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T
he crystallization morphology of poly(phenylene sulphide) (PPS) with different

molecular weights (MW), isothermally crystallized from the melt under shear

condition, has been observed by polarized optical microscope (POM) equipped

with a CSS450 hot-stage. The morphology of PPS is greatly influenced by shear con-

dition, and the shish-kebab-like fibrillar crystal structure can be observed under high-

er shear rate and longer shear time for the higher molecular weights. Under the qui-

escent crystallization the growth rate was found to be essentially MW dependent i.e.,

the spherulite growth rate decreases with the increased MW, and a strong effect of

MW on the flow induced crystallization kinetics was observed. Under shear condition

the decreasing spherulite growth rate results from highly oriented chains. The molec-

ular weight was also found to explain qualitatively the observed transition from the low-

est MW isotropic morphology to the higher MW shish-kebab-like fibrillar crystal struc-

ture. The melting behaviors of the three MWs performed by differential scanning

calorimetry (DSC) show that multiple melting peaks can be observed after the PPS

melts when subjected to shear flow. We suggest that the lower melting peak corre-

sponds to the melt of imperfect crystal. The higher melting peak is related to the ori-

entation of molecular chains. These orientated molecular chains form the initial lamel-

lae, which are thicker than the kebab-like lamellae that later develop due to chain

relaxation.

INTRODUCTION

Polymer crystallization from the

melt has been widely studied for

many decades due to its important

industrial implications. In most

polymer processings, however,

shear flow occurs in such opera-

tions as: injection moulding [1],

film blowing, and fibre spinning

[2]. Although shear flow is often

considered as a 'weak' flow, the

semi-crystalline morphology and

nucleation density that developed

under shear field [3,4] is typically

very different from what is

observed under quiescent condi-

tions [5-7]. Generally speaking, the

polymer chains are oriented and

possibly stretched when subjected
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to flow. The resulting entropy decrease makes crystal-

lization more favourable, at least in its nucleation

stage, thus generating the observed acceleration in

crystallization kinetics [8-11]. 

It is widely recognized that molecular weight

(MW) and molecular weight distribution (MWD) are

important structural properties in quantitatively deter-

mining the flow-enhanced crystallization behaviour.

Evidence of the effects of MW on the crystallization

rate can be found in the literature [12-14]. In spite of

the above reported experimental efforts, the effects of

MW and MWD on flow-induced crystallization are

still missing. This is mainly due to the difficulty of

having access to well-characterized samples of differ-

ent MW, whose crystallization behavior (even in qui-

escent conditions) is sufficiently homogeneous. To

our knowledge, only Jay et al. [15] and Duplay et al.

[16] have mentioned a series of fractionated

polypropylenes of different MW under shear condi-

tion.

Poly(phenylene sulphide) (PPS) is a high tempera-

ture semi-crystalline thermoplastic polymer that is

widely employed because of its excellent properties,

which depend on the extent of crystallinity and its

morphological superstructure. Aromatic and hetero-

cyclic rings offer conjugated rigid structures with

high glass transition temperature and strong linkages,

allowing good resistance in harsh environments

[17-20]. Numerous studies have been undertaken to

investigate the crystalline structure, morphology, ther-

mal stability, and crystallization kinetics of PPS.

Lopez et al. [21-23], Lovinger et al. [24], Menczel et

al. [25], Zeng et al. [26], and Jog et al. [27] have thor-

oughly studied the morphology of PPS in quiescent

condition. However, very few studies focus on the

crystallization of PPS under shear, and especially the

effect of molecular weight. As it is well known, poly-

mer melts are subjected to flow prior to crystallization

in most processing operations. The crystallization

behavior and final morphology are dictated by the

applied flow conditions. Thus, it is highly important

to investigate the crystallization behaviour of PPS

under shear flow condition, especially the shear-

induced shish-kebab-like fibrillar crystal structure of

PPS. Investigations on the crystallization of PPS with

different molecular weights under shear condition are

of great importance to understand the final properties

of product. Thus, in this study we intend to introduce

the crystallization of PPS under shear condition by

using polarized optical microscope (POM) equipped

with a CSS450 hot-stage. In this paper, we show from

the polarized microphotographs that the shish-kebab-

like fibrillar crystal structure can be produced by a

step shear in a supercooling PPS melt. 

EXPERIMENTAL

Materials

Three commercial grades of PPS resin powder served

as model polymers for the study, and they are labeled

as PPS52, PPS48, PPS22, which were kindly provid-

ed by DeYang Corp (China). These grades were used

as model polymers for this study. Some relevant prop-

erties of these samples are summarized in Table 1. 

Samples Preparation

The PPS resin was treated at 140ºC for 4 h at first to

remove the low molecular weight molecules, such as

water. The PPS specimens were moulded into thin

films between glass cover slips to measure the

spherulite growth rate.

Shear Apparatus

A CSS 450 high-temperature shear hot stage (Linkam

Scientific Instruments Ltd., UK) was used to control

the shear rate and thermal history of the PPS samples.

Morphology Characterizations 

The experimental procedure was chosen as follows:

(1) heating the samples at 30ºC/min from room tem-

perature to 330ºC; (2) holding the samples tempera-

ture at 330ºC for 5 min to eliminate all possible resid-

ual structure; (3) cooling at a rate of 100ºC/min down

to 260ºC; (4) cooling at a rate of 10ºC/min down to

Table 1. Some relevant physical properties of three PPS

samples.
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Samples Mn [g/mol] Mw [g/mol] Mw/Mn

PPS52

PPS48

PPS22

23636

20869

8370

52,000

48,000

22,600

2.2

2.3

2.7



Figure 1. Diagram of the temperature cycle.

250ºC; (5) shear the melt immediately at a shear rate

of 60 s-1 for 150 s after the crystallization temperature

reaches 250ºC; and (6) after shear cessation, the sam-

ples were isothermally crystallized at 250ºC as long as

possible as the crystallizations were complete with

CSS450 hot-stage and the microscope photos were

taken in situ by a CCD camera (Figure 1).

Differential Scanning Calorimeter Measurement

After crystallizations were completed at 250ºC, these

samples were detached from the plates for measuring

thermal properties, which were measured by a Perkin-

Elmer Diamond differential scanning calorimeter

(DSC) from room temperature to 330ºC at a rate of

10ºC/min under nitrogen atmosphere. 

RESULTS AND DISCUSSION

Crystalline Morphology under Shear Condition 

The crystalline morphologies of PPS with three MWs,
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Figure 2. Optical microscopy images of the crystallizations of PPS52: (a) 390 s, (a´) 2940 s; PPS48:

(b) 450 s, (b´) 2250 s, and PPS22: (c) 120 s, (c´) 330 s at 250ºC under static condition. 
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isothermally crystallized at 250ºC under static condi-

tion, are presented in Figure 2. The spherulite super-

structure of PPS can be observed clearly under the

polarized optical microscope. The morphology is

mainly shperulitic; the spherulites made of thin fibrils

are oriented along the radius of a circle. Note the

Maltese cross is well defined in agreement with

Uemura [28]. It can be seen from Figure 2 that the

nucleation density decreases as the MW increases. It

can be ascribed to the higher concentration of chain

end-group in lower MW sample. That is, the higher

MW has a less concentration of chain end-group ion.

Yet the lower MW sample possesses higher nucleat-

ing ability. With the crystallization time increasing,

the quantity of nuclei increases, indicating the thermal

nucleation during the isothermal crystallization. At

the later stage the spherulites of PPS impinge into

each other due to the space limitation.

In Figure 3 the crystalline morphology of PPS with

three MWs crystallized isothermally at 250ºC under

shear condition (shear rate 60 s-1, shear time 150 s) is

presented. One can see that the shear flow has an

important influence on the crystalline morphology of

PPS, that is, the shear flow can induce PPS with high-

er MW to form the shish-kebab-like fibrillar crystals.

From Figure 3 it can be seen that PPS52 and PPS48

can form the row nucleation structure. As it is well

known, the longer molecular chain is easy to stretch

along the shearing flow direction. Under the crystal-

lization driving force, these aligned molecules aggre-

gate together and form numerous stable nuclei that are

aligned tightly in the direction of shear. However, the

lower MW PPS sample cannot form row nuclei. This

result is consistent with Hsiao [5] who suggests that

only molecules with a chain length above a critical

value M* are supposed to be oriented. The oriented

molecules serve as the precursor or primary nuclei. In

Figure 3 it appears that the row nucleation structure is

composed of numerous nuclei that align tightly in the

direction of shear flow. This phenomenon is a little
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Figure 3. Optical microscopy images of the crystallizations of PPS52 (a), PPS48 (b), and PPS22

(c) at 250ºC after a shear flow of 60 s-1 and 150 s. The crystallization durations of the above order

are: 260 s, 240 s, and 60 s.
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different from previous study on the development

mechanism of row nucleation structure. In previous

study [29-30] they proposed that the row nucleation

structure is composed of two parts, which is shish-

kebab. One can see that the kebab structure begins to

grow epitaxially around the shish core after being

formed. As the time passed, the kebab-like lamellae

impinged with each other due to the space limit. The

shish-kebab-like fibrillar crystals are composed of

numerous oriented spherulites which align in the

direction of shear flow. With the crystallization time

increasing, these oriented spherulites grow and

impinge with each other longitudinally.

Effect of Crystallization Temperature on

Spherulite Growth Rate

Figure 4 represents the spherulite growth rates of PPS

as a function of crystallization temperature under qui-

escent condition. In the crystallization temperature

range explored, the spherulite growth rate of PPS

decreases with the crystallization temperature, and it

changes slowly when the crystallization temperature

is over 260ºC. Also, one can see that the spherulite

growth rate decreases with the MW, which is in agree-

ment with Parrini and Corrieri [31]. However,

Gahleitner et al. [32] and Eder et al. [33] have found

that there exists a critical mass, above which the

growth rate is not affected by the MW. But Acierno

Figure 4. Relationship between crystal growth rate (μm/s)

and crystallization temperature (ºC) for PPS samples crys-

tallized from the melt under static and shear rate 60 s-1 and

shear time 150 s.

[34] measured the isothermal crystallization rate of a

sequence of isotactic poly(1-butene) (iPB) of different

MWs under quiescent conditions. The crystallization

kinetics of iPB was found to be independent of MW.

Stefano Acierno [35] has discovered that an increase

of molecular weight has been found to determine larg-

er nucleation and crystallization rates at a given shear

rate.

There were very few studies about the influence of

the shear flow on the growth rate [2,36]. Nevertheless,

the spherulite growth rate is mainly dependent on the

MW and shear rate. Jay et al. [15] and Duplay et al.

[16] found that under shear condition the overall crys-

tallization rate exponentially increased (at fixed shear

rate) upon increasing the polymer MW. And longer

polymer chains will be more oriented than shorter

ones under the same shear conditions, as higher MWs

are more sensitive to shear.

In Figure 4 the spherulite growth rates of PPS with

three different MWs crystallized isothermally at fixed

shear rate and shear time are presented. It can be seen

that spherulite growth rate decreases as the MW

increases. After shearing, the growth rates of PPS48

and PPS22 are reduced, while the PPS52 is little

affected by the shear flow. It can be ascribed to the

relaxation process of molecular chains. It is well

known that polymer disengagement time is related to

the polymer molecular movement, which is coupled

with the polymer relaxation after shearing. The

decrease of PPS22, however, is also attributed to

molecular chain, which is more the nucleation densi-

ty under shear condition that causes the limitation of

the growth of spherulite. We suggest that there exists

a critical MW, above which the growth rate is inde-

pendent of MW, while below which it is dependent of

the MW. Hong Huo et al. [37] found that the growth

rate of IPP crystal after being sheared was increased

and it was attributed to the change in free energy to

flow. The increase of the growth rate is governed by

the combined effect of the shear and relaxation; the

relaxation is also an important factor during the

process of crystallization. We conclude that the shear-

induced orientation of PPS molecular chain in the

melt state under shear causes the decreasing of growth

rate. These oriented molecular chains grew in three-

dimensions after forming the stable crystal nucleus. It

takes longer time for the molecular chain to enter the
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growth front than that for the unoriented molecular

chain. This needs more time to go to the growth of

crystals from the melt, which reduces the growth rate

of PPS. 

Melting Behaviour Analysis of PPS

The melting behaviour of PPS crystallized isother-

mally under quiescent condition has been widely

found [38-40] that it usually displays multiple melting

peaks when scanned by DSC, attributed to the degree

of crystal perfection and the degree of supercooling.

But the melting behaviour of PPS is subjected to shear

flow, which is seldom reported.

The DSC curves of the PPS with three MWs crys-

tallized completely at 250ºC after being sheared at the

same shear rate (60 s-1) and at static condition are pre-

sented in Figure 5. Under quiescent condition, only

one melting peak appears in the melting curve of crys-

tallized PPS, which is not caused by the secondary

crystallization. As can be seen, in the case of PPS melt

that is subjected to shear flow there occurs double

melting peaks, which show that row nuclei is not

Crystallization of Poly(phenylene sulphide) with ... Min M et al.
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Figure 5. The DSC scans curves of PPS22 (a), PPS48 (b), and PPS52 (c) under the quiescent and shear

condition, respectively.



formed for PPS22, the lower melting peak corre-

sponds to the melt of imperfect crystal which arises

from the molecular chain defect in the crystal caused

by shear. The higher melting peak temperature keeps

constant and is similar to that of PPS crystallized

under quiescent condition. But in the case of PPS48

and PPS52 there occur three melting peaks which

contain a lower melting peak, a medium melting peak

and a higher melting peak, which show that there are

row nuclei. The lower melting peak is also the imper-

fect crystal caused by shear. The medium melting

peak temperature is also similar to quiescent condi-

tion. One can find that as the MW increases the lower

melting peak moves to lower temperature, which ver-

ifies that the higher MW takes more time for the

molecular chain to enter the growth front than the

lower one. That is, the degree of imperfection increas-

es with the MW increasement under shear for these

samples. The higher melting peak temperatures of the

higher MW are higher than that of crystallized under

static condition. It can be ascribed to the occurrence

of shear-induced shish-kebab-like fibrillar crystal

structure, the same result found by Hsiao et al. [41] in

other polymers (PE) when subjected to shear flow.

They proposed that shear-induced shish-kebab pre-

cursor consisted of macrokebabs and microkebabs

and the outer macrokebabs melt first and then the

inner microkebabs when the temperature was

increased.

CONCLUSION

The isothermal crystalline morphologies of three

types of PPS with different MWs under shear condi-

tion have been investigated by POM equipped with a

hot-stage. The crystalline morphology and spherulite

growth rate of different MWs are influenced by shear-

force. The shishkebab-like fibrillar crystal can be

observed after the higher MW PPS melt is subjected

to shear flow at higher rate or longer time. The

spherulite growth rate of PPS22 and PPS48 is reduced

compared to static, PPS52 is little influenced. In addi-

tion, the melting behaviors of these PPSs show that

multiple melting peaks can be observed after the PPS

melt is subjected to shear flow. In this regard the

higher melting peak is related to the orientation of 

molecular chains.
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