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Abstract—The order-disorder transition (ODT) and the ordering kinetics of a 70/30 (w/w) mixture of polystyrene-block-poly
(ethylene-co-butylene)-block-polystyrene (SEBS), Kraton G1652, and a commercial tackifier, Hercotac 1149 (H1149) was in-
vestigated using both fime-resolved theological and synchrotron small-angle X-ray scattering (SAXS) measurements. Topr of
the mixture was first determined independently by each static measurement. Time-resolved measurements were then carried
out by quenching the sample from disordered to ordered state. The time-resolved data were analyzed based on the nucleation
and growth (NG) mechanism of the Avrami class. It was found that the NG mechanism reasonably describes the time evo-
lution of G' and G" as well as I, for the 70/30 (w/w) mixture after a given quench except the initial induction period. The
Avrami parameters obtained from both time-resolved measurements based on the NG mechanism (Avrami plots) were found
to be in good agreement with each other for the same quench depth. The half-time was found to decrease gradually as the
quench depth was increased, indicating that the ordering proceeds faster for a deeper quench. The Avrami exponent was
found to change suddenly from about 3 to 4 in going from a shallow to a deeper quench. This implies that for a shallow
quench the ordering of 70/30 (w/w) mixture proceeds via the heterogeneous NG mechanism, while there exists a transition in
the ordering kinetics into the spinodal decomposition (SD) mechanism when the sample is further quenched.

Keywords: block copolymer/homopolymer mixture, order-disorder transition (ODT), ordering kinetics, time-resolved rheo-

logical measurement, time-resolved small-angle X-ray scattering (SAXS)

1. Introduction tion temperature (Tysr) or order-disorder transition tem-

perature (Topr). One of the main issues in the design of

Block copolymers have attracted many researchers since block copolymers is to control their microdomain mor-
they can self-organize into various microphase separated phology since they in turn strongly affect final physical
structure in the order of a few hundred A below a certain properties. The preparation of well-defined block co-
critical temperature that is called the microphase separa- polymers has been accomplished via careful synthesis
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such as amionic polymerization, but synthesizing a block
copolymer with a precise block composition is, even
though possible, quite tedious. This laborious task can be
avoided simply by adding a small amount of homo-
polymer to the block copolymer. If the molecular weight
of homopolymer is sufficiently low and the homopolymer
is selectively more miscible with one of the blocks than
the other, the homopolymer tends, to a large extent, to be
solubilized into one of the microdomains[1-3]. In this case,
the macrophase separation between constituent polymers
is suppressed and the microphase separation Bécomes dom-
inant. Consequently, one can focus only on the order-
disorder transition (ODT) and/or the ordering kinetics.

There have been many theoretical and experimental in-
vestigations on the ODT of pure block copolymers[4-10].
Ordering kinetics of block copolymers have also been in-
vestigated by some researchers. Earlier works were done
by Hashimoto and coworkers[11,12]. Assuming that the
microphase dissolution at Tor Was attained by the Browni-
an motion of centers of block copolymer, they explored
the dynamics of polystyrene-polybutadiene (SB) diblock
copolymers in C14 with various compositions after a tem-
perature jump from the ordered to the disordered state us-
ing time-resolved SAXS measurements. Hashimoto[13]
further extended his work to the ordering kinetics of block
copolymers based on the time-dependent Ginzburg-Lan-
dau approach and proposed that the ordering of block co-
polymers could proceed via spinodal decomposition. More
recent works reported that the ordering process occurs via
nucleation and growth (NG) mechanism when the block
copolymer is quenched just below Topr where the com-
position fluctuation effects play an important role.
Fredrickson and Binder[14] developed a theory which de-
scribes the nucleation and growth of weakly in-
homogeneous lamellar phase from a supercooled dis-
ordered phase. Assuming composition fluctuation near the
order-disorder transition and neglecting time lag effect,
they were able to derive a classical Avrami type equation
with an exponent n = 4 for the ordering of a symmetric di-
block copolymer (f=1/2, f is the volume fraction of one
block in the block copolymer). The homogeneous nu-
cleation barrier for a symmetric diblock copolymer was
predicted to be unusually small,

AF*/k;T~N " 52 )

where N is the Ginzburg parameter which is proportional to
the degree of polymerization of block copolymer and & is
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the degree of undercooling defined as = (3-Yoor)/Xoor~(Toor-
T)/T. The equivalent expression for an asymmetric diblock
copolymer (f=1/2) was predicted to be quite different[15],

AF*/kgT~N "2 [£-0.5|°52 )

Experimentally, Rosedale and Bates[6] measured the
time evolution of G' for a poly(ethylene-alt-propylene)-
polyethylethylene (PEP-PEE) diblock copolymer (fie=0.
55) after quenching the sample just below Topr, and show-
ed that their time-dependent rheological results could be
analyzed by the heterogeneous nucleation and growth
kinetics. Hashimoto and Sakamoto[16] used time-resolved
SAXS and TEM to investigate the ordering kinetics of a
symmetric polystyrene-polyisoprene (SI) diblock copoly-
mer. Their results again supported that for a shallow
quench the ordering of the lamellar microdomains pro-
ceeded via the nucleation and growth mechanism. Similar
results were reported by Floudas and coworkers using time
resolved rheology and/or SAXS for a symmetric SI diblock
copolymer[17], SL, 3-mikoarm star copolymers and SIB ter-
polymers[18], and (SI), star copolymers[19]. They also ex-
amined the ordering kinetics of miscible binary blends of
lamellar SI diblock copolymers with different molecular
weights[20]. Changing blend composition, thus varying the
effective degree of polymerization, they found that the
characteristic time for the ordering scales as N'*, in agree-
ment with Fredrickson and Binder's predictions[14]. Adams
et al[21] reported that the ordering dynamics of asym-
metric (13 wt% styrene) SI diblock and SIS triblock co-
polymers were significantly slower than those of nearly
symmetric SI diblock copolymers with similar Topr, as evi-
denced from time-resolved SAXS and rheological data.
Other research groups also investigated the ordering kinet-
ics of different systems{22-24].

While much literature is available on the ODT of block
copolymers and some on the ordering kinetics of block co-
polymers, there have been few studies on the ordering
kinetics of block copolymer/homopolymer mixtures. Since
block copolymer/homopolymer mixtures are presently
gaining more attention in industrial applications such as
pressure sensitive adhesives, it is necessary to understand
their ODT behavior and the ordering kinetics.

In present study, we investigated the ordering kinetics
of a block copolymer/low molecular weight homopolymer
(SEBS/H1149) mixture with a specific composition using
both time-resolved theological and synchrotron small-an-
gle X-ray scattering (SAXS) measurements. Topr of the
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mixture was first determined independently by each static
measurement. Time-resolved measurements were then car-
ried out by quenching the sample from disordered to or-
dered state. The time-resolved data were analyzed based
on the nucleation and growth (NG) mechanism of the Av-
rami class. Results obtained from two independent time-
resolved experiments were compared with each other.

2. Experimental

2.1. Materials

A commercial grade of polystyrene-block-poly(ethylene-
co-butylene)-block-polystyrene (SEBS) copolymer, Kraton
G1652 (Shell Development Co.), and a commercially a-
resin  (H1149), Hercotac 1149
(Hercules Co.), were used as received. The characteristics

vailable tackifying
of polymers used in present study are summarized in
Table 1. Kraton G1652/Hercotac 1149 mixture will be
hereafter denoted as SEBS/H1149 mixture.

2.2. Sample Preparation

70/30 (w/w) SEBS/H1149 mixture was prepared by
solution casting method with toluene as a solvent. Prede-
termined amounts of SEBS block copolymer and H1149
homopolymer were first dissolved in toluene (15 wt% sol-
id content) together with 0.2 wt% of antioxidant (Irganox
1076, Ciba-Geigy Group), and then the solvent was slow-
ly evaporated. The evaporation of the solvent was first car-
ried out in open air at room temperature for 3 weeks and
then in a vacuum oven at 60°C for 3 days. Finally, the
samples were annealed in a vacuum oven at 130°C for 3
days. The thickness of the samples obtained was about 2
mm. No evidence for macrophase separation was found
for the mixture over the entire temperature range covered
in this experiment, which was confirmed by a hot-stage
microscopy.

The samples for synchrotron small-angle X-ray scattering
(SAXS) measurements were prepared by filling as-cast

Table 1. Characteristics of polymers used in this study

Sample v . M, wt% of
code Structure M, x 10-3 M“ PS block
Kraton SEBS’ triblock
1652 copolymer 7.0-b-37.5-b-7.0 1.09 27.2
Hercotac Aromatically 2.02 1.93

1149° modified C5 resin

*Supplied by Shell Chemical Co.
"Polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene
‘Supplied by Hercules, Inc.
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specimens into sample holders made of brass (0.8 mm inn-
er diameter with 2 mm thickness) and then sealing both
sides by thin imide films.

2.3. Rheology

RMS 800 (Rheometrics Inc.) in parallel plate geometry
(25 mm diameter and 1.5 mm gap) was used to measure
the dynamic viscoelastic storage and loss moduli, G' and
G", of the mixture as functions of angular frequency, ©,
and temperature, T. In order to determine the order-
disorder transition temperature (Topr) of the mixture, iso-
chronal temperature scans at a fixed frequency were car-
ried out at a heating rate of 2°C/min. Strain amplitude was
small enough to ensure linear viscoelasticity (typically be-
low 5%). All measurements were carried out under ni-
trogen blanket in order to prevent oxidative degradation of
the samples.

Isochronal/isothermal time scans were also carried out
for the 70/30 (w/w) SEBS/H1149 mixture. First, tem-
perature was raised about 15°C above Topr of the sample,
which was determined from the isochronal measurement,
and maintained for 10 min to ensure thermal equilibrium.
The sample was then rapidly quenched below Topr, thus
enabling the ordering to proceed. Time evolutions of G'
and G" were monitored immediately after quenching.

2.4. Synchrotron Small-Angle X-ray Scattering (SAXS)

Synchrotron SAXS measurements were carried out at X-
ray scattering beamline in Pohang Light Source (PLS),
which consisted of a 2 GeV LINAC accelerator, a storage
ring, Si(111) double crystal monochromators, ion chamb-
ers and a one-dimensional linear position sensitive de-
tector (EG&G 1612XR w/ OMA) with 1024 pixels. The
wavelength (1) of synchrotron beam was 1.59 A and the
energy resolution (AA/A) was 5x10* Typical beam size
was smaller than 1X1 mm’. Sample-to-detector distance
was 90.1 cm. Data were obtained by SPEC data ac-
quisition S/W operating on a PC. SAXS profiles obtained
were corrected for absorption, air scattering and imide
film scattering.

Two types of SAXS measurements were conducted for
the 70/30 (w/w) SEBS/H1149 mixture: (1) static SAXS
measurements at different temperatures to determine Topr
of the mixture and (2) time-resolved SAXS measurements
to study the ordering kinetics of the mixture. In static
measurements, temperature was raised stepwise to ensure
that the sample achieves thermal equilibrium. The tem-
perature of the 70/30 (w/w) mixture was initially set to
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242°C and maintained for 10 min, and then the sample
was slowly heated to the next temperature (245°C) at a
ramping rate of 1°C/min, and then it was maintained at
the set temperature for 3 min and so on. Each SAXS
measurement was conducted 1 min before the next ramp-
ing. Data acquisition time for each static measurement
was 30 sec, which is sufficient to minimize statistical er-
rors in data acquisition.

In time-resolved SAXS measurements for the 70/30 (w/
w) mixture, the sample temperature was initially set using
a heating stage about 10°C above Toyr of the sample,
which was determined from the static measurements, and
maintained for 30 min to ensure thermal equilibrium. The
sample was then rapidly quenched by moving it into
another heating stage maintained at a temperature below
Toor, thus enabling us to monitor the ordering as a func-
tion of time. Immediately after the quenching, the scat-
tering intensity profiles of the sample were measured
every 20 sec. Data acquisition time for each dynamic
measurement was 5 sec.

3. Results and Discussion

3.1. ODT Determination of 70/30 (w/w) SEBS/H1149 Mix-
ture

Before jumping directly into the ordering kinetics of
our triblock copolymer/homopolymer mixture, it is first
necessary to determine the ODT temperature (Top). We
employed here two different methods, rheological and
scattering measurements, to determine the Top of the mix-
ture.
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Fig. 1. Temperature dependence of G' measured at ®=0.5 rad/s
when 70/30 (w/w) SEBS/ H1149 mixture was heated at 2°C/
min. Strain was fixed at 2.5%.
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Fig. 1 shows the change in dynamic storage modulus,
G, of a 70/30 (w/w) SEBS/H1149 mixture with tem-
perature during a heating cycle. Heating rate was 2°C/min,
angular frequency was 0.5 rad/s and the stain applied was
well within linear viscoelastic region (~2.5%). In Fig. 1, it
can be clearly seen that there is an abrupt drop in G'
around 246°C. Rosedale and Bates[6] investigated the or-
der-disorder transition behavior of a series of PEP-PEE
block copolymers with lamellar microdomains and they
found that both G' and G" drop precipitously at a certain
temperature with angular frequencies below critical values
(o' and ®," respectively). They also reported that the
drop in G' is more pronounced since the critical angular
frequency for G' is larger than that for G" (i.e., ®/>®.").
According to their criterion, the temperature at which
there was an abrupt drop in G' was chosen as Topr Of the
70/30 (w/w) SEBS/H1149 mixture. It should be men-
tioned here that the drop in G' is not so sharp. There are
two possible reasons for this: First, the angular frequency
employed in our study may not be small enough to ensure
w<®,. Second, the heating rate used here (2°C/min) may
be large.

Fig. 2 shows a series of SAXS intensity profiles for 70/
30 (w/w) SEBS/H1149 mixture with a stepwise tem-
perature increment of ca. 3°C. At low temperatures the mix-
ture demonstrates a sharp first-order scattering peak result-
ing from the periodicity of microdomains of the mixture,
while at high temperatures it shows a broad peak which is
due to the “correlation hole” effect in the disordered state.
The SAXS intensity profile of the 70/30 (w/w) mixture de-
creased gradually as temperature was raised but at a certain
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Fig. 2. Synchrotron SAXS profiles for 70/30 (w/w) SEBS/H1149 mix-
ture at different temperatures. The rectangular area where the
second-order scattering peaks appear is enlarged in the inset.
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Fig. 3. Temperature dependences of scattering parameters for 70/30
(w/w) SEBS/H1149 mixture: (a) 1/I.. and o, versus 1/T
and (b) D versus 1/T.

critical temperature the sharp maximum was rapidly con-
verted into a broad maximum. The discontinuity can be
seen more clearly when the inverse of the first-order scat-
tering maximum, 1/I,,, and the square of the half-width at
half-maximum (HWHM), o7 are plotted against inverse
temperature, 1/T, as shown in Fig. 3a. There is an abrupt
drop in 1/I,. as well as in G, over a temperature range
between 245.8°C and 254.8°C, but the drop in ©,> is more
pronounced than that in 1/I,.,.. The values of G,> are more
reliable experimentally than those of 1/1,,. because they are
free from errors during absolute intensity corrections of the
SAXS data. Recently, Sakamoto and Hashimoto[8] also
found that the SAXS profiles for SI diblock copolymers
changed dramatically at T=Toy;, showing a sharp decrease
in the first-order scattering peak. Based on their SAXS
results, they proposed a “unified view” on ODT; 1/1,.. as
well as 6, shows a discontinuity at ODT when plotted
against 1/T. According to their criterion, the temperature
range showing a discontinuous change was chosen as the
Topr of the 70/30 (w/w) mixture determined by the SAXS
measurement. [t should, however, be mentioned here that
the drop is rather broad compared with the sharp discon-
tinuity at ODT reported by other investigators[8,18,19].
This may be due to the poor temperature resolution of cur-
rent SAXS measurements. Ogawa et al.[26] reported that a
tiny temperature increment (e.g. 1°C) is required in order to
observe a sharp discontinuity in 1/I,., as well as in ¢ It
seems that the temperature increment, 3°C, chosen in this
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measurement was not sufficient to locate the exact value of
Topr. Another possibility is that the broad molecular weight
distribution (or large polydispersity index, ca. 1.93) of low
molecular weight homopolymer, Hercotac 1149, gives rise
to a rather broad discontinuity in SAXS parameters. Fig.
3b shows the change of the microdomain periodicity in or-
dered state or the dominant fluctuation mode in disordered
state (D) defined as 2m/q., for the 70/30 (w/w) mixture as
a function of temperature. A clear discontinuity at ODT is
also observed.

In addition to the discontinuities of the scattering
parameters at ODT, there is one more evidence for the
ODT. In Fig. 2, you may be able to see an additional
scattering peak at ca. q=0.59 nm™ although its intensity is
much weaker than that of the first-order scattering peak.
In order to see the intensity change of the peak more clear-
ly, the portion was enlarged in the inset of Fig. 2. It is in-
teresting to note that the additional second-order scattering
peak disappears above 245.8°C which is the onset tem-
perature of ODT for the 70/30 (w/w) SEBS/H1149 mix-
ture determined by observing abrupt drops in 1/1,,, and 6,
with increasing 1/T. Multiple-order scattering maxima are
the characteristics of microphase separated domains hav-
ing long-range orders. This is, however, beyond the scope
of this paper, and will not be discussed any further.

As evident from Fig. 's 1 and 3, there is a slight dif-
ference between the values of the ODT temperatures de-
termined by rheology and SAXS. This is mainly due to
the difference in temperature resolution of the two meas-

urements.

3.2. Time-resolved Rheoloy and SAXS

Isochronal/isothermal time scans were employed in time-
resolved rheology. Fig. 4 shows the time evolutions of G'
and G" measured at 0.5 rad/s for the 70/30 (w/w) mixture
after quenching the sample from 260°C (about 15°C above
Topr) to a given temperature. Strain was fixed at 3%. Both
G' and G" show sigmoidal shapes with two plateaus at
short and long times: both G' and G" initially grow ra-
pidly to the first plateau immediately after quenching, and
then increase gradually to the second platean. The initial
induction period originates from the fact that the sample
temperature does not drop stepwise but rather change gra-
dually over a short time period, as will be discussed be-
low in more detail. The plateau values of G' and G" at
short times are assumed to represent the rheological pro-
perties of the disordered phase at the final temperature[17].
On the other hand, the plateau values at long times signify

The Korean Journal of Rheology, Vol. 10, No. 2, 1998
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Fig. 4. Time evolutions of G' and G" for 70/30 (w/w) SEBS/H1149
mixture after quenching the sample from 260°C to a given
temperature. Solid lines are the best fits to the Avrami e-
quations (Egs. 4 and 6).

the properties of microphase separated structure of a sam-
ple at the final temperature. As shown in Fig. 4, each data
set is well fitted to the Avrami equation with an exponent
n=3 (see solid lines) except initial induction period. De-
tailed analysis using the nucleation and growth (NG)
mechanism will be discussed in the next section.

In time-resolved SAXS measurements, the growth of
I... was monitored as a function of time after quenching
the sample to each desired temperature. The results ob-
tained are presented in Fig. 5a. The time evolution of I,
shows a similar trend as those of G' and G". As will be
discussed in the next section, the growth of I, shown in
Fig. 5a is fitted to the Avrami equation with an exponent
n=3 for a shallow quench (Topr-T=11.8°C) and n=4 for
a deeper quench (Tonr-T=20.4°C) respectively except the
initial induction period. The best fits to the Avrami e-
quation are shown as solid lines in Fig. 5a. As stated a-
bove, the initial induction period exists since the sample
temperature in reality does not drop stepwise to a set tem-
perature but rather change gradually over a short time
period. This gradual temperature change of the sample
with time can be clearly seen in Fig. 5b. The solid lines
in Fig. 5b are the best fits to the following equation:

T() = Tn—(Tn~T;) exp(~/7) @)
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Fig. 5. (a) Time evolution of I, for 70/30 (w/w) SEBS/H1149 mix-

ture for two quench depths. Solid lines are the best fits to
the Avrami equations (Egs. 5 and 6). (b) Change of tem-
perature of the SAXS sample as a function of time after
quenching into two different final temperatures. The solid
lines are the best fits to Eq. 3.

where T; and T, are the initial and final temperatures
respectively, and T' is the relaxation time of a given tem-
perature drop. Data points are well fitted with this e-
quation as shown in Fig. 5b. 7' values determined from
the fitting were 41.0 sec for Tgp-T=11.8°C and 31.2 sec
for Topr-T=20.4°C, respectively. As expected, T value is
smaller for a deeper quench. Comparison between Fig. 's
5a and 5b reveals out that the initial induction period in
the time-evolution of L., is essentially related to the ther-
mal equilibration time of the sample.

3.3. Ordering Kinetics of 70/30 (w/w) SEBS/H1149 Mixture

In order to analyze the time-resolved rheological and
scattering data obtained in present study in terms of the
general nucleation and growth (NG) mechanism of the Av-
rami type, volume fraction of the ordered phase at a given
time after a temperature quench, ¢(t), should be known
first. For the time-resolved rheology, the dynamic storage

modulus at a given time can be expressed as a linear com-
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bination of the initial and final storage modulus, G', and
G'... Thus ¢(t) can be defined as
_GMm-G,

o) = m',o* C)

For the time-resolved scattering, (t) is similarly defined as

=1
== ©

The classical Avrami equation is then expressed as

HO)=1-exp[—(1/7)"] (©)

where 7 is the relaxation time for the ordering and n is the
Avrami exponent. The relaxation time is a quantitative
measure of the ordering rate, which is usually expressed
in terms of the half-time t,,:

ti,=(In2)"" ¢ (7)

The Avrami exponent, n, yields qualitative information
on growth dimensionality as well as nature of the NG
mechanism. It is clear from Eq. 6 that the Avrami paramet-
ers can be obtained directly from the slope and the in-
tercept of the Avrami plot of log(-log(1-0)) versus log t.

The Avrami plots for the 70/30 (w/w) SEBS/H1149
mixture are constructed in Fig.s 6 and 7 from each of the
time-resolved rheological and SAXS data. While the Av-
rami plots from the time-resolved rheology show a slope
of about 3 for all the given quench depths (see Fig. 6),
those from the time-resolved SAXS demonstrate a slope
of about 4 for a deeper quench as well as a slope of about
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Fig. 6. Avrami plots obtained from the time-resolved rheology for dif-
ferent quench depths for 70/30 (w/w) SEBS/H1149 mixture.
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Fig. 7. Avrami plots obtained from the time-resolved SAXS for two
quench depths for 70/30 (w/w) SEBS/H1149 mixture.

3 for a shallow quench (see Fig. 7). The curves in Fig.'s 6
and 7 shift to the left as the quench depth is increased
since the ordering proceeds faster for a deeper quench. In
order to compare the results from both time-resolved meas-
urements, the Avrami parameters for the 70/30 (w/w) mix-
ture obtained from both measurements are plotted as a
function of quench depth, Topr-T, in Fig. 8: (a) the half-
time versus quench depth and (b) the Avrami exponent
versus quench depth. Note that the Avrami parameters
measured from both rheology and SAXS agree well with
each other for the same quench depth as can be seen in
parts a and b of Fig. 8. The half-time for the 70/30 (w/w)
mixture shown in Fig. 8a is shorter for a deeper quench
as expected, indicating that the ordering proceeds faster
for a deeper quench. The Avrami exponent shown in Fig.
8b was found to be about 3 for shallow quenches up to
Topr-T=16"C and about 4 for further deeper quench.

The Avrami exponent of n=3 for a shallow quench in-
dicates that the ordering of the 70/30 (w/w) mixture proce-
eds by the heterogeneous nucleation and growth of three-
dimensional grains of the microdomain structure. The
change of the slope from 3 to 4 in going from a shallow
to a deeper quench may be the sign of a transition in the
ordering kinetics of the mixture; from the heterogeneous
NG mechanism to the spinodal decomposition (SD)
mechanism. Experimental observations similar to the
present study were recently reported by Floudas et al[18].
They investigated the ordering kinetics of SI diblock, SL
simple graft copolymer and SIB terpolymer using rheol-
ogy as well as SAXS. They observed that for a shallow

The Korean Journal of Rheology, Vol. 10, No. 2, 1998



72 o]%\_ﬁd .
250 | | [ l
® SAXS
200 L B Rheology | |
g 150+
5
I
100 |-
(a)
50 | 1 I I
0 5 10 15 20 25
Toor— T (C)
S | { | !
® SAXS
B Rheology
c
w4 - - ———— e __
c
[)]
c
o
Q
x
u
§3_____.._'_~'__f_
s ]
<
(b)
2 i | | |
0 5 10 15 20 25
Toor =T (°C)
Fig. 8. Avrami parameters obtained from both time-resolved SAXS

and time-resolved theology for 70/30 (w/w) SEBS/H1149
mixture as a function of quench depth, Top-T: (a) half-time
versus quench depth and (b) Avrami exponent versus quench
depth.

quench the Avrami exponent n was 3 and In t,, was linear-
ized better when plotted against &' than &7 (3 is the de-
gree of undercooling defined in Eq. 1). Based on these
facts, they concluded that all the copolymers used in their
study proceed by the heterogeneous NG mechanism for a
shallow quench. This is quite reasonable since n equals 4
and t,, is proportional to &° in the case of homogeneous
nucleation, whereas t,, is proportional to §” in the case of
heterogeneous nucleation[14]. They also noted that the
change of the Avrami exponent of their copolymers from 3
to 4 in going from a shallow to a deeper quench could im-
ply the ordering process due to SD for a deeper quench.
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Unfortunately, we now have only few data sets to plot t,,
against 87 (in the case of homogeneous nucleation) or &’
(in the case of heterogeneous nucleation). More detailed
study on this aspect will be the subject of our further
study. Since SEBS triblock copolymer used in present
study is highly asymmetric (f;s=0.242), however, it is
quite unlikely for the mixture to order by the homo-
geneous NG mechanism. It is known that there exists a
huge nucleation barrier for highly asymmetric block co-
polymers as can be seen in Eq. 2. In addition to this, the
homopolymer present in the mixture may act as a nu-
cleating agent during the ordering process in the case of a
shallow quench.

4. Conclusion

We employed both time-resolved rheological and syn-
chrotron small-angle X-ray scattering (SAXS) meas-
urements to investigate the ordering kinetics as well as the
order-disorder transition (ODT) of a 70/30 (w/w) mixture
of polystyrene-block-poly(ethylene-co-butylene)-block-po-
lystyrene (SEBS), Kraton G1652, and a commercial tack-
ifier, Hercotac 1149 (H1149). Topr of the mixture was
first determined independently by each static measurement.
Time-resolved measurements were then carried out by
quenching the sample from disordered to ordered state,
thus enabling us to monitor the ordering process as a func-
tion of time. In order to analyze the time resolved data of
our triblock copolymer/homopolymer mixture system, we
applied the nucleation and growth (NG) mechanism of the
Avrami class which has been used by many investigators
to analyze the ordering kinetics of pure block copolymers.
Time evolutions of G' and G" as well as 1, for the 70/30
(w/w) mixture after a given quench were well described
by the NG mechanism except the initial induction period.
The Avrami exponents and ordering half-times obtained
from both time-resolved measurements were in good
agreement with each other for the same quench depth.
Ordering half-time was found to gradually decrease as the
quench depth was increased, indicating that the ordering
proceeds faster for a deeper quench. The Avrami ex-
ponent was found to have a sudden change from about 3
to 4 in going from a shallow to a deeper quench. This im-
plies that the ordering of the 70/30 (w/w) mixture may
proceed via the heterogeneous NG mechanism for a shal-
low quench, whereas there exists a transition in the ord-
ering Kkinetics into the spinodal decomposition (SD)
mechanism when the sample is further quenched.
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