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Abstract

Shear-induced crystallization of isotactic polypropylene (iPP) within the oriented scaffolds of noncrystalline ultrahigh molecular weight

polyethylene (UHMWPE) was investigated by means of in situ synchrotron small-angle X-ray scattering (SAXS) and wide-angle X-ray

diffraction (WAXD). The study was carried out using iPP/UHMWPE blends under isothermal crystallization at 145 8C (i.e., above the

melting point of polyethylene) and step shear (shear rateZ60 sK1, durationZ5 s) conditions. The oriented and isotropic iPP crystalline

phases were extracted from the 2D WAXD pattern, and their kinetics data were evaluated with the Avrami equation. The dominant

component in the oriented iPP phase was a kebab structure, whose nanostructure dimensions were determined by a novel SAXS analysis

scheme. The minor non-crystalline but oriented UHMWPE component played a key role in the nucleation of iPP, which could be explained

in terms of mutual diffusion at the interface, resulting in a significant increase in the relaxation time of iPP chains. As a result, after shear, the

interfacial iPP chains could also retain their orientation and formed oriented nuclei to initiate the kebab growth.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer crystallization from the melt has been widely

studied for many decades due to its important industrial

implications. However, despite the extensive research

efforts [1–4] and because of the large number of variables

involved in the process, the exact mechanism of flow-

induced crystallization, especially at the initial stage of

structure formation, is not yet fully understood. Since

polymer crystallization is a kinetic event, the final
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morphology depends on the pathway taken, which can

occur through different transient states. Variations in

processing conditions and in molecular parameters of the

sample have a great influence on the final morphology, and

thereby on the final physical and mechanical properties.

It is known that semicrystalline polymers subjected to

elongational or shear flow during melt processing often

exhibit the shish-kebab structure [5,6], where the ‘shish’ are

formed from extended chains aligned to the flow direction

and are considered as primary nuclei, and the ‘kebabs’ are

crystalline folded chain lamellae oriented perpendicularly to

the flow direction. The direct consequences of mechanical

deformation by flow are the induction of molecular

orientation and extension, which depend on a number of

processing and molecular variables, including deformation

rate, strain and temperature as well as molecular weight,

molecular weight distribution, chain branching and
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molecular architecture, etc. Recently, many experimental

[7–19] and molecular dynamics simulation [20,21] studies

on the early events of flow-induced crystallization of

polymers have been carried out to investigate this subject.

In particular, the formation of primary nuclei and the

induction of nucleating scaffolds under flow are of particular

interest to the community, as this area of knowledge is still

relatively scarce.

The general principle for flow-induced crystallization in

polymers has been clearly outlined in the past [5,15,20]. In

general, application of flow (shear and elongation) induces

extension of chains or chain segments along the flow

direction (FD), lowering the conformational entropy and

thereby reducing the free energy barrier for crystal

formation. These extended chains can undergo a phase

transition, including the formation of crystallization or even

mesophase or transient state, which can act as nuclei to the

crystallization of neighboring chains in the random coil

state. In the case of long polymer chains with longer

relaxation times, they are more prone to forming oriented

nuclei under flow. Based on the concept of Keller et al. [5,7,

12], only a small portion of the long chains with molecular

weight exceeding a critical value can remain oriented at a

given flow condition. With the increase in deformation rate,

more polymer chains can remain oriented after deformation.

It is evident that the existence of long chains plays an

important role in the formation of the precursor structure

under flow, prior to the event of full-scale crystallization in

polymers.

In our recent studies [7–14,17–19], isotactic polypropy-

lene (iPP) has been chosen as a model system to understand

the role of long chains in the formation of the crystallization

precursor structure under shear. The iPP samples investi-

gated included pure Ziegler–Natta iPP [10,11], blends of

Ziegler–Natta iPP with low and high molecular weight [7–

9], diene modified long chain branched iPP [22], and

metallocene iPP in blends with atactic polypropylene (aPP)

[12]. Based on experimental observations, we concluded

that oriented long chains could form primary nuclei (shish),

which probably were in the mesomorphic state. Recently, Li

and de Jeu [13,14] demonstrated the existence of helical

structures in iPP, forming smectic domains, which might act

as precursors to crystallization under shear. Both research

groups concluded that the flow-induced nuclei, in the form

of shish, are not necessary in the crystalline state of iPP.

This point of view is different from the one adopted by

Kornfield and coworkers [18,19], who have also studied

Ziegler–Natta and metallocene iPP samples containing

bimodal blends of high and low molecular weight. The

Kornfield group proposed the existence of point-like nuclei

adsorbed to oriented long chains, forming ‘strings’ that

increase the probability of long-living structures due to the

increase in local orientation. The lateral lamellar growth

occurs on the nuclei strings propagated perpendicular to the

flow direction. This model is similar to the one proposed by

Janeschitz-Kriegl et al. [23,24], in their studies of iPP
crystallization under the influence of short and intense

shear.

A common feature in flow induced crystallization of iPP

under isothermal conditions, is that crystallization of a low

molecular weight matrix can be significantly enhanced by

the introduction of a small amount of higher molecular

weight species [7–9,12,18,19]. In the case of polymers with

narrow molecular weight distributions, such as in metallo-

cene-based iPP, the generation of oriented nuclei under flow

is hindered due to the lack of a significant amount of long

chains above the overlap concentration. The presence of

high molecular component is thus the key to enhance the

formation of oriented nuclei in a low molecular weight

matrix and its crystallization rate. To gain further insight in

the role of long chains as nucleating precursors, we have

investigated the role of long chains in this study. These long

chain species are different from, as well as immiscible to,

the chosen matrix (i.e., iPP). The chosen experimental

temperature was high enough to ensure that the long-chain

component was in the noncrystalline state, but the short

chain matrix could undergo isothermal crystallization,

where the time-resolved images from in situ small-angle

X-ray scattering (SAXS) and wide-angle X-ray diffraction

(WAXD) techniques could be used to follow the kebab

growth and determine the growth geometry and rate, and

results could be verified by the Avrami analysis [25] of the

kinetics data for self-consistency check For this purpose,

ultrahigh molecular weight polyethylene (UHMWPE) was

selected as the long chain additive.

UHMWPE and iPP are generally considered to be

immiscible in quiescent conditions [26]. Their blends have

drawn attention in practical applications for the following

reasons. (1) The addition of a small fraction of low

molecular weight iPP can increase the fluidity [27,28] and

drawability [29] of the UHMWPE matrix. (2) The addition

of a small fraction of UHMWPE can increase the wear [30]

and melt properties of the iPP matrix [31]. Recently, it has

been suggested [31] that a small amount of UHMWPE can

be microscopically dissolved into the iPP matrix, resulting

in significant strain hardening under extensional flow. The

use of this immiscible or partially miscible iPP/UHMWPE

blend has not only allowed us to explore pathways to

manipulate the nuclei scaffold under flow field, which is

aimed at controlling the final morphology, but also enabled

us to study the kinetics and the nature of kebab growth from

the crystallizing matrix. The crystallization temperature

used in this study was 145 8C. At this temperature

UHMWPE does not crystallize and its relaxation times

[32] are orders of magnitude higher than those of iPP.
2. Experimental

2.1. Samples and preparation

Both polymer samples were experimental materials
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provided by Basell USA. Powder isotactic polypropylene

(iPP), synthesized by metallocene catalysts, had a weight-

average molecular weight, Mw, of 127,000 g/mol and a

polydispersity of around 2. A powder ultrahigh molecular

weight polyethylene (UHMWPE) sample was synthesized

by the Ziegler–Natta method, having an Mw of around

6 million g/mol and a polydispersity of around 9.

Polymer blends containing up to 10 wt% of UHMWPE

in iPP were prepared by solution blending [12,18,33] to

ensure homogeneous mixing. Both components, weighted

based on the desired composition ratio, and 5 wt% of

antioxidant additive (Irgonox 1076) were then dissolved

into xylene to form a solution with a concentration of about

3 wt%. The mixture was heated slowly to 120 8C with

continuous stirring until a homogeneous solution was

formed (the solution became transparent). The solution

was kept at 120 8C for 1 h, and was subsequently poured

into chilled methanol at 0 8C (5–6 times of the solution

volume) under continuous stirring to precipitate the polymer

mixture. The polymer blend slurry was then filtered from a

xylene and methanol mixture and vacuum dried at 70 8C for

at least 2 days. The same procedure was also applied to

prepare a pure iPP sample. Thick polymer films (with

thickness in the range of 450G50 mm) were prepared by

compression molding at 150 8C using a Carver pneumatic

press. Samples in the form of a ring (inner diameterZ
10 mm, outer diameterZ20 mm) were cut from the molded

films for shear experiments.

2.2. Rheo-SAXS and rheo-WAXS measurements

An X-ray modified shear stage (based on the Linkam

model CSS-450) was used to carry out the shear-X-ray

experiments. A diamond window and a Kapton film were

used in the modified Linkam stage. The details of this

modified shear apparatus have been described elsewhere

[7]. The sample was placed in the gap between the two

X-ray windows. Shear was applied to the sample by rotating

the bottom window while keeping the top window

stationary. The experiments used a short-term shear/

temperature protocol as follows [2,6,7]. The sample was

first heated to 200 8C and was held for 5 min to erase the

thermal history. It was subsequently cooled to 145 8C at a

cooling rate of 30 8C/min. After equilibration at 145 8C, the

sample was immediately subjected to a steady shear force

(shear rate _gZ60 sK1) for a duration of 5 s. In situ X-ray

measurements were carried out before and after the shear

(up to 1 h) at 145 8C. A control study with no shear being

applied was also carried out at the same temperature.

Separate small-angle X-ray scattering (SAXS) and wide-

angle X-ray diffraction (WAXD) measurements were

performed at beamlines X27C and X3A2, respectively, in

the National Synchrotron Light Source (NSLS), Brookha-

ven National Laboratory (BNL), Upton, NY, USA. In

WAXD experiments, the sample-to-detector distance was

125.5 mm, calibrated by using aluminum oxide (Al2O3) as a
standard and a wavelength of 1.54 Å. In SAXS measure-

ments, the sample-to-detector distance was 1688.2 mm,

calibrated by using silver behenate as a standard and a

wavelength of 1.36 Å. An X-ray CCD camera (MAR-USA)

with a resolution of 1024!1024 pixels (pixel sizeZ
158.44 mm) was used to collect the SAXS and WAXD

data. All 2D images were corrected for air scattering and

beam fluctuations. The flat-plate WAXD images were

corrected using the Fraser method [34] to account for the

missing detection areas. The projected SAXS intensity

profiles were further corrected for background scattering

and the interface thickness between the crystal and

amorphous phases [35].
2.3. Data analysis
2.3.1. Avrami analysis of crystallization kinetics

Shear-induced crystallization kinetics data from WAXD

measurements in the early stages of the kebab formation

was analyzed by the Avrami equation [25]

ð1KxÞZ exp½Kktn� (1)

where x represents the crystal fraction (crystallinity), t is the

crystallization time, k is the kinetics constant and n is

the Avrami exponent depending on the crystal geometry, the

nucleation type and the nature of crystal growth [36]. When

nucleation is heterogeneous (also named predetermined or

instantaneous) and the crystal growth rate is constant, the n

values of 1, 2, and 3 correspond to the crystal geometry of

rod, disk and sphere, respectively. On the other hand, in

homogeneous nucleation (also termed sporadic nucleation)

and constant crystal growth rate conditions, n values of 2, 3,

and 4 correspond to the crystal geometry of rod, disk and

sphere. However, the crystal growth may also be diffusion

controlled (the growth rate G(t)ftK1/2), which will change

the interpretation of n. In typical spherulitic growth from

semi-crystalline polymers, the spherulitic growth rate in the

initial stages of crystallization, prior to the spherulite

impingement, is often constant. This is because the crystal

growth rate is substantially slower than the diffusion rate of

chain mass, thus forming the rate-determined step.

However, this may not be true for the kebab growth during

the formation of shish-kebab structures in flow, which will

be a subject of discussion in the later part of this paper.
2.3.2. Small-angle scattering from the shish-kebab structure

Recently, our laboratory has demonstrated that the SAXS

data from the early stages of shear-induced crystallization

can be analyzed using a shish-kebab model assuming the

principle parameters with independent statistics [37]. We

will briefly describe this procedure as follows. A schematic

diagram of a shish-kebab assembly containing a central

shish and the periodic arrangement of oriented kebabs is

shown in Fig. 1. This model is assumed to have a cylindrical

symmetry with the shish being the axis. The kebabs are



Fig. 1. The shish-kebab model containing disk-like kebabs with diameter D

and thickness T and long period L.

Fig. 2. 2D WAXD images (after Fraser correction) for iPP/UHMWPE

blends isothermally crystallized (145 8C, 1 h) after shear ( _gZ60 sK1,

durationZ5 s): (a) 0 wt%, (b) 5 wt%; and (c) 10 wt%, where (d), (e), and (f)

are corresponding 2D images for the oriented fraction induced by shear.

The flow direction is vertical.
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considered round disks of diameter D and thickness T,

arranged in a moderately periodic fashion with long period

L. The diameter, thickness and periodicity distributions:

hD(D), hT(T), and hL(L), are assumed to be statistically

independent of each other. The stacking size of the kebabs is

assumed infinite, and the scattering contribution of the shish

is ignored. The scattering intensity of an ideal two-phase

system [35] with sharp interface boundaries, free of density

fluctuations within the phases, is given apart from constant

prefactors like (rKr2)
2, by

Iðs12; s3Þs
2
3 ZK½hjAðs12; s3Þj

2iD;T K jhAðs12; s3ÞiD;Tj
2

C jhAðs12; s3ÞiD;Tj
2jZLðs3Þj

2� (2)

where jðsjZ2lK1 sin q, ðsZ ðs1; s2; s3Þ, s12Z ðs21Cs22Þ
1=2 and

2q is the scattering angle. A(s12,s3) represents the Fourier

transform of the density distribution of a single disk of

diameter D and thickness T.

Aðs12; s3ÞZ
pD2

4

2J1ðpDs12Þ

pDs12
T
sinðpTs3Þ

pTs3

h
pD2

4
A2ðDs12ÞTA1ðTs3Þ (3)

The abbreviated notation Ad has been introduced in a way

that the index can be considered a dimension. The averages

can be factorized because the dimension distributions of D

and T (hD and hT) are assumed statistically independent:

jhAðs12; s3ÞiD;TjZ h
pD2

4
A2ðDs12ÞiDhTA1ðTs3ÞiT (4)

hjAðs12; s3Þj
2iD;T Z h

p2D4

16
A2
2ðDs12ÞiDhT

2A2
1ðTs3ÞiT (5)

Appropriate distributions for hD(D) and hT(T), for which

these averages can be carried out analytically, are given in

Appendix A.

The lattice factor jZL(js3)j
2 can be given by
jZLðs3Þj
2 ZRe

1CHLðs3Þ

1KHLðs3Þ

� �
(6)

where HL(s3) is the 1D Fourier transform of hL(L)

HLðs3ÞZ

ðN
0

hLðLÞexpð2piLs3ÞdL (7)

As in the case of hD(D), hT(T), the choice of the

distribution hL(L) is also given in Appendix A. The shih-

kebab model thus has 6 parameters: D, T, L, s(D), s(T) and

s(L), where s represents the variance.
3. Results
3.1. Wide-angle X-ray diffraction

2DWAXD images (corrected by the Fraser method [34])

of polymer blends containing different UHMWPE concen-

trations (0, 5 and 10 wt%) collected at 145 8C and 1 h after

shear (rateZ60 sK1 and durationZ5 s) are illustrated in

Fig. 2(a)–(c), respectively. These images are partially

oriented, having a lesser degree of orientation than those

collected at the early stages of crystallization. They consist
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of concentric diffraction rings superimposed with sharp

diffraction arcs, indicating the coexistence of oriented and

non-oriented (isotropic) crystalline fractions in the sheared

sample after 1 h of annealing. An image analysis method

[38], introduced previously by our laboratory, was used to

determine the contribution of each phase in the 2D WAXD

image. As an example, corresponding 2DWAXD images of

the oriented phase in the three samples extracted from the

initially measured Fraser corrected images, are shown in

Fig. 2(d)–(f).

The 1D intensity profiles of oriented and isotropic

fractions were integrated azimuthally from the correspond-

ing 2D deconvoluted patterns. Typical results from the

iPP/UHMWPE (90/10) blend at 1 h after shear are shown in

Fig. 3(a), where the total, oriented and isotropic 1D intensity

profiles are shown. It is seen that the sheared blend exhibited

a dominant a-crystal form [39] and a small fraction of the

g-crystal form [40] (its characteristic is marked by the

appearance of the (117) reflection), which was observed in

all three samples (100/0, 95/5 and 90/10) as shown in

Fig. 3(b). The g-crystalline phase appears to be the

characteristic of metallocene synthesized iPP due to regio

defects of the chain [40]; it is also present only in the

isotropic phase. In Fig. 3, it is clear that, under the chosen
Fig. 3. (a) Integrated 1D WAXD profiles of total, oriented and isotropic

phases for the iPP/UHMWPE (90/10) blend, isothermally crystallized

(145 8C, 1 h) after shear ( _gZ60 sK1, durationZ5 s). (b) 1D integrated

WAXD intensity profiles for three iPP/UHMWPE samples.
experimental conditions (145 8C), only iPP crystallizes,

whereas the UHMWPE component remains in the

amorphous state.

The crystalline and amorphous contributions of oriented

and isotropic fractions (Fig. 3(a)) were obtained from the

integrated intensity profiles using by the 1D peak

deconvolution method [12]. The oriented fraction consists

of oriented crystal phase (xC,I) and oriented amorphous

phase (xA,O), while the isotropic fractions consist of

isotropic crystal phase (xC,I) and isotropic amorphous

phase (xA,I). The time evolution profiles of total (xC)

oriented and non-oriented (xC,O and xC,I) crystalline
Fig. 4. Crystallinity evolution for iPP/UHMWPE blends isothermally

crystallized (145 8C, 1 h) after shear ( _gZ60 sK1, durationZ5 s) for (a) 0,

(b) 5, and (c) 10 wt% UHMWPE samples.



Table 1

Avrami parameters n and k for iPP/UHMWPE blends isothermally

crystallized at 145 8C after shear ( _gZ60 sK1, shear durationZ5 s)

%

UHMWP-

E

Oriented fraction

kO/10
K8, sK1 nO Growth

geometry

0 0.74 2.0 Disk

5 27.54 2.3 Disk

10 23.99 2.0 Disk

kO, rate constant for the oriented phase. nO, Avrami exponent for the

oriented phase.
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fractions for three samples at 145 8C are shown in Fig. 4. It

is seen that both oriented and non-oriented (xC,O and xC,I)

crystalline fractions tracked the same time-evolution trend

as the total crystalline fraction (xC). The crystallization

induction time for both iPP/UHMWPE blends decreased by

about 6 times as compared with that of pure iPP (however

the 10 wt% UHMWPE blend was found to have a slower

induction time than the 5 wt% blend, which will be

explained later). In addition, higher crystallinity and faster

kinetics were observed in the iPP/UHMWPE blends. The

values of crystallization induction time, t0, were determined

by WAXD for iPP and the 5 and 10 wt% UHMWPE blends

were 1765, 265 and 565 s, respectively.

As we are particularly interested in the development of

the oriented crystalline fraction in iPP, which directly

reflects the effect of shear-induced oriented noncrystalline

UHMWPE scaffold on the crystallization of the iPP matrix,

the time evolution data of xC,O was analyzed by the Avrami

method (Eq. (1)). Fig. 5 illustrates the double-logarithmic

Avrami plot of the oriented fractions for three samples. It is

interesting to note that in pure iPP, only one slope was seen,

corresponding to primary crystallization. This suggests that

secondary crystallization in pure iPP was not present under

the chosen experimental conditions; it would probably

appear at long crystallization times beyond the time frame

of this study. However, this is not the case in the blend

samples, where two slopes were seen. The Avrami

parameters, n and k, of oriented iPP crystals for pure iPP

and the iPP/UHMWPE blends are shown in Table 1. It is

seen that the k values of the blends are significantly larger

than those of pure iPP, indicating that the presence of

UHMWPE has a large influence on the crystallization

kinetics of the oriented phase. However, the k value of the

5 wt% sample was found to be slightly larger than that of the

10 wt%. In Table 1, all three samples exhibited the value of

nz2, suggesting that there are several possible growth

geometries at the initial stage of shear-induced crystal-

lization in iPP/UHMWPE blends and pure iPP matrix: the
Fig. 5. Avrami plots for iPP/UHMWPE blends isothermally crystallized

(145 8C, 1 h) after shear ( _gZ60 sK1, durationZ5 s) for the growth of

oriented crystal fraction.
1D rod-like growth with a constant velocity, or the 2D disk-

like growth with a diffusion-controlled velocity (G(t)ftK1/2),

both under spontaneous nucleation conditions. The latter

condition has been verified as the correct mechanism, which

will be discussed later (G was calculated from the time-

evolution of the kebab formation based on the SAXS data).
3.2. Small-angle X-ray scattering

The lamellar morphology of iPP/UHMWPE blends

formed during the isothermal crystallization at 145 8C

after shear ( _gZ60 sK1, 5 s) was determined by means of

SAXS. Of particular interest is the morphology formed prior

to the value of t0 (as shown in Fig. 4), since it can provide

information regarding the precursor structures of iPP

developed during the transient stage. Selected 2D SAXS

images (below, near and above t0) for iPP, 5 and 10 wt%

UHMWPE blends, are shown in Figs. 6–8, respectively. In

Fig. 6, a distinct two-point pattern was seen, showing the

characteristics of oriented lamellae grown perpendicularly

to the flow direction. In the case of samples with UHMWPE

(Figs. 7 and 8), the presence of a weak equatorial streak was

seen at the transient state, while a strong meridional streak

was seen later at time t0 (pattern b of Fig. 6), which was a

clear indication of the shish-kebab structure [37]. At times

larger than t0, the appearance of a meridional streak changed

into a two-point pattern.

The value of long period L along the meridian direction

at tOt0 was calculated from the position of the scattering

maximum using Bragg’s law. The evolution of L with time

for iPP and iPP/UHMWPE blends crystallized isothermally

at 145 8C after shear ( _gZ60 sK1, 5 s) is illustrated in Fig. 9.

It was seen that the L value of pure iPP remained constant

throughout the transient and crystallization stages; whereas

the L value decreased in the transient stage for the blends,

and then reached a plateau at the crystallization stage. The

periodicity of iPP was slightly increased with addition of

UHMWPE.

The 2D-SAXS images obtained prior to t0 were subjected

to a more detailed analysis. In an attempt to determine the

size and evolution of the shish-kebab structures prior to the

crystallization induction time (t!t0), 2D SAXS meridional



Fig. 6. 2D SAXS images for iPP isothermally crystallized (145 8C) after

shear ( _gZ60 sK1, durationZ5 s) at (a) 580 s, (b) 1780 s and (c) 3580 s.
Fig. 7. 2D SAXS images for iPP/UHMWPE blends (95/5) isothermally

crystallized (145 8C) after shear ( _gZ60 sK1, durationZ5 s) at (a) 55 s, (b)

280 s and (c) 3580 s.
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profiles were fit by the shish-kebab scattering model [37]. In

this fit, oriented disk-like kebabs (Fig. 1) characterized by

the disk thickness T, disk diameter D and distance between

disks (long period) L, as well as by their distributions, were

modeled by using the general expression in Eq. (2). An

example of this model fit to a set of experimental data is

shown in Fig. 10, where a series of meridional profiles and

their fits are superimposed. The fit results for the three

samples at selected times are presented in Table 2. In

general, the disk thickness and disk diameter increase with

time, while the long period decreases slightly.
Table 2

Morphological parameters for oriented kebabs for the precursor structure in the t

after shear ( _gZ60 sK1, durationZ5 s)

Time (s) T (nm) D (nm) L (nm)

IPP

580 5.6 16.7 25.5

880 6.5 19.4 24.8

1180 9.7 24.3 22.8

iPP/UHMWPE (95/5 wt/wt%)

55 4.3 6.7 30.1

iPP/UHMWPE (90/10 wt/wt%)

55 5.9 17.7 32.9

130 14.0 35.0 32.3
4. Discussion

Crystallization kinetics and lamellar morphology of iPP

at 145 8C after a step shear ( _gZ60 sK1, 5 s) are affected by

the presence of UHMWPE. Results in the previous section

show the following pathways towards the development of

final morphology: (1) the initial presence of amorphous melt

for both iPP and UHMWPE components at tZ0, (2) the

initiation of iPP precursor structure in the transient state by

the presence of oriented UHMWPE chains at t!t0, and (3)
ransient state of iPP/UHMWPE blends, isothermally crystallized at 145 8C

sT (nm) sD (nm) sL (nm)

2.6 7.0 7.0

2.3 5.0 6.7

2.6 2.3 7.0

2.1 3.0 10.7

3.3 10.0 9.5

2.4 7.0 11.9



Fig. 8. 2D SAXS images for iPP/UHMWPE blends (90/10) isothermally

crystallized (145 8C) after shear ( _gZ60 sK1, durationZ5 s) at (a) 55 s, (b)

580 s and (c) 3580 s.

Fig. 10. 1D intensity profiles I(s3) extracted from 2D SAXS profiles at

constant s12 fitted by the shish-kebab model: (a) schematic diagram of the

intensity profile extraction, (b) experimental profiles and the shish-kebab

model fit using the data from pure iPP isothermally crystallized (145 8C,

880 s) after shear ( _gZ60 sK1, durationZ5 s).
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the crystallization of iPP within the oriented UHMWPE

scaffolds at tOt0. The isotropic ipp melt consists of a

random coil configuration. The precursor state of iPP

contains oriented iPP chains developed first as nuclei,

probably in the mesomorphic form [10], and subsequent

development of crystalline kebab structures with low

crystallinity (i.e., the shish-kebab structure). Formation of
Fig. 9. Periodicity evolution for iPP/UHMWPE blends isothermally

crystallized (145 8C, 1 h) after shear ( _gZ60 sK1, durationZ5 s).
semicrystalline morphology in iPP proceeds from such a

precursor structure. The crystallization induction time, t0,

can be considered as a ‘characteristic time’ defining the

limit between the transient state and the crystallization

process.

It is seen that the crystallization induction time, t0,

depends on the UHMWPE content (Fig. 4): 1765, 265, and

565 s for UHMWPE concentrations of 0, 5 and 10 wt%,

respectively. The addition of 5 wt% of UHMWPE exhibited

the lowest induction time because further increase of

UHMWPE in fact delayed the crystallization process.

Based on this observation, we argue that the dynamics of

the precursor structural formation at t!t0 is related to both

phase behavior and viscoelastic (relaxation) property of the

UHMWPE component in the blend.
4.1. Phase behavior in the melt

It is well documented that melt crystallization in polymer

blends can undergo complicated phase transitions [41] due

to competition between the kinetics of phase separation and

the thermodynamic driving force. The level of molecular

mixing, known as the miscibility, can play a critical role in

the development of non-equilibrium structures in the final

products [42,43]. In binary blends, the blend components in
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the molten state can be miscible in the entire composition

range, partially miscible and immiscible. In the system with

partial miscibility, the blend can exhibit lower critical

solution temperature (LCST) and/or upper critical solution

temperature (UCST) [43], where both values are affected by

the introduction of flow [44,45]. In the case of LCST

behavior, phase dissolution can be induced by high shear

rate (i.e., the LCST increases with shear rate), while phase

separation is more favorable at lower shear rates [44].

In iPP and PE blends, some groups considered these two

components to be immiscible [46,47], while others reported

some partial miscibility between them in the molten state

[26,48,49]. Based on the Flory–Huggins theory, the iPP/PE

blends, with relatively low molecular weight components,

should exhibit a UCST phase diagram having a critical point

of 143 8C. Thus, a single phase should appear above 137 and

133 8C for blends with 10 and 5 wt% PE, respectively. In the

case of UHMWPE, the immiscibility region would be

significantly enhanced. However, as the UHMWPE com-

ponent was kept at relatively low ratios (5 and 10 wt%), we

believe that some levels of interaction between the super-

cooled iPP and amorphous UHMWPE chains should exist

[31] in the chosen blend. This would be consistent with the

study showing that the drawability of iPP/UHMWPE was

enhanced by the entangled mesh between iPP and

UHMWPE [29].

Based on the above considerations, we might consider

that the blend components were at least partially miscible in

the melt at 145 8C. Thus, it is logical to consider a three-

phase system in the sheared melt prior to crystallization, i.e.,

the iPP phase, the UHMWPE phase, and the interface

region, where the two components are partially miscible.

However, according to the phase diagram, we expect that

the degree of phase separation in the 10 wt% blend will be

larger than that in the 5 wt% blend.

4.2. Chain relaxation in the blend

In pure iPP, only a small fraction of oriented chains acted

as effective nuclei, while most of the chains relaxed to the

random coil state. In the case of blends with UHMWPE, the

fraction of oriented iPP chains that could act as effective

nuclei were greatly increased due to the presence of

UHMWPE. This can be explained by the mutual diffusion

between the iPP and UHMWPE chains at the interface, as

follows. Reptation of chains within a tube created by sur-

rounding chains is the main mechanism for diffusion and

relaxation of linear entangled polymers [50,51]. Other

mechanisms, not taken into account in the original

formulation of reptation theory, such as contour length

fluctuations [52] and constraint release [53], would also

affect the relaxation of entangled linear polymers. In

particular, constraint release (i.e., the lateral motion of the

chain out of its original tube because of the motion of

surrounding chains) is important for polydisperse melts

because fast motions of short chains allow more rapid
partial relaxation of long chains to remove the topological

barriers. Double reptation [54], involving two chains

entangled at a fixed stress point, is a concept frequently

adopted to compensate for constraint release. It is thought

that the entanglement relaxes when the end of either chain

passes through. Double reptation is useful in describing the

faster relaxation of long chains due to the presence of

shorter chains, and vice versa, i.e., short chains relax slower

by the presence of long chains. However, in some cases, the

reptation behavior of short chains remains unchanged in

blends, and long chains dominate the relaxation behavior.

This can occur due to tube dilation [55] in the reptation of

long chains; where for short chains the tube does not dilate

(the relaxation time of short chains is the same in the pure

melt and in the blend). In the case of long chains, tube

dilation takes place in the blend and the relaxation behavior

has to account for this effect [56]. A detailed analysis of the

relaxation behavior of iPP/UHMWPE blends is beyond the

scope of this study. However, the ratio of relaxation times of

long and short chains was estimated by simple means as a

guide to explain the X-ray results.

Theoretically, the relaxation times of pure melts [56]

can be obtained when MLOMSOMe (ML, MS, and Me:

molecular weight for long chains, short chains and

entanglements, respectively) by means of

tLfM3
L (8)

tSftL
MS

ML

� �3

fM3
S (9)

where tL and tS are the relaxation times for long and short

chains, respectively. Eq. (9) can be used to estimate the

relaxation times of short chains in the blend, assuming that

the relaxation behavior is the same as in the pure melt. The

ratio of the reptation time of the long chains in an undiluted

tube to the constraint release Rouse time [57] known as the

Graessley parameter, Gr, can be used to determine whether

tube dilation for long chains occurs or not. It is given by

GrZMLM2
e =M

3
S (10)

assuming contour length fluctuations are neglected. If Gr is

much smaller than a critical value, Gr,cZ0.064, long chain

motion in binary blends can be predicted using reptation in

the undiluted tube [57]. We estimated GrZ0.0037 for the

iPP/UHMWPE blend components in this study (using their

weight-average molecular weights), falling in the range of

the undiluted tube. Tube dilation for UHMWPE chains may

occur for Me higher than 5000, which is likely to occur due

to the presence of iPP short chains. Nevertheless, relaxation

time for long chains can be cautiously estimated using Eq.

(9). Using the reported values in the experimental section

for MW of iPP (MS) and UHMWPE (ML), the ratio tL/tS was

estimatedz64,000. On the other hand, it is well known that

the relaxation time of polymer chains in the melt is pro-

portional to the molecular weight scaled to 3.4 ðtfM3:4
w Þ as
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determined by a number of experiments [12]. In this case,

the ratio tL/tS would be approximately 280,000. In any

case, double reptation will prevail here, causing the

relatively short iPP chains to relax much more slowly by

the presence of long UHMWPE chains in the blend than

those in pure iPP.

Based on the above consideration, long UHMWPE

chains would retain orientation after shear, which also

promotes the orientation of the surrounding iPP chains due

to the increased relaxation time. The oriented iPP chains can

serve as effective nuclei for the further crystallization of

unoriented iPP chains, thus significantly enhancing the

crystallization kinetics. This is consistent with the large

decrease in the induction time of crystallization and the

increase in high temperature crystallinity in the blends, as

shown in Fig. 4. In this figure, it is interesting to see that the

crystallization kinetics of the 5 wt% blend is faster than that

of the 10 wt% blend, and the high temperature crystallinity

of the 5 wt% blend is higher than that of the 10 wt% blend.

This behavior is perhaps due to the higher degree of phase

separation between iPP and UHMWPE in the 10 wt% blend,

which effectively decreases the interfacial interactions

between iPP and UHMWPE chains. In other words, the

component of UHMWPE in the 10 wt% blend is less

effective in promoting the orientation and stretching of iPP

chains at the interface.

It is necessary to point out that the above experiments

were carried out at constant shear rate and strain. Thus, the

pure iPP and iPP/UHMWPE blends would experience

different shear stresses because of the differences in their

rheological responses (the bulk stress of the iPP/UMMWPE

blend would be higher). Thus, another viewpoint to explain

the above finding can be attributed to higher stress and

higher concentration of iPP chain-stretching exerted,

resulting in a higher concentration of shish in the blend

than in pure melt. However, the coupled phase separation

still played an important role on the final crystallization

process, as seen in the minimum of the induction time.

4.3. Shear-induced nuclei scaffolds

In pure polymer melt, nuclei scaffolds (i.e., network of

oriented crystallization precursor structures [10,17]), con-

sisting of primary nuclei (shish) with long connectivity and

‘kebab’ crystals induced by ‘shish’ with poor lateral

connectivity, can be generated by the application of shear.

In the iPP/UHMWPE blend, we envision that the shear-

induced nuclei scaffolds are created in a similar fashion,

except that the creation of shish is associated with the

formation of oriented UHMWPE chains in the interface. In

other words, the formation of oriented UHMWPE scaffolds

induced by shear, even though they are non-crystallizable,

would define the landscape of oriented iPP nuclei

surrounding the iPP/UHMWPE interface.

At the initial stage of the scaffold formation (t!t0), no

crystalline structures in the blend was seen by WAXD.
However, their oriented structures were detected by SAXS

(for example, in Fig. 7(a) and (b), equatorial streaks were

observed immediately after shear). The appearance of

scattering features in SAXS prior to WAXD has also been

observed in iPP [58] and other polymers [59] in the past.

Different reasons have been attributed to this behavior: (1)

the low detection limit of WAXD, (2) defective initial

crystal order, (3) shish largely consisting of a mesophase

structure, and (4) periodic axial density variation within the

shish. It is believed that all of them can contribute to the

appearance of SAXS patterns before WAXD crystalline

signals.

The morphological development of the precursor

structure in the transient state can be obtained by qualitative

and quantitative analyses of the 2D SAXS images for pure

iPP and 5 and 10 wt% UHMWPE blends collected after

shear (Figs. 6–8). In pure iPP, the SAXS image collected

immediately after shear did not exhibit any discernible

scattering feature. At longer times, a pair of weak

meridional scattering peaks was seen (e.g. Fig. 6(a)),

indicating the development of lamellar structures (or kebabs

without shish). The lack of shish detection (as in the form of

equatorial streak) by SAXS did not indicate that the shish

entity was not present in the shear melt, rather it suggested

that the formed shish may be too small or too diluted to be

detected by SAXS. In iPP/UHMWPE blends, SAXS images

collected immediately after shear (Figs. 7(a) and 8(a))

showed distinct equatorial streaks, indicating the formation

of a sizable fibrillar structure along the flow direction. As

there was no sign of WAXD crystal diffraction, this shish

structure may consist of defective iPP extended chain

crystals [15,59] and/or bundles of mesomorphic chains [7–

12] that can act as primary nuclei for secondary crystal-

lization of folded-chain lamellae. We believe the hypothesis

of mesomorphic shish in iPP is more reasonable, which is

also consistent with the recent study of smectic filaments in

shear iPP melts that act as nuclei stabilizers by de Jeu et al.

[13,14]. The large shish dimension observed in SAXS is

consistent with the ‘decoration’ process of forming an

mesomorphic iPP layer at the interface of UHMWPE,

outlining the contour of the oriented non-crystallization

UHMWPE scaffolds.

At later times in the transient stage, a strong meridional

streak, which was subsequently converted into a pair of

meridional peaks, was developed on top of the equatorial

streak. The appearance of weak equatorial streak and strong

meridional streak/peaks (Figs. 7(b) and 8(b)) is the

characteristic of ‘shish-kebab’ morphology, where kebabs

grow normal to the flow direction having a cylindrical

symmetry around the shish. The generation of less

thermodynamically stable folded-chain kebab lamellae

from the partial surface of more thermodynamically stable

extended-chain shish strongly favors the mechanism of

kebab formation by adsorption of lamellae on the shish as

proposed by Muthukumar et al. [21], rather than the

conventional arguments based on the epitaxial growth of
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lamellae around the shish or the initiation of the free chain

ends (cilia)/protrudes from the central shish surface.

The detailed iPP kebab morphology, developed at the

transient stage, can be described quantitatively by the use of

the shish-kebab model (Fig. 1) to fit the 2D SAXS pattern.

The structural parameters of kebabs for pure iPP and iPP/

UHMWPE blends developed at selected times prior to

crystallization (detected by WAXD) are shown in Table 2

(note that these kebabs consist of folded-chain lamellae,

however its total crystallinity is too low (!1 wt%) to be

detected by WAXD). It was seen that the spatial

arrangement of the kebab assembly was relatively loose

(L is in the range of 20–30 nm, which is in good agreement

with results from Fig. 9) and the average thickness (T) of the

kebab entities was relatively thin (less than 10 nm). In both

pure and blend samples, the L value was found to decrease

with time, which can be attributed to the formation of new

kebabs; the T value was found to increase with time, which

can be attributed to the lamellar perfection process. The

growth of the lamellar disk (D, in the range of about 10–

30 nm) was found not to be linear with time, which

indicated the initial kebab growth did not have a constant

rate. Instead, the lamellar growth rate appeared to follow the

diffusion controlled process (i.e. the kebab growth rate, G, is

proportional to tK1/2). This will be the subject of a detailed

study later. The above conclusion is certainly consistent

with results from our earlier Avrami analysis, where nZ2

may represent the sporadic nucleation of disk-like crystal

geometry with diffusion controlled growth for both pure iPP

and iPP/UHMWPE blends. It was also found that the L

period in the blend was generally larger than that in pure

iPP, which is consistent with the longer iPP shish dimension

generated by the presence of large oriented UHMWPE

scaffolds.

4.4. Crystallization within the oriented nuclei scaffolds

Isothermal crystallization of iPP in the oriented nuclei

scaffolds can be viewed as a decoration process of folded-

chain crystallization from coiled chains within the nuclei

landscape predetermined with the density of the nuclei, the

dimension of the nuclei and the orientation of the nuclei.

The growth rate and the thickness of iPP lamellae are

primarily dictated by the experimental temperature, not by

the shear condition or the UHMWPE content. It is generally

true that the addition of UHMWPE can significantly

enhance the crystallization rate due to the increase of iPP

nuclei density, at the interface region between iPP and

UHMWPE. However, it was clear that the increase in the

UHMWPE content did not further enhance the crystal-

lization kinetics or the high temperature crystallinity (for

example, the comparison between the 5 and 10 wt% blends

in Figs. 4 and 5). This can be attributed to the enhanced

phase separation in the blend with the higher content of

UHMWPE. As the large UHMWPE domain is formed, the

effective interface between iPP and UHMWPE chains can
be decreased, resulting in a lesser effect to impact the shear-

induced crystallization.
5. Conclusions

The effect of UHMWPE in shear-induced crystallization

of iPP at 145 8C was studied by means of synchrotron SAXS

and WAXD techniques. Under the experimental conditions,

UHMWPE remained noncrystalline but formed an oriented

scaffolding structure, which induced iPP nucleation and

growth. Three stages were recognized in the shear-induced

crystallization process of iPP/UHMWPE blends:

(1) amorphous melts of partially miscible blends before

shear, (2) formation of oriented noncrystalline UHMWPE

scaffolds and mesomorphic/crystalline iPP nuclei at the

interface, and (3) crystallization of iPP within the nuclei

scaffolds. The enhanced iPP nuclei formation by UHMWPE

chains can be explained by the double reptation theory,

where the relaxation times of the iPP chains at the

iPP/UHMWPE interface become significantly retarded,

enabling the retention of molecular orientation after shear

and the formation of oriented nuclei. As a result, the

presence of UHMWPE chains affects the crystallization

kinetics and the high temperature crystallinity of iPP

induced by shear. However, the increase of the UHMWPE

content promotes phase separation between iPP and

UHMWPE, leading to a lesser nucleating effect.
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Appendix A
Appendix A1. Choice of hD and hT

A bell-shaped distribution for both hD(D) and hT(T),

where the required averages can be calculated analytically,

is given by (X replaces D and T, respectively)

hXðXÞZ
2

GðnXÞX0

X

X0

� �2nXK1

exp K
X

X0

� �2� �
(A1)

with moments
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hXniX Z
GðnX Cn=2ÞXn

0

GðnXÞ
(A2)

hXiX Z
GðnX C1=2ÞX0

GðnXÞ
(A3)

hX2iX Z nXX2
0 (A4)

hX4iX Z nXð1CnXÞX
2
0 (A5)

The parameters X0 and nX need to be evaluated by

numerical iteration for a given center X and standard

deviation sX. The required averages are given as follows

(for simplicity nX is replaced by n).

h
pd=2Xd

2dGð1Cd=2Þ
AdðXsÞiX

Z
pd=2GðnCd=2ÞXd

0

2dGðnÞGð1Cd=2Þ
1F

1

1

nCd=2

1Cd=2
K

p2X2
0s2

4

����
� 

(A6)

h
pdX2d

4d½Gð1Cd=2Þ�2
A2
dðXsÞiX

Z
pdGðd CnÞX2d

0

4dGðnÞ½Gð1Cd=2Þ�2

!2F
2

2

ð1CdÞ=2; d Cn

1Cd=2; 1Cd
K

p2X2
0s2

4

����
� 

(A7)

hTA1ðTs3ÞiT

Z
GðnC1=2ÞT0

GðnÞ
1F

1

1

nC1=2

3=2
jK

p2T2
0 s23
4
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0
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16
A2
2ðDs12ÞiD

Z
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0
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(A11)
where 1F1 is the confluent hypergeometric function and 2F2

is a generalized hypergeometric function.

Appendix A2. Choice of hL

The use of a G-distribution is recommended when the

stacking periodicity is highly disordered (sL is large) to

eliminate an unphysical tail of the distribution at negative

values expected in the Gaussian case. The following G-

distribution can be used

hLðLÞZ
1

GðnLÞL0

L

L0

� �nLK1

exp K
L

L0

� �
(A12)

The Fourier transform of the G-distribution is given by

HLðs3ÞZ ð1K2piL0s3Þ
KnL (A13)

where the parameters L0 and nL depend on center L and

standard deviation sL as L0Zs2L=L and nLZL2=s2L.
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