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ABSTRACT: The factors controlling grain growth during the disorder-to-order transition
in a polystyrene-block-polyisoprene copolymer melt were studied with time-resolved
depolarized light scattering. The ordered phase consisted of hexagonally packed poly-
isoprene cylinders, and the order–disorder-transition temperature of the block copoly-
mer (TODT) was 132 6 1 °C. Our objective was to identify the temperature at which the
grain growth rate was maximized (Tmax) and compare it with theoretical predictions.
We conducted seeded grain growth experiments, which comprised two steps. In the first
step, which lasted for 43 min, the sample was cooled from the disordered state to 124
°C. This resulted in the formation of a small number of ordered grains or seeds. This
was followed by a second step in which the sample was heated to temperatures between
124 and 132 °C and the seeds grew with time. Our objective was to study grain growth
at different temperatures starting from the same initial condition. The value of Tmax

obtained experimentally was 128 °C. The theoretically predicted value of Tmax, based
entirely on the rheological properties of the disordered sample and TODT, was also
128 °C. © 2001 John Wiley & Sons, Inc. J Polym Sci Part B: Polym Phys 39: 2231–2242, 2001
Keywords: block copolymers; ordering kinetics; grain growth; light scattering

INTRODUCTION

There is considerable interest in quantifying the
factors that control the growth rate of ordered
grains after a quench from the disordered state.
The temperature dependence of the growth rates

is sharply peaked at a temperature Tmax because
of the interplay between thermodynamic and fric-
tional factors.1,2 At high temperatures or low
quench depths (T . Tmax), ordering kinetics are
controlled by the weakness of the thermodynamic
driving forces, and the rate of order formation
thus increases with decreasing temperature.
However, the frictional forces that resist molecu-
lar and collective motions necessary for order for-
mation increase with rapidly decreasing temper-
ature. In the T , Tmax temperature range, the
rate of order formation is controlled by frictional
resistance, leading to a decrease in the rate of
order formation with decreasing temperature.
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The arguments for the existence of Tmax are quite
general. It is, therefore, not surprising that Tmax
has been identified in numerous classical solids
that order with cooling, such as metals, ceramics,
and crystalline polymers.1,2

Explicit predictions of Tmax can be made if the
temperature dependencies of the thermodynamic
and frictional factors are known. Robust theories
that describe the temperature dependence of mo-
lecular and collective motion in polymers are
readily available.3 In contrast, equations for pre-
dicting the thermodynamic forces that drive order
formation in polymers are often not available.

This article is concerned with the identification of
Tmax for the disorder-to-order transition in block
copolymer melts. An attractive feature of these ma-
terials is that the thermodynamic forces that drive
order formation are well established.4–8 This en-
ables explicit predictions of Tmax. Surprisingly, ex-
perimental studies on block copolymers indicate
that the rate of order formation is a monotonic func-
tion of temperature. Rosedale and Bates9 followed
the kinetics of the disorder-to-order transition in a
poly(methylbutylene)-block-poly(ethylethylene) co-
polymer melt with time-resolved rheology and
found that the kinetics slowed down monotonically
with increasing temperature. Floudas et al.10 esti-
mated the time required to complete the disorder-
to-order transition in a polystyrene-block-polyiso-
prene copolymer melt by the same method and
found the same result: slower kinetics at higher
temperatures. This suggests that in both cases,9,10

the experiments were conducted at T . Tmax; that
is, order formation was controlled by thermody-
namic factors. This is surprising when one consid-
ers the fact that the experiments on the polysty-
rene-block-polyisoprene copolymer10 were con-
ducted at temperatures between 74 and 86 °C.
Under these conditions, frictional forces are ex-
pected to increase rapidly with decreasing temper-
ature because of the proximity to the glass-transi-
tion temperature of the polystyrene chains. Time-
resolved small-angle X-ray scattering (SAXS)
measurements on polystyrene-block-polyisoprene
copolymer melts also show slower kinetics at higher
temperatures.11

At least two parameters are necessary to char-
acterize the structure of partially ordered block
copolymers: the average volume of the ordered
grains (vg) and the volume fraction of the grains
(f). Ordering kinetics inferred from rheology are
usually obtained from the time dependence of the
in-phase shear modulus (G9).9,10 Simple models
suggest that G9 is mainly a function of f. Thus,

the kinetic measurements based on rheology re-
flect the time dependence of f. Similarly, SAXS
intensity is also proportional to f.12 It is thus
conceivable that techniques sensitive to vg may
yield different results.

Our group has shown that time-resolved depo-
larized light scattering measurements enable the
determination of both vg and f as a function of
time.13–19 In a recent article,18 we used this tech-
nique to study grain growth in a quenched poly-
styrene-block-polyisoprene copolymer melt. The
time required for f to reach unity increased
monotonically with decreasing temperature, a re-
sult that is consistent with previous work.9–11 In
contrast, the measured grain growth rate (dvg/dt
during the early stages of the disorder-to-order
transition) decreased monotonically with decreas-
ing temperature.18 We argued that these results
were obtained because ordering kinetics in our
sample were dominated by nucleation effects.18

The main purpose of this article, which is a
continuation of the work described in ref. 18, is to
identify the factors that control grain growth
rates in block copolymers. This can only be accom-
plished if growth rates are studied at a fixed nu-
cleation density. We begin by presenting the
equations that enable the explicit prediction of
Tmax in block copolymers. This is followed by an
experimental test of the prediction.

THEORETICAL PREDICTION OF TMAX

The theory of Goveas and Milner7 predicts that
the velocity with which the ordered front propa-
gates into the disordered phase during a disorder-
to-order transition (v) is given by

v 5
RN

t
@x 2 xODT#g~f! (1)

Equation 1 applies to an A–B diblock copolymer
with N repeat units, fN of which are type A and
(12 f)N of which are type B. In eq 1, R is the
end-to-end distance of the copolymer, t is the
characteristic relaxation time, x is the Flory–
Huggins interaction parameter, xODT is the Flo-
ry–Huggins interaction parameter at the order–
disorder-transition temperature (TODT), and g(f)
is an order unity constant that depends only on f.
For most pairs of polymers, x is a linear function
of 1/T:
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x 5 A 1 B/T (2)

where T is the absolute temperature. The temper-
ature dependence of the longest relaxation time
in polymers is often described by the Williams–
Landel–Ferry (WLF) equation:

logS t

tref
D 5 2

C1~T 2 Tref!

C2 1 ~T 2 Tref!
(3)

In eq 3, tref is the characteristic relaxation time at
a reference temperature (Tref) that can be chosen
arbitrarily. Setting Tref equal to TODT and substi-
tuting eqs 2 and 3 into 1 give

v 5 v0

1/T 2 1/TODT

102C1~T2TODT!/~C21T2TODT! (4)

where v0, given by

v0 5
RNBg~f!

tref
(5)

is a weak function of temperature. Tmax can thus
be predicted with eq 4 if C1, C2, and TODT are
known.

It is important to recognize that the theory of
Goveas and Milner assumes that nucleation bar-
riers have been overcome. It is, therefore, neces-
sary to ensure that the experiments are con-
ducted under these conditions.

EXPERIMENTAL

The polystyrene-block-polyisoprene copolymer
used in this study was also used in ref. 18. The
weight-average molar masses of the polystyrene
and polyisoprene blocks were determined to be
19.8 and 6.0 kg/mol, respectively, and the polydis-
persity index of the copolymer was 1.07. We refer
to this polymer as SI(20-6). The volume fraction of
polyisoprene in the block copolymer is 0.26. On
the basis of extensive characterization of polysty-
rene-block-polyisoprene copolymers,20 we expect
the sample to have a cylindrical microstructure at
temperatures of interest, 124–132 °C. All of our
experiments were conducted well above the spi-
nodal temperature, which was estimated to be 87
°C.18 The glass-transition temperature of the
polystyrene-rich microphase was measured with
differential scanning calorimetry experiments

conducted on an ordered sample and was deter-
mined to be 78 °C.

Depolarized light scattering experiments were
conducted on 1-mm-thick SI(20-6) melts enclosed
between optical flats. Details concerning the instru-
mentation and data analysis are given in ref. 18. A
beam of light from a 15-mW He–Ne laser (l 5 633
nm) was directed through a polarizer before it
reached the sample, which was housed in a thermo-
stated oven. The scattered light transmitted
through the sample passed through an analyzer
whose optic axis was perpendicular to the polarizer
and was projected onto a screen. We define m to be
the azimuthal angle in the scattering plane relative
to the direction of the analyzer axis. The polar angle
between the incident and scattered rays emanating
from the sample is u. The depolarized scattering
intensity I was recorded as a function of u along two
azimuthal angles, m 5 0° and m 5 45°. We report I
as a function of the scattering vector q [q 5 4psin(u/
2)/l].

Small-angle neutron scattering (SANS) exper-
iments were conducted on the NG3 beamline at
the National Institute of Standards and Technol-
ogy (Gaithersburg, MD), as described in ref. 18.
Rheological measurements, described in ref. 18,
were conducted on an ARES instrument built by
Rheometrics Scientific in a dry nitrogen environ-
ment, with 25-mm-diameter parallel-plate fix-
tures and a transducer with a dynamic range of
200–0.2 g z cm.

The parameters B, R, N, tref, C1, C2, and TODT,
required to predict grain growth rates in SI(20-6)
were obtained from independent experiments. B
and R were obtained with SANS; N was obtained
from polymer characterization; tref, C1, and C2
were determined from rheological studies; and
TODT was determined with depolarized light scat-
tering.

THEORETICAL MODEL FOR THE
INTERPRETATION OF DEPOLARIZED
LIGHT SCATTERING DATA

We provide a brief summary of the equations that
describe depolarized light scattering from ordered
block copolymers. The model used in this work
was developed in refs. 16 and 19, and data anal-
ysis details are reported in ref. 18. We assume
that the sample is composed of randomly oriented
ordered grains coexisting with disordered regions.
The volume fraction of the ordered grains is f.
Each grain is a birefringent, uniaxial crystal with
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an optic axis parallel to the cylinder axis. The
scattered field from this collection of grains is
determined by the probability that given a point
inside a grain with the optic axis along a unit
vector g, a vector R emanating from that point
lies entirely within that grain. We assume that
this probability distribution C(R,g) is of the
Gaussian ellipsoidal form:

C~R, g! 5 expS2
1
2 Sa z R

w D2D
3 expS2

1
2 Sb z R

w D2DexpS2
1
2 Sg z R

l D2D (6)

where {g,a,b} are an orthogonal set of unit vec-
tors. The characteristic lengths of the ellipsoidal
grains in the directions parallel and perpendicu-
lar to the optic axis are l and w, respectively. The
scattering profiles I(q,m) for such a system along
the m 5 0 and 45° directions is given by

I~q, 0°! 5 I0@C~q! 1 D~q!# (7)

and

I~q, 45°! 5 I0@C~q! 2 D~q!# (8)

where

C~q! 5
15
16 expF2

q2w2

2 G E
0

p

da sin5a

3 exp@2b~a!#Im0@b~a!# (9)

and

D~q! 5 2
15
16 expF2

q2w2

2 G E
0

p

da sin5a

3 exp@2b~a!#Im2@b~a!# (10)

b(a) 5 (q2l2/4)[1 2 w2/l2]sin2a, Imj is the modified
Bessel function of order j, and

I0 5 Kc~Dn!2w2lf 5 Kc~Dn!2vgf (11)

where Kc is an instrumental constant and vg
5 w2l is the characteristic grain volume. The av-
erage number of ordered grains per unit volume
(r) is given by

r 5 f/vg. (12)

RESULTS AND DISCUSSION

The SI(20-6) melt was first heated to 145 °C (well
above TODT), and then it was cooled to 124 °C.
Time zero is defined as the time at which the
temperature controller setting was changed from
145 to 124 °C. It took about 40 min for the sample
temperature to be within 1 °C of the final temper-
ature. The sample was held at 124 °C until t
5 110 min. The results of this experiment are
given in Figure 1(a), where we show I(q,m 5 45 °)
as a function of time. At t 5 45 min, we see a small
but noticeable depolarized light scattering signal
indicating the start of the disorder-to-order tran-

Figure 1. I versus q along the m 5 45° direction: (a) at
selected times after quenching from the disordered
state to 124 °C and (b) as a function of increasing
temperature. I(q) is negligible at 134 °C, indicating
that TODT is 133 6 1 °C.
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sition. The signal saturates around t ' 100 min,
indicating the completion of the disorder-to-order
transition.

The sample was then cooled to 116 °C and
studied as a function of increasing temperature.
The sample was kept at each temperature for 30
min before the data were taken. The results of
this experiment are shown in Figure 1(b), where
scattering profiles [I(q,m 5 45 °)] at selected tem-
peratures are shown. The depolarized light scat-
tering signal decreases with increasing tempera-
ture. We assume that the temperature jump that
results in complete extinction of the depolarized
light scattering signal gives the order-to-disorder
transition.13,14 We thus conclude that TODT is 133
6 1 °C [Fig. 1(b)].

We then conducted experiments in which the
order formation in SI(20-6) was conducted in two
steps. The sample was disordered at 145 °C at the
beginning of each experiment and then cooled to
124 °C. At t 5 43 min, after the disorder-to-order
transition had been initiated at 124 °C, the sam-
ple was subjected to a second step, in which the
sample temperature was increased to 126 °C. It
took about 1 min to change the sample tempera-
ture from 124 to 126 °C. The result of this exper-
iment is shown in Figure 2(a). A relatively weak
signal at t 5 45 min indicates that a small frac-
tion of the sample is converted into ordered grains
at the beginning of the second step. We thus refer
to the ordered grains formed during the first step
as seeds. It is evident from Figure 2(a) that the
depolarized signal increases by two orders of mag-
nitude during the second step, indicating that
most of the growth of the ordered grains occurs
during this step. We thus refer to the first step as
the seeding step and the second step as the
growth step. Our two-step experiments can be
thus regarded as seeded grain growth experi-
ments.

We conducted a series of seeded grain growth
experiments, keeping the seeding step fixed.
Thus, in all cases we began by disordering the
sample, quenching the sample to 124 °C, and
keeping the sample at 124 °C until t 5 43 min.
The temperature of the growth step was varied
from 124 to 133 °C. These experiments enable a
study of grain growth at different temperatures,
with the same initial conditions (seeds). We fo-
cused on growth temperatures above the seeding
temperature to minimize the formation of addi-
tional nuclei during the growth step. We refer to
each seeded growth experiment by the tempera-
ture of the growth step. In Figure 2(b–e), we show

I(q,m 5 45 °) data obtained during seeded grain
growth at 128, 130, 132, and 133 °C, respectively.
When the temperature of the growth step is less
than equal to 132 °C, we see irreversible grain
growth after the seeding step. This is indicated by
the rapid increase in I seen in Figure 2(a–d). The
scattered intensity at the lowest accessible q in-
creases by a factor of 20 or larger in the 45 min , t
, 100 min range. At a growth temperature of 133
°C, we do not observe irreversible growth of the
ordered phase. As can be seen in Figure 2(e), the
value of I at the lowest accessible q value [I(q
5 0.1 mm21)] was about 2 units at t 5 45 min
(after the seeding step). When the growth step
was executed, I(q 5 0.1 mm21) increased initially
to about 4 units. However, with time the scattered
intensity decreased, indicating dissolution of the
seeds. The dissolution kinetics occur very slowly,
indicating that the system at 133 °C is close to the
equilibrium order-disorder transition tempera-
ture. This result, which is based on grain growth
in a sample with a small concentration of ordered
seeds, is entirely consistent with the assignment
of TODT 5 133 6 1 °C, which was based on disor-
dering a fully ordered sample [Fig. 1(b)]. There is
thus no evidence of hysteresis in the order–disor-
der transition in SI(20-6), provided the sample is
seeded at 124 °C.

In Figure 3, we show typical scattering profiles
I(q) along m 5 0 and 45° obtained during the
growth step. In Figure 3(a), we show early time (t
5 50 min) data, whereas in Figure 3(b), we show
the late time data (t 5 100 min); both data sets
are taken from the 130 °C seeded grain growth
experiments [Fig. 2(c)]. Our method for data anal-
ysis is identical to that described in detail in ref.
18. The dashed and solid curves in Figure 3 are
fits of eqs 7 and 8 through the m 5 0 and 45° data,
respectively, with l, w, and I0 as adjustable pa-
rameters. The theoretical scattering curves were
computed over a wide range of l, w, and I0 values.
The sum of the square of the deviation between
the theoretical and experiment I, (DI)2, over the
entire range of q and m were computed for each
combination of l, w, and I0. The combinations that
gave the smallest average value of uDIu/I0 are re-
ported in this article. All of the scattering profiles
obtained during the seeded growth experiments
were analyzed by this method. [For brevity, we
only show I(q,m 5 45 °) data in most cases. For the
data analysis, however, both m 5 0 and m 5 45°
data were used.] We thus obtained the time de-
pendence of I0, l, and w at different growth tem-
peratures.
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Figure 2. I versus q along the m 5 45° direction during a series of seeded grain growth
experiments. In each experiment, seeds for order formation were grown by the quench-
ing of the sample from the disordered state to 124 °C. The second step (i.e., the growth
step) was started at t 5 45 min. The temperatures used during the growth step were (a)
126, (b) 128, (c) 130, (d) 132, and (e) 133 °C.
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The time dependence of I0 at different growth
temperatures is shown in Figure 4. At early times
(t # 55 min), I0 values obtained at different
growth temperatures are similar. This is expected
because the same seeding step was used to initi-
ate order formation in all of the experiments. At
long times, I0 values obtained at different growth
temperatures are substantially different. The
rate of increase of I0 can be taken as a measure of
the kinetics of the ordering process because I0 }
fvg (eq 11). Because all of the data sets of I0
versus t start at the same value, the value of I0 at
some fixed later time is a convenient measure of
the rate of increase of I0. Using I0 at t 5 100 min
as a gauge of the ordering kinetics, we conclude
that order formation is relatively slow at 124 °C,
at which temperature I0 (t 5 100 min) is 150 units

(Fig. 4). Order formation becomes more rapid as
the growth temperature is increased: at 126 °C, I0
(t 5 100 min) is 300 units, whereas at 128 °C, I0 (t
5 100 min) is 470 units. However, a further in-
crease in the growth temperature leads to slower
order formation: at 130 °C, I0(t 5 100 min) is 160
units, whereas at 132 °C, I0 (t 5 100 min) is 80
units. We thus see the first indication of a non-
monotonic temperature dependence of ordering
kinetics in SI(20-6), suggesting that Tmax is 128 °C.

The time dependencies of grain lengths l and w
at different growth temperatures are shown in
Figure 5(a,b), respectively. The time dependence
of l and w at early times can be approximated by
straight lines; the lines in Figure 5 are least-
squares fits through the t , 80 min data. At
longer times, substantially slower growth rates
are obtained because of the increasing influence
of neighboring grains.15,16 The slope of the lines in
Figure 5 give the initial grain growth velocity
along the optic axis and perpendicular to it: v1
5 dl/dt and vw 5 dw/dt. We focus on the initial
velocity because eq 4 was derived for the case of
an isolated ordered front propagating into a dis-
ordered phase.7

The temperature dependence of the rheological
relaxation time t in disordered SI(20-6) melts was
estimated from rheological measurements, as de-
scribed in ref. 18. The results are shown in Figure
6, where t/tref is plotted as a function of temper-
ature. The value of tref at Tref 5 TODT 5 133 °C
was 0.009 s.18 It is evident that to a good approx-
imation, the temperature dependence of t can be
represented by the WLF equation (eq 3). The line
in Figure 6 is a least-squares fit of eq 3, which

Figure 3. Typical depolarized light scattering pro-
files [I(q)] along the m 5 0 and 45° directions obtained
during the seeded grain growth experiments: (a) t 5 50
min and (b) t 5 100 min. The curves are theoretical fits
(eqs 7 and 8) with l, w, and I0 as adjustable parameters.

Figure 4. Time dependence of I0 during seeded grain
growth at different grain growth temperatures.
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gives C1 5 14.10 (K) and C2 5 161.2 (K). We
estimate t is the ordered state (T , TODT) by
extrapolating the WLF curve shown in Figure 6.
Some justification for this is provided in ref. 17.
For the SI block copolymer sample used in ref. 17,
there were no detectable signatures of order for-
mation for t , 100 min. This enabled the rheo-
logical characterization of the metastable disor-
dered state at T , TODT. It was found that the
measured values of t were in excellent agreement
with WLF extrapolations from the disordered
state. In SI(20-6), order formation begins rapidly
in the temperature range of interest, thus pre-
cluding rheological characterization of the meta-
stable disordered state at T , TODT.

In Figure 7, we show the temperature depen-
dence of the grain growth velocities vl and vw. The
symbols and dashed lines represent the experi-
mentally determined grain growth rates. The

solid curves in Figure 7 are plots of eq 4 with the
previously given parameters C1, C2, and TODT.
Theory and experiment are in remarkable agree-
ment; both indicate that Tmax for SI(20-6) is 128
°C. There is, however, a considerable difference in
the shapes of the experimental and theoretical
curves in Figure 7. We adjusted the parameter v0
in eq 4 to obtain agreement with the experimen-
tally determined grain growth velocity at 128 °C.

Figure 5. Time dependence of the average grain size
during seeded grain growth experiments at different
grain growth temperatures: (a) l and (b) w.

Figure 6. Temperature dependence of the rheological
relaxation time t of SI(20–6). The line is the least-
squares WLF fit (eq 3).

Figure 7. Temperature dependence of the experi-
mentally determined grain growth velocities during
seeded grain growth (vl and vw) compared with the
theory of Goveas and Milner (eq 4). The dashed lines
are guides to the eye. Both theory and experiment
indicate that Tmax is 128 °C. We adjusted the value of
v0 in eq 4 to obtain agreement at Tmax. The theory does
not address anisotropic grain growth, that is, differ-
ences in v0 along different directions.
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Despite this adjustment, the shapes of the theo-
retical and experimental curves are quite differ-
ent. The experimentally observed peak in grain
growth rates is much sharper than theoretical
predictions (Fig. 7). This indicates that some as-
pects of our experiments are not captured by the
theory. Additional doubts regarding the agree-
ment between theory and experiment arise when
one examines the theoretical and experimental
values of the prefactor v0. All of the parameters in
eq 5 have been measured: R 5 0.0132 mm (based
on SANS data presented in ref. 18; the scattering
peak at TODT was located at qpeak 5 0.38 nm21

and R 5 5.007/qpeak for a block copolymer with f
5 0.26; see ref. 4), N 5 300 (polymer character-
ization), B 5 20.0 K (ref. 21), and g(f) 5 0.575 (ref.
17). The N and B values are based on a reference
volume of 150.3 Å3. The theoretical value of v0 is
thus 3.04 3 105 K mm/min. The values of v0 used
to match theory and experiment in Figure 7 are
much lower: 1.61 3 104 K mm/min for matching vl
and 5.34 3 103 K mm/min for matching vw. In
other words, the grain growth velocities that we
have measured are about an order of magnitude
smaller than those predicted by the Goveas and
Milner theory. One of the assumptions of the the-
ory is that grains grow via the incorporation of
individual molecules. In contrast, we concluded in
ref. 18 that order formation in SI(20-6) requires
the concerted motion of several (ca. 102) mole-
cules. Perhaps the discrepancy between theoreti-
cal and experimental v0 values is due to this dif-
ference. Definitive resolution of this discrepancy
will require designing experiments that directly
probe the molecular events that lead to order
formation.

Another possible reason for the discrepancy in v0
values is revealed when we examine the time de-
pendence of f and r during our seeded grain growth
experiments. We assume that f 5 1 during the late
stage (t 5 110 min) of the 124 °C growth step [Fig.
1(a)]. Equation 11 allows us to calculate the product
KcDn2 with the experimentally determined values
of I0 and vg at t 5 110 min. We find that KcDn2

5 2.4. In ref. 18, we showed that Dn was a weak
function of temperature; it changed by 10% in the
temperature range of interest. A simple expression
for the time dependence of f in terms of measured
quantities (vg 5 lw2 and f) is obtained if we ignore
this change in Dn:

f 5
I0

2.4vg
(13)

The time dependence of f at different growth
temperatures is shown in Figure 8.22 It is evident
that f is less than or equal to 0.1 at t 5 50 min,
regardless of growth temperature. The initial
value of f for all of the seeded growth experi-
ments is thus similar. However, in the time win-
dow between t 5 50 min and t 5 80 min, f
increases rapidly. Note that our estimates of
grain growth velocities (Fig. 5) were obtained dur-
ing this time interval. At t 5 80 min, f ranges
from 0.2 to 0.8, depending on the temperature of
the growth step. Thus, the grain growth velocities
that we have measured are affected by the pres-
ence of neighboring grains.

In Figure 9, we plot the time dependence of the

Figure 8. Time dependence of f during seeded grain
growth at different grain growth temperatures.

Figure 9. The nucleation density (rnucl) versus time
during seeded grain growth at different grain growth
temperatures.
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grain density r (r 5 f/vg) during the growth step.
Our seeded grain growth experiments were de-
signed to study grain growth under identical nu-
cleation conditions. If our experiments had
worked perfectly, r would be independent of time
and temperature. Figure 9 shows that our exper-
iments are far from perfect: we find that substan-
tial changes in r occur during the early stages of
the growth step, that is, 45 min , t , 50 min (see
Fig. 9). This is probably due to the extreme sen-
sitivity of the nucleation process to thermal his-
tory.18 In addition, r increases with time during
the growth step (Fig. 9). This could be due to the
birth of new grains during the growth step (con-
tinuous nucleation) or the breakup of existing
grains due to factors such as internal stresses
within the grains or collisions with neighboring
grains or secondary nucleation. We note that sim-
ilar effects have been seen during the growth of
colloidal crystals.23 The theory presented in this
article does not account for these events.

In Figure 10, we show grain growth kinetics
obtained after direct cooling to the temperature of
interest, that is, one-step grain growth experi-
ments without the seeding step. These data are
taken from ref. 18. The lines through the data
indicate least-squares linear fits through the
early time data (t , 80 min), which give the grain
growth velocities vl and vw. In Figure 11, we com-
pare grain growth velocities obtained during
seeded grain growth with those obtained in the
absence of seeding. At 124 °C, the seeded grain
growth experiment is identical to a one-step ex-
periment; the seeding and growth temperatures
are both 124 °C. Thus, the agreement seen in
Figure 11 at 124 °C only shows the reproducibility
of our experiments. At temperatures less than
Tmax (128 °C), the agreement between seeded and
unseeded growth is quite good. The most dra-
matic differences between the seeded and un-
seeded growth experiments are observed at tem-
peratures above Tmax. The seeded experiments
show clear evidence of critically slowed growth
kinetics as the temperature approaches TODT,
whereas the unseeded growth rates continue to
increase with increasing temperature. At 130 °C,
vl obtained during the unseeded experiments is
0.25 mm/min, whereas vl obtained during the
seeded experiment is 0.10 mm/min (Fig. 11). The
main difference between the seeded and unseeded
experiments is the grain density r. In the un-
seeded experiment at 130 °C, r at early times (t
5 65 min) is 2.0 3 1025 mm21 based on f and vg
values given in ref. 18. This is about 2 orders of

magnitude lower that that obtained in the early
stages of the seeded experiment, where r 5 3
3 1023 mm21 at t 5 50 min. It is thus evident that
lower values of r lead to higher grain growth
rates. This provides a partial explanation for the
discrepancy between theoretical and experimen-
tal values of v0 reported previously. If we were
able to measure grain growth rates at lower val-
ues of r, the agreement between experimental
and theoretical values of v0 would be better. How-
ever, designing such experiments is not straight-
forward because the factors that control r have
not been identified. At 132 °C, the unseeded grain
growth velocity could not be measured [Fig.
11(a,b)]. At this temperature, the thermodynamic
driving forces for order formation are so weak
that order formation does not occur on experimen-
tal timescales in the absence of seeds [see Fig.
2(a) in ref. 18]. In contrast, irreversible grain

Figure 10. Time dependence of the average grain
size during one-step ordering experiments at different
grain growth temperatures (data from ref. 18): (a) l and
(b) w.
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growth is seen at the same temperature (132 °C)
during seeded grain growth [Fig. 11(a,b)].

CONCLUSIONS

The factors that control grain growth during the
disorder-to-order transition in SI(20-6) were de-
termined by a combination of depolarized light
scattering, rheology, and SANS. Our objective
was to identify Tmax, the temperature at which
the grain growth rate is maximized. We con-
ducted two-step ordering experiments in an at-
tempt to accomplish our objective. The first step,
in which the sample was cooled to 124 °C, re-
sulted in the formation of a small number of or-
dered grains or seeds. This was followed by a
second heating step to temperatures between 124
and 132 °C, in which the growth of grains was

studied. The temperature at which grain growth
rates were maximum was 128 °C. This result is in
excellent agreement with theoretical predictions.
There is no hysteresis near the order–disorder
transition in SI(20-6): measurable grain growth
rates were obtained 1 °C below TODT after seed-
ing. This makes block copolymers model materi-
als for fundamental studies of ordering kinetics.
Block copolymer are also convenient because of
the availability of (1) well-established synthetic
procedures, (2) a variety of experimental tools for
studying grain growth, and (3) quantitative the-
oretical models that address the thermodynamics
and kinetics of order formation.

Crystallization is the most widely studied dis-
order-to-order transition in polymeric systems.1

It is perhaps appropriate to distinguish polymer
crystallization and order formation in block copol-
ymers. Unlike conventional three-dimensional
crystals, the ordered phase that we have studied
is liquid-crystalline; the crystalline order is re-
stricted to two dimensions. Typical peaks in the
temperature dependence of spherulite growth ve-
locity reported in the literature1 are much
sharper than those reported here for block copol-
ymers. This is due to differences in the tempera-
ture dependence of the thermodynamic driving
forces that govern order formation in the two
systems. In crystal growth, the thermodynamic
driving force increases exponentially with quench
depth,1 whereas in the case of block copolymers,
the increase is approximately linear (see eq 4).
Measurable growth rates during polymer crystal-
lization are typically observed in melts that are
supercooled 10–50 °C below TODT,1 whereas mea-
surable grain growth rates in SI(20-6) required
undercooling of 1 °C. The nature of the thermo-
dynamic driving forces may also be responsible
for this difference.

Although the factors that govern grain growth
kinetics in block copolymers appear to be reason-
ably well understood, little is known about the
processes that lead to nucleation of the ordered
phase. We hope to address this important issue in
future work.
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Figure 11. Comparison of the grain growth velocities
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