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Recently crystallization of block copolymers in
confined domains has been extensively studied.1–11

Crystallization in confined environments is usually in-
itiated by homogeneous nucleation at large supercool-
ing.2,10,12 Thus the crystals formed are highly imper-
fect and have lower crystallinity,5,11 compared with
the crystals formed under normal crystallization con-
ditions. As a result, the possibility of reorganization
of these less perfect crystals into more ordered crys-
tals is of great interest. Such reorganization can be
achieved by melting–recrystallization or solid-solid
transformation. Rottele et al. investigated melting be-
havior of strongly segregated poly(butadiene)-b-poly-
(ethylene oxide) (PB-b-PEO) block copolymers with
spherical PEO domains.13 They observed that PEO
crystals with different degrees of perfection could be
produced when crystallization of PEO takes place in
the confined spherical domains and the less perfect
crystals transform into more perfect ones by reorgan-
ization in the solid state, but reorganization by melt-
ing–recrystallization is prohibited.13 Chen also ob-
served coalescence of different crystalline domains
after annealing the confined domains of PB-b-PEO
block copolymer.14 However, reorganization of con-
fined crystals via melting–recrystallization has not
been reported so far. Confined crystallization behavior
of semicrystalline block copolymers is strongly influ-
enced by segregation strength of the two blocks and
the morphology in the ordered melt.9,11 The effects
of these two factors on reorganization of the block co-
polymer crystals have not been reported. In the pres-
ent work, an oxyethylene/oxybutylene, generally be-
lieved to be a weakly segregated block copolymer,
was blended with amorphous poly(oxybutylene) ho-
mopolymer. Two blends with �B ¼ 0:76 (cylinder
morphology) and �B ¼ 0:83 (sphere morphology), re-
spectively, were prepared and both exhibited confined

crystallization behavior.11 Reorganization of the PEO
crystals in confined domains of different shapes was
studied with differential scanning calorimetry (DSC)
and synchrotron small angle X-ray scattering (SAXS)
at different heating rates.

EXPERIMENTAL

Preparation of the Blends
The blends were prepared by mixing an oxyethyl-

ene/oxybutylene block copolymer having a narrow
molecular weight distribution, E155B76 with different
amounts of amorphous poly(oxybutylene). The sub-
script numbers of the notation denote the polymeriza-
tion degrees of the oxyethylene and oxybutylene units.
The blends were designated as E155-76 and E155-83,
where the last two numbers are the percentages of the
amorphous component in the blend. E155-76 and
E155-83 have cylinder and sphere morphology in
the molten state (70 �C), respectively, as determined
by small angle X-ray scattering (SAXS).11

DSC Experiments
DSC experiments were carried out on a Pyris-1 in-

strument. The samples were first held at 70 �C for 5
min and then cooled to �50 �C at a rate of 10 �C/
min. The melting behavior of the blends was investi-
gated at prescribed heating rates.

SAXS
Time-resolved SAXS experiments were conduct-

ed at beamlines 8.2 of the SRS at the Daresbury,
Warrington, U.K. The samples were 3.5m far from
the detector. The data were collected in 10 s frames
separated by a waiting-time of 10 ms. Details of the
instrument and data processing are described else-
where.11
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RESULTS AND DISCUSSION

Figure 1 shows the DSC melting traces of E155-76
and E155-83 at a heating rate of 10 �C/min after non-
isothermal crystallization. The cooling rate in non-iso-
thermal crystallization was 10 �C/min. Both blends
show major melting peaks together with shoulder
peaks at lower temperature. The appearance of double
melting peaks at a fast heating rate indicates the exis-
tence of PEO crystals with different degrees of perfec-
tion in both blends. As revealed in our previous work,
confined crystallization occurs in both blends at such a
cooling rate.10 To examine the ability of reorganiza-
tion of the PEO crystals formed in these two blends,
a slower heating rate of 0.5 �C/min was applied to
the blends after cooled at a rate of 10 �C/min and
the melting traces are illustrated in Figure 2. There
was nearly no change in the shape of DSC trace for
E155-83 and the shoulder melting peak at lower tem-
perature was observed as well at such a slow heating
rate. In contrast, the DSC trace of E155-76 is quite
different at the heating rate of 0.5 �C/min. The major
melting peak becomes weaker and a third melting
peak appears beyond the original high temperature
peak. Because of the extremely slow heating rate,
any possible reorganization during melting process
will be probed by DSC. The unchanged DSC profile
at the slow heating rate shows that no reorganization
occurs for E155-83 in spite of less perfect PEO crys-
tals. Nevertheless, the appearance of the third melting
peak at higher temperature indicates that reorganiza-

tion takes place during melting of E155-76 at a slow
heating rate.
To verify the results by DSC, time-resolved SAXS

was used to monitor the melting of E155-76 and
E155-83. Both samples undergo non-isothermal crys-
tallization at a cooling rate of 10 �C/min from 70 to
�50 �C. Our previous results showed that in this proc-
ess both samples exhibit confined crystallization be-
havior, since the position of the first-order SAXS
peak, q�, shows a continuous change instead of a step-
wise change after the PEO block crystallizes.10 The
samples were heated to 40 �C at rate of 10 �C/min
and heated from 40 to 65 �C at a rate of 0.5 �C/min.
The changes of q� in the second heating step are
shown in Figure 3. The sample E155-76 and E155-
83 have cylinder and sphere morphologies, respective-
ly, and the melting characteristics of confined cylinder
and sphere morphologies are different.11 Thus we
should compare the present results with standard melt-
ing characteristics of confined cylinder and sphere
morphologies. For E155-83 there is no appreciable
change of q� during melting, but q� starts to change
linearly with temperature after the crystals melts,
since the liquid is easier to deform than the solid. Such
phenomenon is exactly the same as the melting char-
acteristic of confined sphere morphology.11 Thus the
PEO crystals in E155-83 are still confined at such
slow heating rate and no re-organization takes place.
During melting of the crystals confined in cylinder do-
mains, stepwise increase in the q� is observed, since
the liquid and solid domains have different sizes at
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Figure 1. DSC melting traces of E155-76 and E155-83 at a

heating rate of 10 �C/min after non-isothermal crystallization.

The cooling rate in the non-isothermal crystallization is 10 �C/

min. The arrows indicate shoulder melting peaks at lower temper-

atures.
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Figure 2. DSC melting traces of E155-76 and E155-83 at a

heating rate of 0.5 �C/min after non-isothermal crystallization.

The cooling rate in the non-isothermal crystallization is 10 �C/

min. The arrow indicates a newly appearing melting peak in

E155-76.
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the melting temperature, resulting from the different
temperature ranges for the existence of PEO solid
and melt during crystallization and melting (large su-
percooling is required for confined crystallization) and
different deformation abilities of PEO solid and melt.
The dimension of the liquid domains is recovered im-
mediately after melting (see Figure 12 in ref 11).
However, if the crystals are confined in cylinder do-
mains and no re-organization takes place during melt-
ing, only once stepwise increase in q� should appear
and no decrease in q� can be observed.11 Figure 3
shows that there is a stepwise increase in q� at
52 �C for E155-76 and there is no gradual decrease
in q� before such an increase in q�. This corresponds
to the melting of the confined PEO crystals with low
crystallinity. Nevertheless, this is followed by a sud-
den decrease in q�, and then stepwise increase in q�.
Abrupt decrease and discontinuous change of q� are
characteristics of breakout crystallization,10 indicating
the formation of new unconfined crystals. The last
stepwise increase in q� corresponds to the melting
of the unconfined crystals.11 The profile of q� versus
temperature clearly shows that melting–recrystalliza-
tion takes place during melting of E155-76 when heat-
ed at an extremely slow rate. The confined PEO crys-
tals of E155-76 are first partially melted, then
recrystallize into unconfined crystals before complete
melting. In contrast, PEO crystals in E155-83 cannot
reorganize via melting–recrystallization, though DSC
results show that there are also less perfect crystals
in E155-83.

Using atomic force microscopy, Rottele observed
that the PEO crystals of different degrees of perfec-
tion in the poly(butadiene)-b-poly(ethylene oxide) are
formed in different spherical domains due to different
supercooling.15 The reason for this is that the sphere
domain is very small and comparable to that of a crys-
talline nucleus, thus crystallization is controlled by
nucleation rate, leading to an Avrami exponent of
1.0.7,8,11 Since the crystals in the same sphere domains
have the same crystallinity and melt simultaneously.
Once the crystals in a domain are melted, recrystalli-
zation of can only be initiated by the nucleus formed
by thermal fluctuation. However, because the fusion
enthalpy of the PEO crystals in individual domains
is several orders of magnitude larger than the energy
of thermal fluctuation, the equilibrium between the
molten and crystalline states is prohibited and thus
melting–recrystallization for the crystals confined
in sphere domains cannot be observed. Nucleation
is thus the key step to determine whether melting–
recrystallization happens. For the same reason, such
melting–recrystallization cannot happen in the con-
fined nano-cylinder domains, if the crystals in the
same domains have the same perfection. But, in fact,
melting–recrystallization process is observed E155-
76, as shown in Figure 3. Thus the PEO crystals vary-
ing in perfection can be accommodated in the same
cylinder domains. The crystals of less perfection prob-
ably recrystallize after melting, because the crystals of
higher perfection can act as nuclei. This deduction is
in accordance with isothermal kinetics.11 Avrami ex-
ponents for the blends with cylinder morphology sys-
tematically deviate from the typical Avrami exponent
for confined crystallization controlled by the rate of
homogeneous nucleation, which is 1.0.1,7,8,11,16 Diffu-
sion may thus play a role in crystallization.17 Because
of the high supercooling for confined crystallization
and the large dimension in the cylinder direction,
the crystallization rate is very slow in the cylinder di-
rection, thus crystallization of the PEO cylinder do-
mains is completed in a long time span, in which crys-
tals of different perfection may be formed due to
different supercooling.

CONCLUSIONS

The present work shows that the reorganization of
the less perfect crystals in an environment depends
on the morphology of the crystalline domains. For
spherical domains, the polymer crystals with different
degrees of perfection are distributed in different do-
mains and reorganization via melting–recrystalliza-
tion is impossible because of the difficulty in nuclea-
tion. In combination with Rottele’s results, this
conclusion is applicable to weakly segregated and
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Figure 3. Variation in position of the first-order SAXS peak

(q�) with temperature during melting. The heating rate is 0.5 �C/

min, starting from 40 �C.

Melting–Recrystallization of Block Copolymer Crystals

Polym. J., Vol. 37, No. 1, 2005 45



strongly segregated block copolymers. PEO crystals
of different perfection may be accommodated in the
same cylinder domains due to the large dimension
in the cylinder direction. Reorganization of less per-
fect crystals thus proceeds via melting–recrystalliza-
tion since the crystals with higher perfection act as
nuclei.
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