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Abstract

We found that amorphous polycarbonate (PC) can be crystallized in several minutes by blending poly(ethylene oxide) (PEO). When the

blends were annealed in the two-phase region below the upper critical solution temperature, highly interconnected two-phase structure

characteristic of the spinodal decomposition was developed and then the crystallization occurred in the PC-rich phase during the spinodal

decomposition. As the molecular weight of PEO decreased, the crystallization rate decreased and the crystallizable temperature became

narrower in spite of the acceleration of the polymeric segmental motion. These results suggest that the crystallization of the PC is not induced

by the acceleration of the polymeric segmental motion, but by the up-hill diffusion of the liquid–liquid phase separation via spinodal

decomposition. Owing to the competitive progress of the crystallization and the spinodal decomposition, the melting peak of the PC

crystallites shifted to lower temperature with increasing annealing temperature.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that bisphenol-A polycarbonate (PC) is

ductile amorphous polymer. Long annealing of the amor-

phous PC above the glass transition temperature ðTgÞ can

induce the crystallization; i.e. it takes above 6 days for

crystallization to start and above 12 days to complete [1,2].

The crystallization of the PC is accelerated by adding

plasticizers [3], nucleation agents [4], organic solvents

[5–7] and supercritical carbon dioxide [8,9], for instance.

The accelerated crystallization is ascribed to the increase of

the rate of polymeric segmental motion due to the reduction

of the Tg by the plasticization effect [8]. However, it takes at

least 1 h to complete the crystallization of the PC.

Recently, we found that PC can be crystallized in several

minutes by blending poly(ethylene oxide) (PEO) [10]. In

general, the crystallization rate of a crystalline polymer is

always delayed by blending it with dissimilar polymers due

to the exclusion of the amorphous polymer from a crystal

growth front and the interaction between component

polymers [11], as demonstrated in poly(vinylidene fluoride)

(PVDF)/poly(methyl methacrylate) (PMMA) [12,13],

PVDF/poly(ethyl acrylate) [14], poly(1-caprolactone)/

poly(vinyl chloride) [15] and PEO/PMMA [16] systems.

Hence, the accelerated crystallization in the PC/PEO blends

is rare case in the crystallization of polymer blends.

In this paper, to understand the origin of the crystal-

lization induced by blending, we investigate the crystal-

lization kinetics of the PC/PEO blends with different

molecular weights of PEO by polarized optical microscopy

and time-resolved Hv light scattering method using a highly

sensitive charge-coupled device (CCD) camera system. The

crystallization induced by blending is discussed in terms of

the competitive progress of liquid–liquid phase separation

and crystallization by the results of microscopic observation

and differential scanning calorimetry (DSC).

2. Experimental

The polymer specimens used in this study are commer-

cial polymers. PC was supplied by Teijin Chemicals, Ltd;

Mw ¼ 1:47 £ 104: High molecular weight PEO (HM-PEO;
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Mn ¼ 2:0 £ 104) was supplied by Wako Pure Chemical

Industry Co., Ltd and low molecular weight PEO (LM-PEO;

Mn ¼ 2000) was by Kokusan Chemical Co., Ltd.

The PC and PEO were dissolved at 10 wt% of total

polymer in dimethyl formamide. The solution was cast on a

cover glass. The solvent was evaporated under a reduced

atmosphere of 1022 mmHg at room temperature to prepare

a film of 30 mm thick. The cast film was further dried under

vacuum (1024 mmHg) for 3 days and then at 120 8C for 24 h

to completely remove residual solvent.

The film specimen on a cover glass was melted at Ta ¼

260 8C for 3 min in a hot stage. Then the melt specimen was

rapidly transferred to another hot stage and annealed at

desired temperature ðTcÞ: Structural development during the

isothermal annealing was observed under an unpolarized

optical microscope and also a polarized optical microscope

with a sensitive tint plate (Olympus, BX-50). The image

data was stored in a personal computer.

The real-time analysis on the isothermal crystallization

was also carried out by the light scattering apparatus. The

film specimen on a cover glass was melted at Ta ¼ 260 8C

for 3 min in a hot stage. Then the film specimen was rapidly

transferred to another hot stage set on the light scattering

stage and annealed at Tc: A polarized He–Ne laser of

632.8 nm wavelength was applied vertically to the film

specimen. The scattered light was passed through an

analyzer and then onto a highly sensitive CCD camera

with 512 £ 512 pixels in a sensor of dimensions

13.3 £ 8.8 mm (Princeton Instruments, Inc., TE/CDD-512-

TKM-1). We employed Hv geometry in which the optical

axis of the analyzer was set perpendicularly to that of the

polarizer. This realizes the time-resolved measurement of a

two-dimensional angular distribution of scattered light with

512 £ 512 data points in a time scale of 5 s and that of a one-

dimensional one with 512 data points in a time scale of

0.2 s. The input data from CCD camera was digitized by the

ST-13X controller. The digitized data were stored in a

personal computer for further analysis [17].

The morphology of the annealed specimens was

observed under a Hitachi S2100A SEM (scanning electron

microscope). For SEM observation, the specimen was

rinsed with H2O (good solvent for PEO) for 10 h at 40 8C.

DSC thermogram was recorded by a Rigaku 8230 DSC at a

heating rate of 10 8C min21.

3. Results and discussions

Fig. 1 shows a polarized micrograph of the 70/30 PC/

HM-PEO blend observed at annealing temperature of Tc ¼

180 8C after the temperature drop from Ta ¼ 260 8C: Small

spherulites with optical anisotropy having a radius of

several micrometers are seen. Since the annealing tempera-

ture is above the melting temperature of PEO (ca. 60 8C),

the existing of the spherulites suggests the crystallization of

PC in the blend.

Fig. 2 shows the DSC thermogram for the spherulites of

the PC/HM-PEO blend indicated in Fig. 1. The DSC

thermogram of a neat PC is also shown in Fig. 2 for

comparison. The neat PC shows a glass transition at around

145 8C. On the other hand, the spherulite of the blend shows

an endothermic peak at around 240 8C, while the glass

transition of the PC was not detected. Thus the endothermic

peak is ascribed to the melting of the PC crystallites and the

disappearance of the glass transition is to the reduction of

amorphous region in the PC by the crystallization of the PC.

These results support the crystallization of the PC in the

blend.

To discuss the kinetic aspect of the crystallization of the

PC, it is convenient to employ the integrated scattering

intensity in Hv mode, i.e. the invariant QHv defined by Refs.

Fig. 1. Polarized micrograph of the 70/30 PC/HM-PEO blend observed at

180 8C after annealing of 30 min.

Fig. 2. DSC thermograms of the 70/30 PC/HM-PEO blend and neat PC

annealed at 180 8C for 1 h.
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[17,18]

QHv ¼
ð1

0
IðqÞq2 dq ð1Þ

where I is the intensity of scattered light at the scattering

vector q; q ¼ ð4p=lÞsinðu=2Þ; l and u being the wavelength

of the light and the scattering angle, respectively.

The Hv light scattering pattern from the crystallized

specimen was a four-leaf clover type. It suggests the

scattering from spherulites. In this case, the QHv is described

by the mean square optical anisotropy kdl2

QHv / kdl2 ¼ fsðar 2 atÞ
2 ð2Þ

where fs is the volume fraction of spherulites and ar and at

are the radial and tangential polarizabilities of the

spherulite, respectively. Hence, the QHv is expected to

increase with increasing volume fraction of spherulites and

then level off when the spherulites are volume-filled [17,20].

Fig. 3 shows the time variations of invariant QHv in the

70/30 PC/PEO blends at various Tc: The QHv increases with

time and then levels off, as expected from Eq. (2), i.e. fs

increases and attains a maximum when spherulites fill the

whole space. The crystallization of the PC was completed at

200 s in the 70/30 PC/HM-PEO blend at Tc ¼ 180 8C

(Tc 2 Tg ¼ 75 8C : Fig. 3a) and was completed at 500 s in

the blend at Tc ¼ 140 8C (Tc 2 Tg ¼ 35 8C : Fig. 3b), while

the crystallization of neat PC was not completed in

spite of the annealing for 2 weeks at Tc ¼ 180 8C

(Tc 2 Tg ¼ 35 8C : Fig. 4). These results indicate that the

crystallization of the PC is exceedingly accelerated by

blending PEO. This is contrast to the delay of the

crystallization in polymer blends as typically observed in

PVDF/PMMA [12,13], PVDF/poly(ethyl acrylate) [14],

poly(1-caprolactone)/poly(vinyl chloride) [15] and PEO/

PMMA [16] blends. The accelerated crystallization in the

PC/PEO blends is not ascribed to the increase of the

mobility by the increase of the Tc 2 Tg:

The interesting result in Fig. 3 is that the crystallization

rate of the PC/LM-PEO blend is slower than that of the PC/

HM-PEO blend (Fig. 3b). That is, the crystallization rate

decreases with decreasing the molecular weight of PEO in

spite of the acceleration of the rate of the polymeric

segmental motion. This suggests that the crystallization of

the PC in the blends is not induced by the increase of

mobility by blending PEO.

Fig. 5 shows a structural development of the 70/30 PC/

HM-PEO blend after the temperature drop from Ta ¼ 260 8

C to Tc ¼ 180 8C: Initially, no structure was seen. After

65 s, a highly interconnected two-phase structure with

unique periodicity was detected under unpolarized micro-

scope, while no structure was detected under polarized

microscope (Fig. 5a). The contrast of the two-phase

structure became higher with annealing time, as demon-

strated by a series of unpolarized micrographs in Fig. 5. The

change of the structure is characteristic of the liquid–liquid

phase separation via spinodal decomposition. After 100 s,

one phase in the two-phase structure began to brighten

Fig. 3. Time variation of invariants QHv in the 70/30 PC/PEO blends

annealed at various temperatures. Fig. 4. Polarized micrograph of neat PC annealed at 180 8C for 2 weeks.
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under polarized microscope (Fig. 5b), indicating the

formation of small spherulites in the PC rich phase. Thus

the crystallization occurs during the development of the

spinodal decomposition; i.e. the spinodal decomposition

precedes and the crystallization of the PC follows.

The development of the interconnected two-phase

morphology was also observed in the PC/PEO blends with

different compositions, different molecular weights of PEO

and also at other annealing temperatures. This type of the

behavior is indicated by crosses in Fig. 6. On the other hand,

some films of the PC/PEO blends were transparent and no

indication of liquid–liquid phase separation could be seen

under unpolarized optical microscope. This behavior is

indicated by open circles in Fig. 6. On the basis of these

observations, the PC/HM-PEO blends were found to exhibit

upper critical solution temperature (UCST) behavior (Fig.

6a). The UCST phase boundary shifts to lower temperature

and the two-phase region becomes narrower with decreasing

the molecular weight of PEO. As shown in Fig. 6b, the PC/

LM-PEO blend exhibits an immiscibility loop in the phase

diagram. It consists of UCST and low critical solution

temperature (LCST) phase boundaries, as demonstrated in

poly(ethylene glycol)/water [19], polypropylene (PP)/

hydrogenated oligo(cyclopetadiene) [20] and PP/hydrogen-

ated oligo(stylene-co-indene) blends [21].

The crystallization of the PC occurs at Tc ¼ 100–210 8C

in 70/30 PC/HM-PEO blend while it occurs at Tc ¼

140–170 8C in 70/30 PC/LM-PEO blend. That is, the

crystallization of the PC occurs in the temperature region in

which liquid – liquid phase separation via spinodal

decomposition takes place (crosses in Fig. 6). On the

other hand, the crystallization of the PC does not occur in

the temperature region in which liquid– liquid phase

separation does not take place (open circles in Fig. 6).

This is why the QHv of the 70/30 PC/LM-PEO blend is

Fig. 5. Microscopic observation of the structural development in the 70/30

PC/HM-PEO blend during isothermal annealing at 180 8C. Left, unpolar-

ized; right, polarized.

Fig. 6. Phase diagram of the PC/PEO blends: (W) transparent, ( £ ) opaque.
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lacked in Fig. 3a; i.e. the crystallization occurs at Tc ¼ 180 8

C in the PC/HM-PEO blend while it does not occur in the

PC/LM-PEO blend. Thus, the crystallizable temperature

becomes narrower with decreasing the molecular weight of

PEO in spite of the acceleration of the polymeric segmental

motion. These results suggest that the crystallization of the

PC is not induced by the increase of the mobility, but by the

up-hill diffusion of the liquid–liquid phase separation via

spinodal decomposition [22].

The crystallization of the PC does not occur in

PC/PMMA blends in which two-phase structure exists but

the concentration fluctuation does not grow by the

temperature drop or annealing. This suggests that the

crystallization of the PC is not induced by the existence of

the concentration fluctuation, but by the up-hill diffusion.

The crystallization of the PC/PEO blend induced by the up-

hill diffusion via spinodal decomposition is schematically

shown in Fig. 7. It is well known that the spinodal

decomposition renders the periodic concentration fluctu-

ation. The growth of the concentration fluctuation is realized

by the ‘up-hill diffusion’; i.e. molecules diffuse into A-rich

region from B-rich region. So, in the PC/PEO blend, PC

chains are forced to move from the PEO-rich region to the

PC-rich region (Fig. 7a) and then the nucleation of PC

crystallites is induced (Fig. 7b), while PEO chains are

forced to move from the PC-rich region to the PEO-rich

region. That is, the crystallization of PC with the growth of

concentration fluctuation associated with demixing of PC

and PEO. This means the competitive progress of the spinodal

decomposition and the crystallization; i.e. the crystallizable

chains are supplied to the embryo of the crystallites under the

thermodynamic driving force for the liquid–liquid phase

separation. Hence, the crystallization could be accelerated by

the induction of each crystallite due to the progress of the

spinodal decomposition.

Fig. 8 shows a SEM micrograph for the structure of the

70/30 PC/HM-PEO blend demonstrated by polarized and

unpolarized micrographs in Figs. 1 and 5. The PEO-rich

phase having a size of a few micrometers could be rinsed

with water. This may support the existing of the two-phase

structure in the blends. The remaining materials seen in the

micrograph are the PC spherulites. The shape of the PC

spherulites is ellipsoidal. The PC spherulites are not

isolated, but are connected. Such ellipsoidal and connected

spherulites may be ascribed to the liquid–liquid phase

separation via spinodal decomposition that occurs competi-

tively with the crystallization. In other words, the PC

spherulites grow in the elongated and connected PC-rich

phase obtained by the spinodal decomposition. Owing to the

Fig. 7. Schematics of crystallization process in the PC/PEO blends.

Fig. 8. Scanning electron micrograph of the 70/30 PC/HM-PEO blend

annealed at 200 8C for 1800 s.

Fig. 9. Polarized micrograph of the 30/70 PC/HM-PEO blend observed at

160 8C after annealing of 3600 s.
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competitive progress of the spinodal decomposition and the

crystallization, large connected spherulites having a size of

several ten micrometers were also obtained at PC poor

composition (30/70 PC/HM-PEO blends), as shown in

Fig. 9.

Fig. 10 shows the DSC thermograms of the 70/30 PC/

HM-PEO blends obtained at various annealing tempera-

tures. The melting peak of the PC crystallites shifts to lower

temperature with increasing annealing temperature Tc: This

result is opposite to melting behavior expected by the

Hoffmann–Weeks theory [23,24] in which melting peak

shifts to higher temperature with increasing the Tc

associating with the increase of the lamellar thickness. As

discussed in Fig. 6, the PC/PEO blends exhibit the UCST

type phase behavior. As the quench depth from the UCST

phase boundary decreases (Tc increases), the concentration

fluctuation by the spinodal decomposition becomes smaller

and the volume fraction of the crystalline polymer

decreases. According to the Flory–Huggins theory, the

melting temperature decreases with decreasing the volume

fraction of the crystalline polymer due to the depression

effect of the melting temperature [25]. This may interpret

the decrease of the melting temperature of the PC with

increasing the Tc: Thus the characteristic melting behavior

of the PC/PEO blends shown in Fig. 10 may be ascribed to

the competitive progress of the crystallization and the

liquid–liquid phase separation.

4. Conclusion

We found that amorphous PC can be crystallized in

several minutes by blending PEO. The crystallization of the

PC may be induced by the up-hill diffusion of the liquid–

liquid phase separation via spinodal decomposition. Owing

to the competitive progress of the liquid–liquid phase

separation and the crystallization, connected spherulites

were obtained and the melting temperature decreased with

increasing crystallization temperature. The detail of the

competitive progress will be discussed by the quantitative

analysis of the time resolved Hv and Vv light scattering

methods.
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