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ABSTRACT: We performed small-angle X-ray scattering (SAXS) measurements on crystallization processes of
polyethylene blends of low molecular weight and ultrahigh molecular weight components with various blending
ratios in order to clarify effects of ultrahigh molecular component on shish-kebab structure formation. Anisotropic
scattering patterns due to kebab structure formation were observed above a certain concentration of ultrahigh
molecular weight polyethylene. The critical concentration was ab@ut wt % independent of the crystallization
temperature below 128C, while it increased with the crystallization temperature above°@5Analyzing the
correlation between ultrahigh molecular weight component concentration and crystallization temperature in more
detail, these results suggest that both the crystallization rate and the relaxation rate of the ultrahigh molecular
weight component have significant effects on the shish-kebab formation process.

1. Introduction In a previous work, we have studied crystallization of

Polyethylene is a widely used semicrystalline polymer with polyethylene _(PE) blends of low molecular weight and uItrahigh
a range of applications in packaging, sporting goods, and somemOIGCUIar weight (UHMW) components under shear f'°W. using
biomedical uses. Crystallinity and morphological features of ime-resolved depolarized light scattering (DPLS) technitfues

polyethylene are probably the most important factors affecting © €lucidate effects of UHMW component on the shish-kebab
the propertied2 When semicrystalline polymers crystallize formatl_on qnd foun.d that the streaklike scattering nqrmal to the
under shear or elongational flow, crystallization rate is enhanced, flow direction, which must correspond to the shish or the
and the so-called “shish-kebab” structure can be observed inShishlike structure, was observed__above a certain critical
many kinds of polymerd:11 The shish-kebab structure, which concentration of UHMW P_E. The critical concentration is2

is quite different from the spherulite in quiescent state, consists times Iargher than th? chain ov;arlap concentraﬁk?‘r.pg, Sﬁg'

of the long central fiber core (shish structure) and surrounded ggst}fﬁg t gtﬂentang emehnts h‘? hUkH't\)AVI?)/ PE ¢c allnfs ave a
by lamella crystal (kebab structure) periodically attached along S'gnificant influence on the shish-kebab structural formation.
the shish structure. It is believed that the shish structure is N the DPLS measurements we observed the shishlike structure
formed from extended chain crystal and the kebab is folded ON @ micron scale. On the other hand, the kebab structure is on
chain lamella crystal which grows in the direction normal to € nanometer scafé. In this work, therefore, we have
the shish structure. Elucidation of the shish-kebab structure INvestigated the crystallization process of PE blends of low

formation process is one of the important unanswered questiongnlecular weight and UHMW components under shear flow
in polymer physics and materials science. using the time-resolved SAXS technique to observe the shish-

Owing to recent developments of advanced characterization kebab structure in nanometers, focusing on the kebab formation.
techniques, many studies have been carried out about polymerSEi/lS{/ the aims "1 thetr?reshgnrt‘ ‘T‘(tugyb'? to Cl?”fy the effect gf
crystallization under flows such as shear flow, elongation flow, component on the shish-keébab Tormation process under
and mixed flow using in-situ small-angle and wide-angle X-ray shear flow as a function of the concentration and the crystal-

scattering2-24 small-angle light scattering techniqu&sptical lization temperature and hfence to resolve the shish-kebab
microscopy?®>2° atomic force microscopy (AFM), and trans- structural formation mechanism.

mission electron microscopy (TEMY.32 From a rheological
point of view, some reports discussed the effects of shear
rate+27.32 and/or quenching depthon crystallization under In this experiment we used two PEs with molecular weiglt
shear flow. These extensive studies have provided a lot of = 58 600 and ultrahigh molecular weight (UHMW,, =
fruitful information on the shish-kebab structure and the 2000000, and the polydispersities wel&/M, = 8 and 12,
formation process. In spite of the efforts, however, there still respectively, wher#, andM; are the weight-average and number-
remain many unsolved problems in the shish-kebab formation, 2/€rage molecular weights, geSpeCt'Vely' The fraction of the UHMW
especially the shish structure formation. One of the reasons isPE was in the range-@ wt %. These blends were prepared with

. ) a coprecipitation method. Both PEs were dissolved in xylene
that th_ere exist many parameters that affec_t the Sh'Sh_'kebabsolution at 120°C and stirred for 4 h, and the solution was then
formation such as shear rate, shear strain, crystallization 4 red into methanol to precipitate the blend. After filtering, the

temperature, molecular weight, molecular weight distribution, gptained blend was washed with clean methanol and dried in a

2. Experimental Section

and so on. vacuum oven for 2 days before use. The blends were hot-pressed
at 190+ 1 °C to form films about 10@m thick and then quenched

* Corresponding authors: Tel{81)-774-38-3142; Fax#81)-774-38- to room temperature. The DSC measurements were carried out to

3146; e-mail gmatsuba@scl.kyoto-u.ac.jp (G.M.), kanaya@scl.kyoto-u.ac.jp Characte.rlze the thermal properties of the samples using Perkin-

(T.K)). Elmer Diamond DSC. The DSC scans were performed under a
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Figure 1. Temperature protocol for the shear crystallization experi-
ments of PE blends.
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Figure 3. Time evolution of 2D SAXS images during crystallization
process of PE blends at various crystallization temperatures, 123, 125,
127, and 129C for the UHMW PE concentration 0.2 wt %.
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annealing time, suggesting that the UHMW PE enhances the
anisotropic structure formation. The spot scattering appeared
at around 3 min after reachinig for the 2 wt % blend while it

.ol TR =i appeared at-10 min for the 1 wt % blend. This means that the
crystallization rate in the PE blend increases with the UHMW
PE concentration. These orientated features must be due to the
kebab structures, which are oriented perpendicularly to the shear
direction, and the spot position corresponds to the so-called long
period between kebabs. As reported in our previous pHper,
Figure 2. Time evolution of 2D SAXS images during crystallization  the UHMW PE enhances the formation of the shishlike structure,
(l%ogfifycs";aﬁ’ligt'i%’:]dtsevr;’]';gg’t‘l'J"r/'ewlgE °$ﬂ§e§$§2°£'a?fi2,’ L g%dzz Wt and there is a critical UHMW PE concentration for anisotropic
A-1 Intensity in the image is normalized to the highest inteﬁsity in Structure formation in the DPLS measurements. The present
the 2 wt % blend. results suggest that the UHMW PE also enhances the kebab
structure formation, and there is a critical concentration for the

nitrogen environment. Both of the melting temperatures of UHMw kebab formation. This problem will be quantitatively discussed

PE and low molecular weight PE were 138 in the DSC later.

measurements at heating rate ofGmin. It should be noted that no equatorial scattering was observed
The time-resolved small-angle X-ray scattering (SAXS) measure- for all UHMW PE concentrations in the SAXS measurements.

ments were carried out using apparatus installed at the beamlineEquatorial streak scattering patterns are usually interpreted as

BL-15A in Photon Factory, KEK, Tsukuba, Japan. The wavelength 4 sign of shish structuré:!8-2° Does the present result mean

4 of the incident X-ray beam was 1.54 A, and the camera length " shish structure was formed during the crystallization
was 2.1 m for SAXS measurements. The SAXS intensities were . 35 .
process? In our previous repdft>we found that the micron

detected by a CCD camera (C4880: Hamamatsu Photonics K.K.) L : .
with an image intensifier. The range of length of scattering vector Sc@l€ shishlike structure was observed as equatorial streaklike
g in the SAXS measurements was 0.6@B15 A1, whereq is scattering in 2D DPLS measurements in similar temperature

given byq = 4z sin 6/4 (20 being scattering). A Linkam CSS-450  and shear conditions with the SAXS measurements. This result
shear cell was used to control shear field and thermal history of suggests that there should be shishlike structure even though
the polymer samples. The blend sample with thickness ofi300 streaklike scattering normal to the flow was not observed in
was placed between two stainless parallel plates with windows of the SAXS measurements. Furthermore, we studied an elongated
Kapton 50 um thick. The temperature protocol for the shear pEg plend of deuterated low molecular weight PE and protonated
experiments is shown in Figure 1: (a) the polymer blend sample ymw PE (97.2/2.8 by weight) using small-angle neutron and
was heated up to 19T from room temperature at a rate of 30/ small-angle X-ray scattering (SANS and SAXS) and observed
min, (b) held at 190C for 7 min, (c) cooled to the crystallization . . e

equatorial streaklike scattering in the SANS measurement but

temperaturdy = 132-116°C at a rate of 30C/min, and then (d) . .
held at crystallization temperatufig for the isothermal measure- "0t in the SAXS one. In the SANS measurements, the scattering

ments. The polymer melt was subjected to pulse sheat fat contrast is very high because of the large difference of scattering

30 °C above the crystallization temperatife The shear rate and  length between deuterium and profrand this directly shows
shear strain were 3275 and 3200%, respectively, for all the that shish structure exists even if the SAXS measurement does

—
0 min 3 min am 0.02 A'1

measurements. not detect the equatorial streaklike scattering. Therefore, we will
) ) discuss the experimental results assuming that shishlike structure
3. Results and Discussion is formed in the measurements.

Figure 2 shows examples of time evolution of 2D SAXS We also examined the crystallization temperatdredepen-
profiles for the PE blends including 0, 1, and 2 wt % UHMW dence of the time-resolved SAXS data. Figure 3 shows the time
PE during the crystallization process &t = 132 °C after evolution of 2D SAXS images of a PE blend with UHMW PE
applying shear flow. In the case of 0 wt %, only isotropic concentration of 0.2 wt % for various crystallization tempera-
scattering patterns were observed. On the other hand, the 1 andures Ty. In a temperature range below ~ 127 °C strong
2 wt % blends show meridional spots parallel to the shear meridional spots parallel to the shear direction were observed
direction, and the spots became stronger in intensity with after a certain induction time and followed by isotropic scattering
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> ® anisotropic 2D SAXS pattern for the 0.2 wt % PE blend
<= 4 crystallized afly = 125°C for 40 s after applying pulse shear.
= oo Figure 4b shows the azimuthal angle distribution of SAXS
33 intensity integrated in a range of 0.008 A< q < 0.02 A%,
8 which is shown by dotted lines in Figure 4a. During the first
g 2| . 30 s the meridional intensity at around°nd 270 increases
< with annealing time due to the growth of oriented kebab
1 . S e structure. After 1 min, on the other hand, the anisotropic
0 700 1000 intensity almost leveled off, and the isotropic intensity inde-

pendent of the azimuthal angle began to increase with annealing

] ] ] ) _time. This is caused by growth of isotropic spherulites.
Figure 5. (a) Annealing time dependence of integrated scattering g re 53 shows the time evolution of integrated intensities
intensity parallel k) and normal I;) to the shear direction. (b)

Anisotropy (/l0) for PE blend with UHMW PE concentration 0.2 wt ~ "ormal (o) and parallel k) to the shear flow in a range of
% as a function of annealing time at 126. azimuthal angle of 60to 120 and—30° to 3(, respectively.

As expected from Figure 4b, the integrated scattering intensity
due to the spherulite formation. As the crystallization temper- | rises up earlier thah,. The ratio ofl; to 15 is shown in Figure
ature decreases, the onset time of the anisotropic scatteringbb as a function of the annealing time. The ratih; has a
becomes shorter. This is due to the increase in degree ofmaximum in the early stage of crystallization and decreases with
supercooling (or quenching depth), which is a driving force of time to reach unity, which means that the scattering intensity
crystallization in this temperature regi®hOn the other hand  from isotropic spehrulites is quite strong compared to that from
the meridional spots parallel to the shear direction were not the oriented kebab structure. We defined the maximum of the
observed abové, ~ 129°C, at least during the annealing period ratio as the degree of anisotropyhisoin this paper and plotted
of 1 h. Note that the meridional spots were observed even abovein Figure 6 against logarithm of the UHMW PE concentration
~129°C for the concentrations of UHMW PE higher than 0.2 for various crystallization temperaturég In the low concentra-
wt %, showing that the critical UHMW PE concentration for tion range, the degree of anisotropy is almost unity at dach
the anisotropy exists and depends on the crystallization tem-while it begins to increase at a certain critical concentration,
perature. depending on the crystallization temperattige Extrapolating

In order to analyze the anisotropic scattering patterns, we the linear relationship to unity, we have evaluated the critical
defined degree of anisotropy. Figure 4a shows a typical UHMW PE concentratiolC* saxs for the anisotropy. The critical

time/s
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UHMW PE concentrationC*saxs thus obtained is plotted
against the crystallization temperature in Figure 7. In the low
crystallization temperature region below about 125 the
critical concentration is almost independenfipfvhile it begins

to increase above about 126.

In the previous DPLS experimeftswe showed that the
critical concentration of UHMW PEC*pp, s for the shishlike
structure formation was about 6:5.6 wt % atTy, = 129 °C,
which is almost identical with th€* saxs value determined from
the kebab formation. This result supports the idea that the
shishlike structure exists although it is not observed in the SAXS
measurements, and the kebab orientation may be dominated by
the shish.

The value ofC*saxs is compared with the so-called chain
overlap concentration of UHMW PE*Rr, which is defined as
a concentration above which random coils of UHMW PE with
radius of gyrationRy begin to overlaj® It is given by

a (Cummw<<C'rg)

%_

a-1

w5

b (Cunmw ~ C'rg) High Tx

A &609

C (Cunmw ~ C'rg) Low Tx

M
Crp=——
B @RRRAEN,

w

1)

where [R20is the mean-square radius of gyration of UHMW
PE, which is given by eq 2 under the Gaussian chain ap-

proximation with molecular weight distributidd = M,,/M, —
139

Figure 8. Schematic drawing for crystallization processes of PE blends
with UHMW PE concentrations below (a), near (b, c), and above (d)
C*R, In the case o€uumw ~ C*g, the crystallization processes at two
low and high crystallization temperatures, namely, 28 (b) and
116 °C (c), are illustrated.

bL(2U + 1)

3U 1) 2

RyT=
whereb andL are the persistence length and the contour length.
Taking the literature datalRPIM.]Y? = 0.464° we have
calculatedC*g, to be 0.209 wt %. The critical concentration

high crystallization temperatures, namely, 116 and 132
for the shishlike structure at 129C observed in DPLS

In this discussion we consider two processes in the crystalliza-
measurement$(0.5-0.6 wt %) was enough abow&r. Hence,  tion under shear flow separately. One is the orientation
we considered in the previous paffethat the entanglements  process of polymer chains by shear flow, and the other is the
of UHMW PE played an important role in the shishlike structure syccessive crystallization process, both of which must compete
formation. The critical concentratioG*saxs (0.4—0.5 wt %) with the orientation relaxation of polymer chains. In order
for the kebab formation at 132 is almost identical with this  to produce the shishlike structure and the successive kebab
value, supporting that the entanglements of UHMW PE are yHMw PE must be extended and oriented due to the shear. If
substantial for the formation of the shish as well as the kebab. yHmw PE is isolated in the blend without entanglements below
In this experiment, on the other hand, we observed that the C*g, in Figure 8(a-1), they are somewhat extended by the shear

critical concentratiorC* saxs decreased with the crystallization
temperaturdy, and reached a constant value~dd.1 wt % below
125°C, which is about half of the overlap concentratiotr,.

flow (Figure 8(a-2)), however not so remarkably because
the shear stress is not transmitted through the entanglements
(Figure 8(a-3)). After relaxation, isotropic crystal growth was

Does this result mean that the critical concentration is not related phserved as shown in Figure 8(a-4). On the other hand, when
to entanglements? Seki etZlstudied a critical concentration  the concentration of UHMW PE is above a threshold
for the anisotropic structure formation in isotactic polypropylene for entanglements (ned@*g) as shown in Figure 8(b-1,c-1),
blend including a small amount of UHMW component and  the chains must be extended due to the connectivity as polymer
found that it was lower than the overlap concentrati@k,, network is deformed as shown in Figure 8(b-2,c-2).
similar to the present result at the low CryStallization temper- The threshold for the anisotropy must Correspond to the
atures below about 12°C. In order to understand their results concentration above which entang|ements work effective|y_
and our results, we have to consider the molecular weight The orientation process competes with the relaxation of UHMW
distributions of UHMW PE as well as LMW PE. The longer pEg_ If the relaxation rate is faster than the shear rate, polymer
chains in UHMW PE could be entangled at lower concentration chains cannot remain extended or oriented. This relaxation
than that for the average molecular weight with support of LMW process must be the so-called reptation motion and/or the

PE*%2and hence more oriented than the shorter ones. This maysegmental motigi whose relaxation times are respectively give
be a possible reason for the lower critical concentration than py

the overlap concentration.

Next we will discuss the crystallization temperature depen- M. \3.4
dence of the critical concentratid®* saxs for the anisotropy. T, = teZ3'4= re(vw) 3)
For a help to the explanation we illustrated crystallization e
processes schematically in Figure 8 for UHMW PE concentra- M,\2
tions below, near, and abow&* g,. In the case ofCunww ~ TR= TEZZ = TE(V) (4)
e

C*r, We described the crystallization process at two low and
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where . and M, are relaxation time of bond orientation and and the UHMW PE concentration, but not by the crystallization
molecular weight between molecular entanglements. At the temperature. Hence, the critical shear rate is independent of
moment it is not obvious which mode is dominant for the temperature in this range. This corresponds to the temperature
relaxation. In a previous depolarized light scattering experiment range below about 125C. However, as the UHMW PE

on the same PE blen#sve found that the very long relaxation  concentration increases, the number of entanglements increases,
process (approximately several seconds, depending on temperand hence the degree of initial orientation increases and the
ature and shear conditions) dominated the anisotropic shishlikerelaxation rate decreases. Therefore, above a certain critical
structure formation in the crystallization after pulse shear, concentration abov€*g, anisotropic structure is formed even
suggesting that the reptation motion is dominant in the relaxation at 132°C. This is shown in Figure 8(d-3,d-4). In other words,
process here in the discussion. The relaxation time of the the critical concentration of UHMW PE for the anisotropic
reptation motion for PE wittM,, = 2 000 000 at 116C was structure formation increases with temperature. This picture
calculated on the basis of the reported data by Raju éf al., qualitatively explains the present result that the critical con-
which is~400 s for bulk. Taking into the effect of dilution in  centration increases with crystallization temperature near the
LMW PE, it is ~0.1 s# The relaxation rate for the reptation melting temperature.

motion or the inverse of relaxation time (10%is slower than

the shear rate (32°%), meaning that the relaxation process does 4. Conclusion

not give significant effects on the orientation process. It is | this study we performed time-resolved SAXS measure-
therefore expected that the initial orientation of UHMW PE is  ments on PE blends with various ratios of low molecular weight
dominated by the shear rate rather than the chain relaxation, atyng UHMW components for the elucidation of shish-kebab
least under the present shear and temperature conditions.  gstycture formation process. It was found that there existed a
After the initial orientation by the shear the extended chains critical UHMW PE concentration for anisotropic structural
must crystallize before the chain relaxation to form the aniso- formationC* saxs. Above the critical UHMW PE concentration,
tropic structure such as the shish and the kebab. Both theine kebab formation process could be observed with time-
crystallization rate (especially, crystal nucleation rate) and the yasolved SAXS measurements. The critical UHMW PE con-
relaxation rate depend on temperature. The temperature depengentration is almost independent of the low crystallization
dence of crystal nucleation rate,c could be described &s temperature below 12% at the shear rate of 32%5and shear
strain of 3200%, while it increases with the crystallization
temperature above 12& under the same shear condition. The
key to understand the results must be the difference of
temperature dependence between the crystallization rate and the
relaxation rate of UHMW PE chains and the competition
between them. In the temperature range of this experiment
(116-132 °C), the crystallization rate at the low temperature
(116°C) is~1000 times faster than that at the high-temperature
(132°C) while the relaxation rate at 1T& is slower than that
at 132°C only by a factor of 1.33. Therefore, at the low
temperature (118C) crystallization occurs immediately after
the initial orientation by the shear flow before the chain
relaxation, but at the high temperature (132) the UHMW
PE chains can relax before the crystallization near the chain
overlap concentration. Hence, in order to prevent the chain
relaxation and form anisotropic structure at the high temperature
(132 °C), the critical concentration of UHMW PE must be
higher than that at the low temperature (20 to increase the
number of entanglements.

3 2
ko“v,,

KT(AR (TS — T)?

(®)

Vnuc ~ex

whereao, vm, Ahﬁn, andT,, denote the excess free energy per
unit area of the surface of the nucleus, the monomer volume,
the heat fusion per monomer, and the equilibrium melting
temperature, respectively. According to eq 5, the crystal
nucleation rate is very slow near the equilibrium melting
temperature T, = 142 °C)*¢47while it increases rapidly with
being away from the equilibrium melting temperature. In this
experiment the crystal nucleation rate at T@is faster than
that at 132°C by a factor~1(®. The temperature dependence
of the relaxation rate (or the inverse of relaxation time) due to
the reptation can be described by WilliarlsandetFerry
(WLF) equatiori®

1ir, ~ exp(2.308(T — T/(T — T, + Cy)) (6)
The temperature dependence of the relaxation rate is not so larggseferences and Notes
in the temperature range of this experiment. Taking the reference

temperaturéo = 148 K8 the relaxation rate at 13Z is only
1.33 times faster than that at 12€. On the basis of the

temperature dependence of the crystal nucleation rate as wel

as the relaxation rate, we can provide the following picture for

the crystallization of PE at a temperature range between 116

and 132°C under the shear flow. At high temperatures near
132°C, the crystal nucleation rate is very slow and the relaxation
rate is slightly fast compared with 1£€, and hence extended
polymer chains would relax before crystallization at aroGng,,

as illustrated in Figure 8(b-3,b-4).

As the crystallization temperature decreases, for example from

132 to 116°C, the crystallization rate increases very rapidly

and the relaxation rate slightly decreases. Therefore, the

extended polymer chains can crystallize immediately after the
initial orientation (see Figure 8(c-3,c-4)). In such temperature
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