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Abstract

In poly(trimethylene terephthalate) (PTT) spherulites during isothermal crystallization, the morphological changed from an axialite/or

elliptical banded spherulite to banded spherulite and then non-banded spherulite with temperature decreasing were studied by following the

lamellar growth behaviors. We report lamellar growth mechanism on varied crystallization temperature, which explicitly probes the link

between microscopic structure and macroscopic morphology in the development of patterns. Fibrillation of the edge-on lamellae was

observed on the surfaces of axialite and the convex bands of banded spherulite. Terrace-like lamellae were observed on the surface of the

non-banded spherulite and the concave bands of banded-spherulite. In thin film crystallization, PTT banded spherulite exhibits a texture of

alternate edge-on and flat-on lamellae, wavy-like surface and rhythmic growth. The deceleration of growth rate takes place in convex bands

with a growth habit of fibrillation of the edge-on lamellae for emerging ridge surface. On the other hand, the acceleration of growth rate

appears in concave bands with a growth habit of terrace-like lamellae for emerging valley surface. The alternating growth mechanism of the

lamellae was considered to be related with the formation of spatiotemporal self-organization patterns far from equilibrium. In order to

explain the rhythmic growth and periodic growth of the lamellae, we may conjecture that the emergence of PTT banded spherulite in thin film

crystallization is associated with an oscillatory dynamics of the spherulite growth front driven by latent heat diffusion. We present some

tentative ideas on the possibility of band-to-nonband (BNB) morphological transition, which might be analogous with the second order

transition in non-equilibrium phase transition.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Banded spherulite exhibits a macroscopic morphology

with concentric rings or bands. It can be found in many

kinds of materials such as polymers [1–5], inorganic

matters [6,7] and liquid crystals [8]. The periodic change

in the birefringence along the radius of a polyethylene

spherulite was explained by Keller [1,9] as due to the

regular, smooth twisting of lamellae along the radial

direction. From microscopy studies, Bassett et al. [4,10,

11] showed that the polyethylene banded spherulites

consisted of the untwisted S- or C-profiled lamellae. The

origin of the twisted or the untwisted banded spherulite had

been postulated as being caused by surface stresses [12,13],

spiral terraces [14,15], giant screw dislocations [16,17],

isochiral dislocations [18,19] and so on. Recently, Keith

[20] commented on the simulation by revisiting two topics:

(a) the origins of secondary effects of rhythmic character in

thin films and (b) the generation of isochiral dislocation and

torsion in twisted lamellae, to clarify the various interpret-

ations of the origins of banded spherulite.

In nature, there are many systems found common

phenomenon of banded or ringed patterns, such as spiral

waves in the Belousov–Zhabotinsky (B–Z) redox reaction

[21–23], Rayleigh–Benard convection cells in heated fluids

[21–23], Liesegang rings in reaction-diffusion systems [24],

and banded structure in solidification alloys [25–29]. Kyu

et al. [30] have suggested already that banded spherulites

not only exhibit concentric bands but also exhibit rhythmic

growth, which is characterized by a fast growth followed by

a slow growth. They considered that the similarities
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between the rhythmic growth in banded spherulites and

target /or spiral growth patterns in B–Z redox reactions

suggest a useful viewpoint of crystallization under non-

equilibrium conditions. Underlying many disparate pat-

terns, Ben-Jacob [31] suggested a set of overarching

principles that can lend a unified perspective. This may

drive us to consider whether other phenomena could draw

an analogy with the growth process of banded spherulites.

From the previous studies on PTT crystallization [32],

we found that the morphology of crystallite was changed

sharply from either an axialite crystallite or an elliptically

shaped spherulite to a banded and then a non-banded

spherulite as isothermal crystallization temperature Tiso was

decreased. Although band-to-nonband (BNB) morphology

transition has been seen in many systems [7,33–36], there

are fewer detail studies on how the crystallization

temperature influences macroscopic organization of crystal-

lites. One possibility is that there is a smooth crossover,

where all quantities vary analytically with the degree of

undercooling DT : In polymeric crystallization, theories of

kinetics-limited growth, where the rate of freezing is limited

by local attachment kinetics [37], typically predicts such

crossovers. Another possibility is that morphologies may

vary non-analytically with DT :. It has analogy with

equilibrium phase transitions [38–41]. Different mor-

phologies are then the result of distinct growth mechanisms.

It is well known that systems driven far from equilibrium

can undergo dissipative transitions analogous to the first and

second order phase transitions [42 – 45]. Hutter and

Bechhoefer [46,47] also reported that the transition between

banded and non-banded spherulitic growth in liquid crystals

is analogous to a second-order transition. It is worthily

investigating the banded formation of polymeric crystal-

lization from a new perspective.

In this study, we are interested to note how the

microscopic organization affects macroscopic pattern with

changing crystallization temperature, since the macroscopic

morphology is formed through microscopic lamellar

structure. Furthermore, we would discuss the BNB mor-

phological transition of PTT spherulites from a new

perspective of non-equilibrium morphology transition. Our

focus might ask whether, by BNB transition analogy to

equilibrium transitions, a full range of non-equilibrium

exponent could be obtained, and whether their behaviors

obey the scaling relation.

2. Experimental section

2.1. Materials

Polytrimethylene terephthalate (PTT), supplied by Shell

Chemical Company, has an intrinsic viscosity of 0.92 dl/g

(measured in 60/40 phenol/tetrachloroethane at 333 K). The

polymer was melt polymerized by the polycondensation of

1,3-propanediol with purified terephthalic acid. Other than

the presence of the polymerization catalysts at ppm level,

the polymer was free of additives, such as TiO2, which

could affect the polymer’s crystallization behavior. The

samples were first dried at 363 K for 6 h under vacuum

before carrying out any new thermal treatments or

experimental characterizations to minimize hydrolytic

degradation of the melt.

2.2. Measurements

PTT spherulite’s growth and morphologies were studied

using a Leica Laborlux 12 Pols Polarized Light Microscope

(PLM), equipped with a Linkam THMS 600 hot-stage. PTT

thin film, ,10 mm thick, was melted at 553 K in the hot

stage for 5 min and then rapidly cooled to the desired

crystallization temperature. Spherulite growth images were

recorded under transmission light with a CCD camera as a

function of time until the spherulites impinge on each other.

When taking the reflected light (RLM) optical images, the

microscope’s light source was simply changed to the

reflective mode.

Nano-scale morphology of the spherulites was studied

using the Atomic Force Microscopy (AFM). Since the AFM

resolution, especially at the nm level, is improved by having

a smooth sample surface, PTT thin film with the smoothest

surface possible was prepared using the following steps: A

thin slice of PTT was shaved from the polymer chip; it was

then sandwiched and melted between two glass slides in the

Linkam hot stage which was continuously purged with dry

nitrogen to minimize thermo-oxidative degradation of the

melt. After cooling, one of the glass slides was removed.

The thin film sample, ,10 mm thick, was then heated to

553 K for 5 min. The temperature was then rapidly

quenched to the desired crystallization temperature.

Tapping mode AFM was used to obtain both the height

and phase images simultaneously using a Digital Instru-

ments NanoScope III with a Multimode scanning probe

setup. Silicon probes (Nanoprobes, Digital Instruments)

with 125 mm-long cantilevers and resonance frequencies

from 270 to 350 kHz were used. To image the nano-scale

morphology, probes with very small tip radii of 5–10 nm

were used. The set-point amplitude, Asp was set at 0.4–0.6

of the free oscillation amplitude, A0: The data were

collected at 512 £ 512 pixels per image, and the scan

frequency was 0.2 , 1 Hz. In the tapping mode, the tip

made intermittent contacts with the surface to obtain the

height images to reveal the surface corrugations and

morphology. Phase lag of the cantilever oscillation, relative

to the signal sent to the cantilever’s piezoelectric driver, was

simultaneously monitored to obtain the phase images. Since

phase lag was very sensitive to the variations of material

properties such as stiffness and density, phase imaging was

useful in differentiating the various component phases [48].

The technique was, therefore, used to image the lamellae

and its amorphous surrounding.
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3. Results

3.1. Crystallization kinetics and morphological change of

crystallites

In the previous study [49], we reported that PTT exhibits

three crystallization regimes depending on the melt crystal-

lization temperature, Tiso: The regimes I ! II and II ! III

transitions occurred at 488 and 468 K, respectively. We also

reported PTT’s average growth rate, G; and its Avrami rate

constant, k; for both cold- and melt-crystallizations. By

combining those results with the present AFM and optical

microscopy studies of the crystallites formed in these three

regimes, a PTT crystallization kinetic phase diagram is

constructed as shown in Fig. 1. When a quenched, fully

amorphous PTT was heated above its glass transition to

induce cold-crystallization, AFM phase imaging showed

that it formed a sheaf-like structure. Meanwhile, PTT was

crystallized from the melt; the three crystallization regimes

exhibited various spherulitic morphologies. As Tiso was

decreased, the morphology changed from either an axialite

structure or an elliptically shaped spherulite in regime I to a

banded and a non-banded spherulite in regimes II and III,

respectively. The transition of a banded to a non-banded

spherulite took place at Tiso ¼ 468 K. It is interesting to note

that each crystallization regime has its own characteristic

morphology. The variation in the temperature dependence

of crystallization rate leading to the change in crystallite

morphology was common phenomenon in many systems

[47,50,51]. In fact, there is no conclusive proof to consider

that the cause of banded spherulites is related to regime

behavior. Therefore, this experimental result may be a

coincidence only. In the present study, our discussion is

based on the free surface. To learn about it, we carried out

AFM studies to see microscopic mechanism of lamellar

growth change at a higher resolution. Bearing in mind, this

technique probed only the surface morphology of the

spherulite; the interpretation of the bulk morphology has to

be supplemented with other techniques. All AFM’s results

in lamellar structures were double-checked in order to avoid

surface pseudomorph. The surface structures of lamellae

and macroscopic morphology, investigated by AFM and

optical microscopy, respectively, are presented below.

3.2. Non-banded spherulites

PTT non-banded spherulite was formed only at

Tiso , 468 K. Fig. 2 showed the AFM phase image of the

non-banded spherulite crystallized at Tiso ¼ 453 K. In AFM

images, the lighter regions could be interpreted as regions

that were either high in topography or high in phase lag

response from the stiffer lamellar crystals. In Fig. 2(a),

5 £ 5 mm2 scan size, PTT’s non-banded spherulite’s surface

was rather smooth compared to the corrugated-like surface

of banded spherulite and did not exhibit a fibrillar

morphology like those in the banded spherulite (see later).

However, at Fig. 2(a)’s magnification details of the lamellar

organization could not be clearly observed. The phase

image of Fig. 2(b), 500 £ 500 nm2 scan size, showed that

the non-banded spherulite’s surface often, although there is

a sporadic protuberance of surface, has flat-on lamellae. The

growth direction of flat-on lamellae was parallel to the

substrate plane. The three dimension height images of AFM

corresponding to Fig. 2(b) were shown in Fig. 2(c). Since

the planes of these terraces correspond to the horizontal

faces of the lamellae, therefore the height difference

Fig. 1. Crystallization kinetics and the related morphologies of PTT thin film crystallized at various conditions: (X) Avrami rate constants from melt-

crystallization; (W) Avrami rate constants from cold-crystallization; (O) optical microscopy spherulitic growth rate. The morphology for cold-crystallized film

was observed from a 250 £ 250 nm2 AFM phase image. The morphology for melt-crystallization was obtained by PLM.
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between the terraces also corresponds to the lamellar

thickness. The flat-on lamellae were found to pile up into

terrace-like layers with an average lamellar thickness of ca.

4 nm, obtained from the cross-sectional height profile of

Fig. 2(d). In non-banded spherulites, the flat-on lamellae are

slightly tilted and really not absolutely parallel to the

substrate plane.

3.3. Banded spherulites

When PTT was crystallized at Tiso ¼ 468–488 K,

banded spherulites were formed. Fig. 3(a) showed the

cross polarized optical micrograph of banded spherulites.

The birefringence of spherulites with a Maltese cross and a

distinct pattern of concentric rings are apparent. Fig. 3(b)

shows the banded spherulite’s texture when the sample’s

free surface was viewed by reflected light microscopy

(RLM). The concentric rings can also be seen clearly. Ho

et al. [52] suggested that the banded spherulite of PTT has a

wave-like surface. The dark band and bright band in Fig.

3(b) correspond to the band of weak birefringence and the

band of strong birefringence in Fig. 3(a), respectively. This

can be easily convinced by arrow mark in Fig. 3(a) and (b).

In Fig. 4(b), the three-dimension height image in AFM

manifested that the PTT banded spherulite has a wavy-like

morphology with alternating surface of ‘ridges’ and

‘valleys’ (see Fig. 4(a)’s boxed region). To compare with

Fig. 4(a) and (b), it indicates that the surface of banded

spherulite is considered to be consisted of alternate convex

and concave bands. Besides, the dark and bright bands of

Fig. 2. AFM images obtained on the surface of a PTT non-banded spherulite crystallized at Tiso ¼ 453 K: (a) phase image of 5 £ 5 mm2; (b) phase image of

500 £ 500 nm2 for the boxed region of (a); (c) three-dimensional image of (b); (d) the height profile along the black line in (c).

Fig. 3. Optical micrographs of PTT crystallized at 468 K (a) under

polarized light microscope (b) under reflected light microscope.
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banded spherulite in RLM (Fig. 4(a)) correspond to convex

and concave bands in AFM (Fig. 4(b)), respectively.

Fig. 5(a) and (b) are a series of AFM micrographs of the

spherulite’s concave band magnified from Fig. 4. Phase

image of Fig. 5(a), 5 £ 5 mm2 scan size, shows that the

surface of the concave band is rather smooth. Fig. 5(b) (scan

size of 1 £ 1 mm2) gives a magnified view of the boxed

region in Fig. 5(a). Fig. 5(c) is a three-dimensional height

image from the boxed region of Fig. 5(b). It showed that the

spherulite had regions of flat-on lamellae and multi-layered

terrace-like morphology. The lamellar thickness, measured

from the cross-sectional height profile between the hori-

zontal planes of the terrace-like lamellae, was ca. 4 nm as

shown in Fig. 5(d).

We now examined the convex bands of PTT banded

spherulite. Fig. 6(a)–(d) showed a series of phase-resolution

images of the convex band under various magnifications.

Fig. 6(a), 14 £ 14 mm2 scan size, showed the organization of

the fibrils that were oriented edge-on and parallel to the

spherulite’s growth direction. At a higher magnification of

5 £ 5 mm2 scan size, the boxed region of Fig. 6(a) showed

an almost parallel fibrillar texture, Fig. 6(b). The average

width of the fibril was about 500 nm. In order to investigate

the lamellar organization within the fibrils, the microstruc-

tures were examined with a higher magnification at nano-

scale level. Fig. 6(c), 500 £ 500 nm2 scan size, showed that

the fibrils, which lied parallel with each other and formed

the fibrillar stacks, were made up of edge-on lamellar

bundles. Fig. 6(d), 125 £ 125 nm2 scan size, further showed

the fibrils formed near the surface and a lamellar thickness

of ca. 4.5 nm. The AFM observations showed that the

convex band of banded spherulite was mainly consisted of

fibrillation of edge-on lamellae.

3.4. Axialite crystallites and elliptical spherulites

In the early stage crystallization at a higher temperature

of Tiso ¼ 490 K, PTT formed axialite. AFM observation

showed that the axialite was mainly made up of fibrils as

shown in Fig. 7. Initially, the fibrils formed a framework

similar to that found in a dendritic crystallization; the flat-on

lamellae, indicated by the arrow in Fig. 7, then filled up the

spaces of the intervening channels. When the sample was

crystallized isothermally for ca. 20 h at 490 K, the axialite

grew into an elliptical spherulite. Thus the axialite is a PTT

crystallite at early stage crystallization.

Fig. 8 shows an optical micrograph of the elliptical

spherulite under cross-polars. The elliptical spherulite had

irregular, bushy concentric bands, but it did not exhibit the

typical Maltese-cross extinction pattern. This morphology

may be considered as an immature spherulite. In our

observation, the banded characteristic of an elliptical

spherulite is analogous with that of banded spherulites, i.e.

the band of strong birefringence and band of weak

birefringence correspond to concave band and convex

band, respectively, in PTT elliptical spherulite. The lamellar

organizations within these bands were also investigated

using AFM observation.

Fig. 9(a) and (b) show the height and phase images of the

elliptical spherulite concave band, respectively. The scan

size of the image is 5 £ 5 mm2. However, at this magnifi-

cation the lamellar organization could not be clearly

observed. The boxed region of Fig. 9(a) was magnified to

a scan size of 1:15 £ 1:15 mm2 to obtain a better resolution

of the height image of Fig. 9(c). At this magnification the

flat-on lamellae could now be discerned. The lamellae were

found to grow along the radial direction and their

arrangement was parallel to the substrate plane to form a

terrace-like feature, though, the flat-on lamellae were not

absolutely parallel to the substrate. Fig. 9(d) shows a cross-

sectional height profile of these terraces. The average

lamellar thickness obtained from the profile is ,5.5 nm.

When the boxed region of Fig. 9(b)’s phase image was

magnified to a scan size of 500 £ 500 nm2, Fig. 9(e), the

soft, amorphous fold surface of the lamella was imaged as

spotted regions. It can be seen that the lamellae in concave

Fig. 4. (a) Reflected light micrograph of the free surface of PTT banded

spherulite crystallized at Tiso ¼ 483 K. (b) Three-dimensional AFM image

of a quadrant of the banded spherulite corresponding to the boxed region in

(a).
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band were also flat-on like those found in the concave band

of banded spherulite in Fig. 5.

Fig. 10(a)– (c) are phase images of the elliptical

spherulite’s convex band at various magnifications. In Fig.

10(a), 14 £ 14 mm2 scan size, the edge-on surface was very

rough and the texture exhibited the appearance of the

dendritic fibrils splayed apart from the dendritic branches in

order to fill up the spaces along the radial direction. To

resolve the structural feature of these fibrils, the boxed

region of Fig. 10(a) was magnified in succession into Fig.

10(b)–(d) with 5 £ 5 mm2, 1 £ 1 mm2 and 125 £ 125 nm2

scan sizes, respectively. Each image was magnified from

the, respectively, boxed region of the previous figure. With a

scan size of 125 £ 125 nm2, Fig. 10(d) was able to show

Fig. 5. AFM images obtained from the surface of the concave band of banded spherulite: (a) phase image of 5 £ 5 mm2; (b) phase image of 1 £ 1 mm2 for boxed

region of (a); (c) three-dimensional image of (b); (d) the height profile along the black line in (c).

Fig. 6. A series of magnified images obtained on the surface of the convex

band of banded spherulite: (a) phase image of 14 £ 14 mm2; (b) phase

image of 5 £ 5 mm2 for the boxed-region of (a); (c) phase image of

500 £ 500 nm2 for the box-region of (b); (d) phase image of 125 £ 125 nm2

for the boxed-region of (c), the edge-on lamellae indicated by arrow mark.

Fig. 7. AFM phase image (14 £ 14 mm2) obtained on the surface of the

axialite; the arrow indicates the flat-on lamellae.
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details of the fibril’s lamellar morphology at nano-scale

level. The arrow indicates the stiff (light) regions where the

lamellae were edge-on i.e. lamella is perpendicular to

substrate. The softer amorphous phase between the edge-on

lamellae appeared on the shadowed regions. Fig. 10(d) also

showed that the fibrillar bundles formed from the edge-on

lamellae were arranged along the fibril’s growth direction.

The average thickness of these lamellae was ca. 5 nm. These

features showed that the convex band in elliptical spherulite

was made up of fibrils formed from the edge-on lamellae.

4. Discussion

4.1. Macro–micro morphological interplay

The macroscopic morphology is composed through

microscopic structure of the lamellae. The question is how

the microscopic organizations of the lamellae influence

macroscopic patterns as crystallization temperature is

varied. The AFM results showed that PTT’s axialite,

elliptical, banded and non-banded spherulites in the three

regions of Tiso exhibit two basic types of lamellar

organizations, i.e. the flat-on lamellae spread out to be

terrace-like morphology and the edge-on lamellae aggre-

gated to form fibrillar bundle. The terrace-like lamellae

were found in the concave bands of banded spherulite (Figs.

5 and 9) and in non-banded spherulite (Fig. 2). On the other

hand, the fibrillar bundles were found in the axialite and in

the convex bands of banded spherulite (Figs. 6, 7 and 10).

The lamellar thicknesses of the flat-on and the edge-on

lamellae, measured from phase height AFM, were ca. 4–

5 nm. These values were consistent with the SAXS results

reported in our previous study [53].

In PTT spherulites the flat-on lamellae were constituted

through multi-layering, followed by a non-coplanar growth

on the exposed faces upon further crystallization. Such a

growth pattern must have caused a giant screw dislocation

and resulted in slip. When this occurs near the surface, a

terrace-like feature is formed (Figs. 2, 5, and 9). The sliding

of one lamella over another can be envisaged like the edges

of the pages of a partly opened book. Current theories

attributed dislocations to slips generated by stress-induced

or thermal fluctuations [54,55]. Since chain folding occurs

on the lamellar surfaces, the polymer chains must re-enter

the crystal many times. The PTT terrace-like lamellae (Figs.

2(d), 5(d) and 9(d)) were not completely parallel to the

substrate’s surface but slightly tilted. The unequal surface

stresses from chain tilting or staggered chain folding may

give rise to a giant screw dislocation. As the lamellae piled

up to form the terrace-like morphology, the giant screw

dislocation generated a consistent sense in the terrace-like

lamellae layers [17]. Thus giant screw dislocation is

considered to be the most important defect in polymer

crystallization, and is also a key feature of spherulitic

proliferation in melt crystallization [14,20]. The flat-on

lamellae were oriented along the radial direction. The

intervening spaces were also filled up by these lamellae.

Giant screw dislocation must also play a dominant role in

the space filling of PTT spherulite via the propagation of the

non-planar lamellae. The effectiveness of space filling

depends on the frequency of the screw dislocations.

Fibrillar morphology was observed on PTT axialite and

convex band of banded spherulites in thin films. These are

structured by fibrils, which usually contain near hundred

lamellae. The fibrils can be observed in the micrometer

range, whereas lamellae usually have a dimension in the

nanometer range. Fibrillation was formed by the aggrega-

tion of edge-on lamellae (Figs. 6, 7 and 10). Since the edge-

on lamellae generate a larger specific surface area,

fibrillation may be an essential process for relieving the

surface free energy. Furthermore, fibrillar structure was not

found in the non-banded spherulites, which consist of only

the flat-on lamellae. These observations indicate that the

fibrillar structure would be vanished at higher supercooling.

4.2. Origin of PTT banded spherulite formation

In PTT banded spherulites, two types of lamellar

morphology were observed in the convex and concave

bands surface, respectively. In the concave bands, the

terrace-like lamellae were formed due to the giant screw

dislocations. In the convex bands, the fibrils were formed

from the edge-on lamellae. It can be seen that the edge-on

and the flat-on lamellae are alternately generated to give rise

to the periodic concentric rings observed in PLM and RLM.

For a thin film crystallized with a free surface, the

unrestrained lamellae generated periodic topographical

variations [56,57] as they are developed along the radial

direction of the banded spherulite. In Fig. 3(b), the wavy-

like morphology of banded spherulite showed alternating

surfaces of ridges and valleys. So far the study of wavy-like

Fig. 8. PLM micrograph of an elliptical-shaped PTT spherulite crystallized

at Tiso ¼ 490 K for 20 h.
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surface on banded spherulites has been discussed super-

ficially. Especially, there is an interesting problem how

wavy-like surface forms as self-organization pattern. As

discussed earlier we have confirmed that the convex band of

PTT spherulite corresponds to PLM’s dark band of weak

birefringence and RLM’s dark band. On the other hand, the

concave band corresponds to PLM’s bright band of strong

birefringence and RLM’s bright band. Therefore, the dark

bands consist mainly of lamellae oriented preferably edge-

on, whereas the most lamellae within bright bands are flat-

on. There is a question why the generation of edge-on

lamellae should exhibit the dark bands of weak birefrin-

gence /or extinction rings in PTT banded spherulite. Chuah

[58,59] have studied on intrinsic birefringence of PTT in

detail. It has been known that the growth or radius direction

of PTT spherulite is a axis [52]. From the refractive indices

along a, b and c-axis of PTT unit cell, the birefringence

between parallel and perpendicular to radius direction of the

spherulite could be zero as the edge-on lamellae need only

to periodically tilt a little to get into extinction [59]. Since

the fibrillation of edge-on lamellae were formed in the ridge

region (dark bands in PLM) while the terrace-like lamellae

were formed in the valley region (bright bands in PLM), we

could suggest that the alternate organization of the edge-on

and the flat-on lamellae in PTT banded spherulite is

composed of two growth mechanisms. Recently, Wu and

Woo [60] also reported that PTT banded spherulites are

characterized with two alternating textures.

Fig. 11 shows the radius of PTT banded spherulite as a

function of crystallization time at Tc ¼ 483 K. The average

Fig. 9. AFM images obtained on the surface of the concave band of elliptically banded spherulite: (a) height image of 5 £ 5 mm2; (b) phase image of

5 £ 5 mm2; (c) three-dimensional image of an enlarged boxed region from (a); (d) height profile across the height image of (c); (e) phase image of

500 £ 500 nm2 for the boxed region of (b).
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growth rate G is fitted from all experimental data with a

slope of ,0.08 mm/sec. The true circles and vacated circles

corresponded to the results of convex bands and concave

bands, respectively. It is found that the slope of each convex

band is smaller than that of the concave band, indicating that

the growth rate was not constant. Two growth rates

alternately appeared as PTT banded spherulite grew. This

periodic change in growth rate is so-called rhythmic growth

[30,61–63]. The various growth rates were specified that

there is an obviously different growth mechanism between

convex and concave bands. Directly perceived through the

senses, slow growth of the convex bands could be

reasonably attributed to the formation of ridge surface.

Therefore, these experimental facts lead us to believe that

the rhythmic growth of alternate concave and convex bands

is essential to the growth process of PTT banded spherulites.

A number of studies had attempted to give an alternative

explanation of the concentric extinction phenomena in

terms, for example, of assumed preferred lamellar twisting

[1,9] or of rhythmic crystallization [30,61–63]. It is

important to note that the fibrillation of edge-on lamellae

exhibit an abrupt change to be terrace-like flat-on lamellae

along the radius of banded spherulite of PTT. Not only

microscopic structure variation, moreover, the growth of

PTT banded spherulites was also accompanied with

rhythmic growth, which is characterized by a fast growth

followed by a slow growth. One can then go on to appreciate

that the deceleration of growth rate in convex band may be

due to the growth habit of fibrillation of edge-on lamellae

for forming a ridge surface. Meanwhile, the acceleration of

growth rate in concave band may be attributed to the growth

habit of terrace-like or flat-on lamellae for forming a valley

surface. Consequently, our observation on rhythmic

growth in PTT banded spherulites strongly supports the

viewpoint of sharply alternating growth of edge-on to flat-

on lamellae.

A large number of investigations have been performed

concerning the banded spherulite, but many unsolved

problems remain about the relationship between the

morphology and growth mechanism. In the present study,

however, the rhythmic growth signifies that the origin of

PTT banded spherulite may be incompatible with the model

of continuously lamellar twisting [1,9]. In fact, the

formation of banded spherulite of PTT, which is really not

advance formed lamellae and then twisting, changes

lamellar habits at fixed distance or time. The growth of

spherulite is completed by the need of cooperative move-

ments of the large number of connected monomers.

Therefore, the point we wish to emphasize is that the

deposition of the stem and attachment of following stems in

the folding chain on growth front may be a crucial role for

forming a banded spherulite. That is, the process of

stretching the stems in order to form edge-on or flat-on

lamellae determines the lamellar growth mechanism. It may

be nearer the truth to say alternating growth mechanism in

PTT banded spherulites; i.e. alternating flat-on to edge-on

mechanism.

The question that we must consider next is the cause of

alternating change of lamellar growth habits in PTT banded

spherulites. We conjecture that there may communicate

some message to the crystal/melt interface during the

formation process of PTT banded spherulite. Accordingly,

the effects of self-generated field on polymer crystallization

[64] perhaps provide a consideration to the formation

mechanism of PTT banded spherulites. The act of crystal-

lization normally creates fields in stress, composition, and

thermal fields can feed back strongly to affect the kinetics

and morphology of the crystallizing material [64]. The

continuous lamella with helicoidal twisting [1,9] that has an

effect of stress field. On the other hand, Okabe et al. [65]

reported that the referential rejection of PVAc chains into

the inter-spiral (inter-ring) regions of the growing ringed

spherulite during PVDF crystallization in polymer blends

Fig. 10. A series of magnified images obtained on the surface of the convex

band of elliptically banded spherulite: (a) phase image of 14 £ 14 mm2; (b)

5 £ 5 mm2 phase image for the boxed-region of (a); (c) 1 £ 1 mm2 phase

image for boxed-region of (b); (d) 125 £ 125 nm2 phase image for the

boxed-region of (c); the arrow indicates the twisted edge-on lamellae.

Fig. 11. Rhythmic growth for PTT banded spherulite at Tiso ¼ 483 K (X)

convex band (W) concave band.
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that may be considered related to the effect of compositional

fields.

However, not only the effect of stress and composition

field but also that of thermal field could provide an

opportunity to form banded texture. It should be mentioned

here that the occurrence of ‘banded texture’ is a rather

common phenomenon to many rapid solidification alloys

[28,29]. The banded textures are usually characterized by

alternate bright and dark bands parallel to the solidification

front [28]. The bight band is formed from microsegregation-

free structure; in contrast, the dark band is formed either

cellular or dendritic structure. The fast and slow growth

rates are, respectively, found in the bright and dark bands. In

principle, the crystallization from the melting growth is

accompanied by release of latent heat, since the crystalline

state has lower entropy. The physical origin of this effect

can be understood qualitatively by noting that the liberation

of the latent heat at the crystallization front allows the front

to advance rapidly, but the material behind the front cannot

keep up and then crystal growth slows down until more heat

can diffuse to the boundary. This indicates that diffusion

process of latent heat at the crystal/melt interface may play a

role for the formation of banded texture. The effect of latent

heat diffusion is a truth little understood in the morphology

of the polymer but it is a very essential subject. In fact, the

physical origin of the banded texture has not been elucidated

with certainty. It probably shares some common principle

with other systems. The effect of latent heat diffusion giving

an idea of that formative mechanism of banded spherulites

in PTT maybe analogized with banded morphology in

solidified alloys. They have a consistent phenomenon

characterized by periodic variation of growth mechanism

along growth direction. Although a similar growth mech-

anism in banded morphology of alloys does not automati-

cally guarantee whether the origin is the same. It is worthily

investigating the banded forming aspects of polymeric

crystallization from a new perspective. The latent heat

diffusion may be a candidate to explain the cause of PTT

banded spherulites.

4.3. Self-organization of PTT banded spherulite

A model, schematically illustrated in Fig. 12, can now be

constructed to summarize the hierarchic structure of PTT

banded spherulites at different length scales. In the intrinsic

sense of polymer crystallization that the crystallites formed

at a given temperature do usually not obtain their

equilibrium properties owing to temperature dependence

of lamellae thickness. The crystalline state of polymer

matter in most cases indicates a metastable structure

produced by a non-equilibrium growth process. PTT banded

spherulites can even be regarded as a self-organization

process since a hierarchy of patterns on various length

scales are formed ranging from crystalline stems on the

nanometer scale up to spherulite size of hundreds microns.

At the molecular level, the chains form a regular lattice with

fixed spacings between the lattice sites. At this microscopic

level scale, the ordering of the molecular chains from X-ray

or electron diffractions showed the atoms and molecular

chains of PTT are arranged in a triclinic crystal lattice [66].

At a nanometer length scale, AFM revealed two types of

lamellar growth. The flat-on lamellae, caused by giant screw

dislocations, formed the terrace-like lamellae within the

valleys of the concave bands. The fibrillar texture, consisted

of edge-on lamellae, was found in the ridges of the convex

band. The above microstructures were formed from two

distinct growth mechanisms coexisting within the banded

spherulite.

As the morphological formation of PTT banded spher-

ulites is discussed above, the wavy-like surface, alternating

growth habit and rhythmic growth are found as the

spherulite grows. To note that the banded spherulite is

formed through the microscopic coordination of the

lamellar crystal to macroscopic ordering, and the banded

texture suddenly disappeared below Tiso ¼ 468 K. A

question that has been touched on but not explored is how

the cooperation of these lamellae brought about the spatial

or temporal patterns at a macroscopic level for the banded

spherulite. This phenomenon may be considered in the light

Fig. 12. Schematic model of hierarchic structure in the formation of PTT banded spherulite.
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of the formation of complex space-time self-organization

patterns in a non-equilibrium process [22,23]. The terms

‘Dissipative structures’ [22] and ‘Synergetics’ [23] have

been widely accepted to indicate the crucial role of

simultaneously cooperative process as a necessary prere-

quisite for a system to undergo a sudden change of

properties and symmetry at critical thermodynamic values

arising in far-from-equilibrium conditions. Following this

viewpoint, regardless of lamellar twisting model or alter-

nating growth model, the banded spherulites perhaps exhibit

a common characteristic of synergetics that may be a

candidature for dissipative structures. Recently, a viewpoint

of crystallization under non-equilibrium conditions has been

extensively accepted in polymer crystallization [48,67].

According to the reasoning from analogy among those

systems as mentioned above, we thus proposed that PTT

banded spherulites formed from thin film crystallization

exhibit a microscopic cooperation of lamellar organization,

which transforms into a macroscopic order of periodic

banded structure as the self-organization under non-

equilibrium crystallization.

4.4. BNB morphological transition as a non-equilibrium

phase transition

Fig. 13 shows a PLM observation of PTT spherulite

crystallized in steps of distinct Tiso: The sample was

isothermally crystallized in sequence at 489, 468 and

453 K. The center of the spherulite clearly showed an

axialite-like structure (Tiso ¼ 489 K). A banded texture was

formed when the temperature was lowered to

Tiso ¼ 468 K. Finally, a non-banded texture was formed as

the temperature was further lowered to 453 K. When Tiso is

varied, the morphology is sharply changed to another one at

once. This result demonstrates that there might be a

threshold of supercooling temperature at which a morpho-

logical transition would take place.

For the present, we shall confine our attention to BNB

morphological transition. Recently, Hutter and Bechhoefer

[46,47] have suggested that the transition from non-banded

spherulite to banded spherulite in liquid crystal exhibits a

characteristic analogous to the second-order morphological

transition and shows a critical behavior. However, Ben-

Jacob et al. [39] term the transitions where the growth rate

discontinuously jumps as the first-order morphological

transition and those where the slope of growth rate

discontinuity as the second-order morphological transitions.

In many systems, researchers have introduced the idea of

morphology/phase transitions [38–41,68–72]. These con-

cepts, borrowed from the theory of equilibrium phase

transition, suggest that various non-equilibrium structures

emerge upon varying the parameters (such as undercooling,

anisotropy etc.) governing the growth process. In the present

work, we presuppose that BNB morphological transition

may vary non-analytically with DT ; in analogy with non-

equilibrium phase transition, having a critical phenomenon.

The periodic spacing of band suddenly dissipated at

DT ¼ 58 K where BNB morphological transition appears.

This divergence is analogous with a critical phenomenon,

which one may expect to exhibit the second-order transition.

It further implies the existence of morphological transitions;

that is, a sharp transition between morphologies occurs with

a varying of the growth conditions. If this presupposition

could be accepted, one can assume that periodic spacing of

band may be referred to be an order parameter. The order

parameter plays a center role for critical point in non-

equilibrium phase transition. Generally, in non-equilibrium

phase transition the change of one phase to another was

taken place suddenly at one point, indicating a saltation

process. Non-equilibrium phase transition has a common

characteristic of order parameter, which continuously

changes to zero or vanishes to non-zero at critical point.

Let us look at BNB morphological transition in PTT from

a new perspective of non-equilibrium phase transition. If we

assume that, the banding formation has a feature of critical

behavior. For the interpretation on our result, the appro-

priate expression for the relative distance to the threshold is

1 ¼ ðT 2 TcÞ=Tc; where the Tc is the critical temperature of

BNB morphological transition. In this work, we define the

temperature of 467 K at which banded spherulite disappears

at Tc: Banded spherulite emerges a macroscopic ordering,

and the transition corresponds to the broken symmetry.

BNB morphological transition could be regarded as a

macroscopic order-to-disorder transition. The macroscopic

order phase cannot exist below Tc; either as metastable or

unstable state. This is a characteristic feature of non-

equilibrium phase transition. The periodic spacing is a

function of temperature and then it vanishes as temperature
Fig. 13. PLM micrograph of PTT spherulite successively crystallized under

a series of Tiso (489 K ! 468 K ! 453 K).
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approaches to Tc :

S ,
0 for T , Tc

1
�b for T . Tc

(
ð1Þ

The periodic spacing S is characterized by a new exponent
�b:In Fig. 14, the periodic spacing is plotted as a function of

the relative distance to the threshold. As that expected with

respect to Eq. (1), a power law behavior is found. Within

experimental error, the slope of the straight line is close to 1/

2. This value could be compared with the well-known

critical exponent b ¼ 1=2 for the order parameter in the

mean-field theory. Therefore, expanding the periodic

spacing as a power law in the reduced temperature, critical

exponent can be defined by analogy with the mean-field

theory of equilibrium phase transition [44,45]. Concerning

this viewpoint, there is a rather common belief in the

literatures [73–79] that non-equilibrium phase transitions

bear basically a classical character, i.e., they can be

described, even exactly for experimental data, on the basis

of the classical Landau theory of phase transition and

critical phenomena. To our knowledge, the critical exponent

in BNB morphological transition has not hitherto been

defined. It may explain the surprising fact that quite

different systems are governed by the same theorem for

the order parameters. Although, theories of broken sym-

metry and renormalization groups demonstrate that emer-

gent macro-phenomena are not merely the logical

consequence of microphysical laws. The microstructures

may affect the ways of various systems close to their

respective critical temperature, which may be described by a

universal critical exponent and simple scaling law. All of

these identify BNB morphological transition as a kind of

non-equilibrium phase transition. Although, non-equili-

brium and equilibrium phase transitions are based on

different background of theory. They have been pointed

out that enhancement of fluctuations, long-range order and

critical slowing down are common to both equilibrium and

non-equilibrium critical phenomena. These common

characteristics by no means fortuitous among them must

have interplay between macro- and micro-structure.

5. Conclusion

In spite of various origins for the formation of banded

spherulite, there have three universal phenomena under

isothermal crystallization: (1) the morphological change

from banded to non-banded depends on the supercooling,

and there might be a threshold value for the supercooling.

(2) Although, the dependence of BNB morphological

transition on supercooling varies significantly with material

under consideration, the periodic spacing generally

increases with decreasing DT in the banding region, i.e.

the slow growth rate would lead to larger periodic spacing.

(3) The periodic spacing of banded spherulite, which is

constant for isothermal crystallization, has no dependence

on the spherulite size. Underlying the universality as

mentioned above, we believe that there may be a set of

overarching principles lending a unified perspective for

banded spherulites. Nevertheless, the BNB morphological

transition in spherulite formation has been regarded as a

kind of non-equilibrium phase transitions in the present

work; we still have a long way to go before we verify a clear

definition in the universality of banded spherulite.
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