%), and the soft segment is poly
(tetramethylene oxide). It contains a small amount (about
4%) of aromatic chain extender in addition to butanediol.
Due to the additional chain extender, it showed a melting
temperature of 150°C, which is well below the melting
temperature of poly(butylene terephthalate).

Instrumentation

Synchrotron SAXS measurement was carried out at the
beam line 3C2, Pohang Light Source (Pohang, Korea). Details
about the beam line have been described elsewhere[28]. The
monochromatic light of 1.5988 A wavelength was obtained
with the Si(111) double crystal monochromator. A one-
dimensional diode array detector was used. The temperature
jumping stage used in this study consists of two metal blocks
of high thermal mass[16,18,29]. The temperature of first
block was maintained at 200°C, which is well above the
melting temperature of Esrel 1040 M, and temperature of
second block was adjusted to the isothermal phase separation
temperature. For the phase separation kinetic study, the
sample was initially stored in the first metal block for three
minutes, which was long enough to ensure a homogeneous
state. The micro-phase separation process started by bringing
the sample from the first to second metal block using a
pneumatic pressure device. It took 1.5 to 2 minutes to
change the sample temperature from 200°C to within few
degrees of the isothermal phase separation temperature. For
most of temperatures studied, the structural change occurring
during this quenching process was observed to be negligible.
In order to obtain the scattering only from the sample,
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routine corrections such as sample attenuation, parasitic and
background scattering, and incident intensity fluctuation
were performed.

Results and Discussion

Structural Changes During Heating

Figure 2 shows synchrotron SAXS profiles obtained
during the heating period. The scattering intensity is plotted
with respect to the scattering vector q which is defined
below.

q = —[sine )]
Here, 20 is the scattering angle. Temperature was increased
slowly (about 5°C/min) to each measuring temperature and
maintained at that temperature while the scattering data was
being collected. The SAXS profile which was obtained at
room temperature (not shown in Figure 2) was almost
identical to that obtained at 50°C. It is clear that the material
has a phase-separated structure at room temperature. As
temperature increases, the scattering peak maximum decreases
and eventually disappears at about 150°C, indicating that
order-disorder transition occurs at that temperature. Even
though order-disorder transition occurs at about 150°C, the
scattering intensity starts to decrease at about 100°C. This
result indicates that internal structural changes occur well
below the melting transition.

The transition temperature and domain spacing can be
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Figure 2. SAXS profiles obtained at various temperatures during
heating period. Temperature for each corresponding profile is also
denoted. Profile at room temperature (not shown above) is practically
identical to that at 50°C.
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directly obtained from the correlation function. Since this
material is expected to have lamellar type hard domains, the
electron density correlation will be observed only along the
one-dimensional direction perpendicular to the lamella plane
[16,18,30]. One-dimensional correlation function is defined
below[31].

J5a*1(q)cos(gr)dq
Jza?1(@)dq

The correlation functions obtained at four different
temperatures are shown in Figure 3. The periodic pattern is
clearly observed at two lower temperatures. The D-spacing
obtained from the correlation function at 25°C is about 143
A, and its value increases with the temperature. As shown in
Figure 2, the first maximum point is not obvious for the
correlation function obtained at 160°C, which is well above
the melting temperature of the sample.

The order-disorder transition behavior is better observed
from the Porod analysis of the scattering data. If the electron
density profile at the interface between the hard and soft
domain is approximated with the linearly decreasing function
from the electron density of hard domain to that of soft
domain, the intensity at the high ¢ value can be related to the
interface thickness E as shown in equation (3).

nr) = )

K E2q2

: - p(1_L79
Jl_)ngol(q) = q4( B ) (3
K, = 27(Ap)2S €]

Here, K, in equation (4) is the Porod constant, Ap is the
electron density difference between the hard and soft
domains, and § is total interfacial area. By plotting I(q)q"
against the ¢° at the high ¢ value, the interfacial thickness E
and Porod constant K, can be obtained from the slope and
intercept, respectively. In Figure 4, the Porod constant and
interfacial thickness are plotted as functions of temperature.
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Figure 3. One dimensional correlation functions of the four SAXS
profiles obtained during heating period. Temperature of each
function is denoted in the inset.
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Figure 4. Interface thickness(left ordinate in A) and Porod constant
(right ordinate in counts A™) as a function of temperature during
heating period.

When the sample starts to melt, hard segments initially
contained in the hard domain will diffuse out into the soft
matrix resulting in a decreased Ap and S. According to
Figure 4, the Porod constant starts to decrease at about 90°C,
which is well below the melting transition point. As
expected, the maximum decrease rate was observed at about
150°C. This result indicates that the structural change starts
at about 90°C. It may be due to the melting of the
thermodynamically unstable small domains, even though the
stable large-size domains melt eventually at the thermodynamic
melting temperature, i.e., 150°C. The structural changes that
occur below the melting temperature can be also inferred
from the interfacial thickness data. Above the melting
temperature, the scattering data can not be approximated
with equation (3), which is applicable to the three phase
model. Therefore, the interfacial thickness data above 150°C
in Figure 4 should not be considered as absolute values.
However, the abrupt decrease of the interfacial thickness at
150°C clearly corresponds to the melting transition point of
the sample. It is to be noted that the interfacial thickness
starts to increase at about 90°C, at which temperature the
Porod constant starts to decrease. Increase of interfacial
thickness indicates the broadening of the interface. As the
temperature increases above 90°C, the mobility of the hard
segments, especially in the noncrystalline hard domains, will
be increased. Also the compatibility between hard segments
and soft segments increases, facilitating the diffusion of the
hard segments in the hard domains into the interfacial
region.

Structural changes occurring well below the melting
transition point can be also observed from the D-spacing
values obtained at different temperatures. In Figure S, D-
spacing obtained from Figure 3 is plotted as a function of
temperature. As explained above, the D-spacing is obtained
only at temperatures below 150°C. Below 90°C, the D-
spacing value increases slowly with the temperature, possibly
due to the thermal expansion of the domains. The rate of
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Figure 5. Domain spacing obtained during heating period (in
circle) and after isothermal micro-phase separation (in triangle).

increase changes abruptly at about 90°C, indicating once
again the structural change which begins at this temperature.
This result is consistent with those shown in Figure 4.
Whether the structural change occurring at this temperature
is due to the interdiffusion of the hard and soft segments in
the interfacial region is not clear at this stage. If the
interdiffusion of the segments is the only mechanism occurring
in this temperature range, the D-spacing may not be affected
significantly. Therefore, structural changes occurring above
90°C may result from the melting of the unstable small-size
hard domains as well as the interdiffusion of the segments in
the interfacial region. Additional experimentation would be
required to establish a more concrete conclusion regarding
the structural change mechanism operating in this temperature
range.

The data points marked with triangles in Figure 5 were
obtained from isothermal micro-phase separation experiments.
The D-spacing from the isothermal phase-separation experiment
is greater than the corresponding D-spacing values obtained
from the heating experiment. This fact indicates that the
domain structure obtained from the isothermal micro-phase
separation is different from the domain structure obtained at
the corresponding temperature during the heating experiment.
For the isothermal micro-phase separation, not all hard
segments can phase-separate into the hard domains. There is
critical hard segment length at any given iso-thermal phase
separation temperature. Hard segments longer than the
critical length can phase-separate into the hard domains,
whereas shorter hard segments will remain in the soft
matrix. Since only hard segments longer than the critical
length form hard domains, the D-spacing of the phase
separated structure in the isothermal phase-separation
experiment will be greater than the corresponding D-spacing
in the heating experiment.

Isothermal Micro-phase Separation Kinetics
Synchrotron SAXS profiles obtained during four different
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Figure 6. SAXS profiles obtained during isothermal micro-phase separation process at (a)105°C, (b)110°C, (c¢) 120°C, (d) 125°C. Sample
was exposed to incident X-ray for 60 sec. to collect each profile. The time denoted above corresponds to the initiation time of 60 seconds

exposure.

isothermal phase separation temperatures are shown in
Figure 6. The profiles obtained at the zero phase-separation
times shown in Figure 6(b,c,d) show a monotonic decrease
of the scattering intensity, which is indicative of the
homogeneous phase-mixed state. As phase-separation time
increases, the scattering maximum starts to show up, and its
intensity increases gradually. By comparing the four sets of
data in Figure 6, it is easily concluded that the phase-
separation rate is sensitively affected by the phase-separation
temperature. The phase-separation rate at 120°C, for example,
is much smaller than that at 105°C. It is to be noted that the
exposure time for each profile was 60 sec. Therefore, each
profile represents the average structure during a one minute
interval. Even though this inherent averaging process will be

insignificant for the slow phase-separation process, its effect
can be somewhat significant for phase separations at lower
temperatures. The scattering profile observed just after
quenching to 105°C (Figure 6(a)) shows small scattering
intensity in addition to that of homogeneous state. This may
be due to the phase-separation during the first one-minute
period, and/or phase-separation during the approximate two
minutes quenching period. The phase-separation of the zero
phase separation time at temperatures above 105°C seems to
be minimal, as observed from the first scattering profiles in
each set of data shown in Figure 6.

D-spacings obtained from the scattering peak maximum
during isothermal phase-separation are shown in Figure 7. It
is clear that the scattering peak maximum stays constant
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Figure 7. Domain spacing as a function of time during the

isothermal micro-phase separation process at three temperatures.
Two ordinates are used to avoid the congestion of the data.

during entire course of the micro-phase-separation process
studied. For the micro-phase separation of simple block
copolymers, the micro-phase separation is known to involve
at least three stages[8,9,29]. Initially, concentration fluctuation
is established, and its amplitude grows with time. The
scattering peak maximum stays constant during this initial
period. If the concentration fluctuation becomes sufficiently
large, the copolymer chains begin to stretch, resulting in an
increase of the D-spacing. In the last stage of phase
separation of simple block copolymer, coarsening of the
microphases and decrease of the interfacial width occur,
while the concentration fluctuation and the equilibrium
period are maintained. The results shown in Figure 7
indicate that the micro-phase separation of segmented block
copolymer is very different from that of simple block
copolymer. Whereas diblock copolymers have only one
junction point on each block, both ends of each segment in
the segmented block copolymers are chemically linked to
other segments. Therefore, the chain connectivity effect will
be much more significant for segmented block copolymers.
The constant position of maximum scattering intensity has
also been observed with polyurethanes, another type of
segmented block copolymers. It seems to be a general
characteristic of the segmented block copolymers.

It is well known that the chains of simple block
copolymers in the micro-phase separated state are somewhat
extended from the random conformation[8,32-34]. Since the
chain connectivity of segmented block copolymers is more
severe than that of simple block copolymers, the chain
extension in the micro-phase separated state will be obvious.
Direct evidence for the chain extension of the segmented
block copolymers in the micro-phase separated state has
been obtained[35]. It is noted that the scattering maximum
stays constant during the entire course of the micro-phase
separation process of the segmented block copolymers, even
though the chains (especially flexible soft segment) have to
be stretched to exist in the micro-phase separated state. This
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results indicates that the flexible segments in the segmented
block copolymers have to be stretched even during the initial
stage of phase separation. Since all segments in the chain are
chemically linked, the whole chain has to be in an appropriate
conformation (flexible segments have to be in an extended
conformation) to take part in the concentration fluctuation.
Unlike the micro-phase separation of simple block copolymers,
in which the chain stretching happens only during the
second stage, the chain stretching seems to persist during
entire course of the micro-phase separation of segmented
block copolymers. The constant scattering peak maximum
observed in Figure 7 appears to support the above arguments.

For the early stage of spinodal phase separation, when the
amplitude of concentration fluctuation is relatively small, the
time dependence of concentration change can be expressed
by the following linearized form of Cahn's diffusion equation
[24,36],

9% _ (92_0) 25 _2kV*
= M[ e V- 2KV q)} (5)
where M is mobility, and K is interfacial energy coefficient.
The general solution of equation (5) is

-> - - > 3 > . > >

¢(r) - ¢o=> exp[R(q )] - [A(q)cos(q - r)+B(q)sin(q - r)]
7 (6)
q

where ¢, is the average composition and R(g) is
amplification factor of the fluctuation for the given gq.
According to equation (6), the amplitude of periodic
concentration fluctuation is dependent on the exponential
function of the amplification factor, R(g).

R(g) = —MqZ[(%zg)quZ] %

Since the R(g) has a sharp maximum at g = g,,,,,

®)

max — %[:@f_(%/ﬂ)ﬁill/z

the spinodal phase separation is mainly dominated by the
fluctuation mode having g,,,;. The scattering peak position
that remains constant during the early stage of spinodal
phase separation is determined by this particular fluctuation
mode.

In the case of micro-phase separation of segmented block
copolymers, the periodicity of concentration fluctuation will
not be determined by the thermodynamic factors shown in
equation (8). Since all of the segments are chemically linked
by chemical bonds, the periodicity corresponding to gy is
inherently determined by the length of hard and soft
segments. The growth of all fluctuation modes having ¢
other than ¢, will, therefore, be even more strictly
suppressed for the micro-phase separation of segmented
block copolymers. The constant scattering peak position
during the entire course of the micro-phase separation
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process, as shown in Figure 7, supports this argument. Even
though there have been many experimental as well as
theoretical developments on the micro-phase separation of
simple block copolymers, the basic theory governing the
micro-phase separation of segmental block copolymers has
not been well developed. Therefore, it will be interesting to
check whether the experimental observation shown in Figure
6 might be consistent with the theoretical predictions of
equations (5) and (6).

According to the linearized Cahn-Hilliard theory[9,10,24-
27], the scattering intensity at the given scattering vector
during the early stage of spinodal phase separation is given
by

K(g, 1) ~ exp[2R(q)t] 9)

which predicts that the logarithmic scattering intensity at the
given ¢ increases linearly with time. In Figure 8, peak
scattering intensity is plotted with time for the micro-phase
separation at three temperatures. It is clear that the entire
data set can not be expressed by a single straight line. It is to
be noted that the Cahn-Hilliard theory expressed in
equations (35), (6), and (9) is only applicable to the early
stage of the spinodal phase separation, during which the
concentration fluctuation is relatively small. Even though the
scattering peak position remains constant during the whole
phase separation period for this sample, it does not
necessarily mean that the linear theory can be applied to the
whole period. As mentioned before, the periodicity is mainly
determined by the physical structure of the polymer chain,
not by thermodynamic factors. A straight line may approximate
the part of data shown in Figure 8, which is obtained
especially during the initial stage of phase separation. The
linearity is even clearer at higher temperature (130°C) at
which the phase separation rate is slower and concentration
fluctuation remains small for an extended period of time.
From the slope of the initial linear line, the amplification
factor R(g) could be obtained.

In Figure 9, logarithmic scattering intensity obtained
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Figure 8. Logarithm of maximum scattering intensity as a function
of micro-phase separation time at three temperatures.
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during the micro-phase separation at 143°C is plotted as a
function of the phase separation time at various g values.
Whereas there was a very short induction period for the
micro-phase separation at 130°C (see Figure 8), a rather
longer induction period can be observed for the micro-phase
separation at this higher temperature. The origin of the
induction period is not clear at this moment. As mentioned
previously, the chain has to be stretched to take part in the
micro-phase separation process, even at the early stage of
phase separation. Since most segments in a chain are
expected to be included in the phase separation process at
the same time, it will take some time for the whole segments
to rearrange their conformation, resuiting in the slowing
down of phase separation kinetics. The temperature of the
sample during the quenching process can not be changed as
a step function. Quenching to within a few degrees of the
micro-phase separation temperature took some time (1.5 to 2
min). Therefore, there rmight be a range of a few degrees of
uncertainty in the sample temperatre during the very early
stage of phase separation. This effect might also contribute
to the deviation from linearity. Understanding the exact
nature of the initial induction period will require additional
experimentation. From the linear region in Figure 9, the
amplification factor R(g) at various ¢ values could be
obtained.

Equation (5) becomes the same form as the Fick's diffusion
equation, if the second term in the right hand side is ignored.
Therefore, M| %Zﬁ, is defined as diffusion coefficient D, and
equation (7) can be rewritten.

8a) - poamkg (10)
q

Equation (10) predicts the linear relationship between R(g)/
¢* and ¢*. In Figure 10, R(g)/q" values are plotted with
respect to g° for five different micro-phase separation
temperatures. The linear relationship appears to hold for all
five temperatures. From the intercept, the diffusion coefficient
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D can be obtained. It is noted that the diffusion coefficient is
negative, as expected from the spinodal phase separation
mechanism.

The diffusion coefficients obtained are plotted as a function
of micro-phase separation temperature in Figure 11. The
absolute magnitude of the diffusion coefficient becomes
smaller as the temperature increases. The diffusion coefficient
becomes positive in the binodal and single phase region.
Therefore, it will become zero if the spinodal line in the
phase diagram is crossed. In Figure 11, the diffusion coefficient
appears to become zero at 147+ 2°C. The complete phase
diagram of the segmented block copolymers has not been
obtained. It is also not known whether the conventional
phase separation mechanisms, such as nucleation and growth,
and spinodal decomposition, can be directly applied to the
phase separation of segmented block copolymers. Thus, the
clear distinction between the spinodal and binodal point can
not be made at this stage. Anyhow, the transition temperature
at 1471 2°C is very close to the order-disorder transition
temperature obtained from Figure 4.
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Figure 12. Relative invariant (O(f)/O,,,,) at various temperatures as
a function of time. Phase separation temperatures are denoted in the

Figure.

Invariant Q can be obtained from the integrated scattering
intensity[31,37-39].

0 = [cIg)q%dg (11)

For the two phase model with a sharp phase boundary, the
invariant is related to the structure parameters,

Q~0,0,(p ‘pz)z (12)

where ¢, and p; are the volume fraction and the electron
density of the i-th phase, respectively. As the amplitude of
the concentration fluctuation grows during the early stage of
the spinodal phase separation, the electron density contrast
between the hard and soft domains increases resulting in the
increase of the invariant Q. Therefore, micro-phase separation
rate can aiso be estimated from the time dependence of the
invariant value[7]. The relative invariant, Q(¢)/Q.ax, i shown
in Figure 12(a) and (b) as a function of micro-phase
separation time. The Q,,, is the maximum invariant obtained
from the isothermal micro-phase separation process. It is
casily observed that the invariant growth rate decreases with
the temperature. The invariant growth rate is obtained from
the initial linear region of the data shown in Figure 12 and
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Figure 13. Initial invariant growth rate as a function of micro-
phase separation temperature.

plotted in Figure 13. The functional shape of temperature
dependence of the invariant growth rate is, of course, not
known. Thus, an exact method for extrapolating the invariant
growth rate to zero value can not be determined. However,
the temperature at the zero growth rate can be estimated
without significant error by using linear extrapolation, and it
turns out to be about 145+ 2°C. This temperature is again in
relatively good agreement with the value obtained from the
diffusion coefficient method (1471 2°C). This result
supports the previously mentioned spinodal method of
obtaining the transition temperatures for segmented block
copolymers. However, without the detailed phase diagram of
this type of material, the distinction between the two
transition temperatures does not seem to be very meaningful
at this stage.

Conclusions

The synchrotron SAXS scattering method was applied to
study the order-disorder transition and micro-phase separation
kinetics of a polyester-based segmented block copolymer.
The material used in this work provides relatively high X-ray
scattering intensity enabling the quantitative analysis of the
data.

The structural changes which occur during the heating
process were characterized with the one-dimensional correlation
functions and interfacial parameters, such as interfacial
thickness and Porod constant obtained from the Porod
analysis, assuming linearly changing electron density at the
interfacial region. The periodic structure observed from the
correlation functions at low temperature disappeared above
150°C, which was melting transition temperature of the
sample. At this temperature, a sharp decrease of the Porod
constant was also observed.

Domain spacing increased slowly up to about 90°C,
presumably due to the thermal expansion of the domains.
The change rate of the domain spacing abruptly increased at
about 90°C. This indicates that major structural changes
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occur well below the melting transition of the sample. The
structural change occurring at above 90°C was also confirmed
from the interfacial thickness. The interfacial thickness,
which stays almost constant at low temperatures, starts to
increase at about 90°C. This change might be due to
dissolution of the thermally unstable hard domains and/or
interdiffusion of the hard and soft segments in the interfacial
regions.

The SAXS profiles were obtained during the isothermal
micro-phase separation at various temperatures. They showed
clearly the formation of the heterogeneous phase-separated
structure from the initial homogeneous mixed state. The
phase separation rate was found to be a sensitive function of
the temperature.

The scattering peak position stayed constant during the
entire period of the isothermal micro-phase separation process
studied in this work. This behavior seems to be a characteristics
of the phase separation of the segmented block copolymers,
and it might be a manifestation of the extensive connectivity
of the segments. It also means that the segments have to be
stretched to take part in the phase separation process, even
during the early stage of the micro-phase separation.

The experimental data was analyzed with the linearized
Cahn-Hilliard diffusion equation assuming spinodal phase
separation. Even though the scattering peak position was
constant during the whole phase separation process, the
exponential increase of the scattering intensity with time was
observed only during the early stage. From the region of the
exponential growth of the scattering intensity, amplification
factors were obtained at various scattering vectors and
temperatures. The diffusion coefficients obtained from the
amplification factors were found to be negative, which is
consistent with the spinodal phase separation. The spinodal
temperature obtained by extrapolating the diffusion constant
to zero was about 147°C. This type of analysis seems to
indicate that the early stage of the micro-phase separation of
segmented block copolymers might be interpreted with the
linearized Cahn-Hilliard diffusion equation assuming spinodal
mechanism.

The transition temperature was also obtained from the
increase rate of the invariant. By extrapolating the invariant
increase rate to zero, a transition temperature of about 145°C
was obtained, which is comparable with the results obtained
above. Due to the lack of a complete phase diagram for
segmented block copolymers, further analysis on the exact
nature of the transition temperatures obtained with two
different methods appears to be unnecessary at this stage.
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