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Time resolved USAXS study of the shish-kebab
structure in PE: Annealing and melt crystallization
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Real time changes in the shish—kebab structure of high molecular weight polyethylene
samples, produced by elongational flow injection moulding, were investigated by ultra
small angle X-ray scattering (USAXS) using synchrotron radiation. The variation of the two
typical long periods has been followed in situ, during heating and cooling from the molten
state, as a function of temperature and time. Values of the length of the coherently
diffracting domains perpendicular to the lamellar stacking planes, as derived from the
USAXS maxima, are also presented. Results are discussed in the light of a shish-kebab
model in which two different lamellar populations are respectively associated with an
epitaxial growth from the columnar shish fibrils and with a secondary lamellar
crystallization. © 2000 Kluwer Academic Publishers

1. Introduction size to the larger ones; 3) On heating at higher tem-
Elongational flow injection molding is a processing peratures T > 130°C), both populations of lamellae
method which produces high strength polymeric ma4increase further up td =137C. At this temperature,
terials due to the self reinforcing effect of the highly the scattering maxima vanish, suggesting the melting
oriented fibrils [1, 2]. The morphology, often found in of the lamellae. At this point, the oriented fibrils within
these oriented systems, is described as a shish-keb#tte HMWPE material still retain their orientation due
structure [3, 4]. This morphology was first reported byto the high thermal stability of the shish structure [8].
Pennings and coworkers on rapidly stirring a polyethy-After cooling, the molten lamellae recrystallize epi-
lene (PE) solution in a subcooled state [5]. Keller andtaxially on the preserved oriented shish fibrils. Conse-
coworkers proved that such a morphology could also bejuently, both stacking periodicitids, and L1 appear
obtained in PE on crystallization from the melt by an ex-again.
trusion method [6]. The shish—kebab structure consists The size and distribution of lamellar thicknesses and
predominantly of extended chain core crystals alondong periods for the PE mouldings have been also com-
the injection direction, formed by elongational flow, paratively studied using other techniques such as trans-
and epitaxially grown stacked lamellae, which appeaimission electron microscopy (TEM) and low frequency
on cooling. Raman spectroscopy [9, 10]. From these studies it was
In a previous paper [7], the changes in the two axialconcluded that the length of the straight—chain seg-
long periods found in injection molded oriented linearments in HMWPE, derived from the Raman bands,
PE with a shish-kebab structure were investigated aagrees well with the double periodicity obtained from
a function of temperature by ultra—small angle X-rayUSAXS. On the contrary, direct measurements from
scattering (USAXS) using synchrotron radiation. ForTEM provide only evidence about the shorter period-
high molecular weight (HMW) oriented PE samples, icity. However, it is noteworthy that laser light diffrac-
the initial two long periodd.; =35 andL, =66 nm tion and Fourier transformation of the same electron
measured at room temperature, were shown to gradumicrographs yield two long periods in all regions in-
ally transform to an apparently single long period atvestigated. A possible explanation for the above dis-
T =130 C. This single long period takes a final value crepancy has been given in terms of the role played
Lt =120nmafl =137 C. Thevariation ofthelongpe- by weakly crystalline interlamellar zones which can-
riod L; with temperature was shown to be independentiot be detected by statistical methods such as Raman
from the variation of the., periodicity. From these re- or X-ray and light scattering, but that can be individ-
sults it was concluded that: 1) The oriented shish-kebalbially observed by TEM [10]. The aim of the present
structure consists of two separate populations of lamelstudy is twofold:
lar stacks with the layer normals parallel to the injec-
tion direction; 2) On heating beloW = 130°C, only 1) To supplement the above investigations throwing
the thinner lamellae thicken till they reach a similar light about the origin of the independent variation of
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the two long periods during annealing of the highly 150
oriented shish—kebab structure. a)
2) To examine the dependence of the shish—keba
structure upon crystallization temperature, below the
melting point of the epitaxially grown lamellae.
100

2. Experimental
Samples of high molecular weight linear PE (Lupolen (
5661B with M,, = 190,000 and = 959 kg/nt) were o
selected for this study. Oriented PE bars with a squart 30 - L, fo s
cross—section of & 4 mm were prepared by elonga- o o0
tional flow injection molding [11] using a melt tem-
perature ofT,,=145C and a mold temperature of
Tc=20°C. The specimens investigated were about 0 | | , |
1 mm thick cuts from the inner part of the bars. ! ! ! !
The ultra—small angle X-ray scattering (USAXS) line 300 b)
BW4 in conjunction with the synchrotron source at the
DORIS—-bypass (DESY) was used to obtain the SAXS
patterns of the oriented PE samples. A two dimensiona oo, ®
512x 512 Gabriel detector with a spatial resolution of __ .,u’.
0.39 mm per pixel was used. A sample-detector distanc & 200 - D, ]
of 12.7 m and a wavelength of 0.1381 nm were chosen=
The beam path was kept in a vacuum of 4tbar. The Q"
changes in the SAXS pattern were followed at various
temperatures, placing the samples in a hot stage. Th 100 zl o] .
samples were positioned with the X—ray beam perpen o S— @OQOO@
dicularto the injection direction. During the X—ray scat-
tering experiments the specimens were wrapped witt
aluminium foil to improve the heat exchange and to 0 | | | |
prevent the flow of material at temperatures approach 20 30 0 110 120 130 140 150
ing the melting point. The heating of the samples was
carried out stepwise in the range between room tempel T [°C]
ature and the melting point at selected temperatures, . - .
A heating rate of 10 K/min, allowing the sample to Figure 1 (a) USAXS Iong_perlod and (b) minimum cpherence lengthin

; . the chain direction for oriented HMWPE as a function of temperature.
reach the programmed temperature in 1 min before thgojig symbols correspond to the scattered intensity maximum appearing
recording of the SAXS pattern, was used. Exposuret the lower diffraction angle. At the highest temperature (grey shaded
times of 5 min were required. PC programs developed atircles) only one maximum could be detected.
HASYLAB (AIR1 and TOP) were used, respectively, to
perform background subtraction and meridional and az-

imuthal scans of the SAXS maxima. Long periods Weregjiiqp, of the intensity maxima while both long periods
calculated from meridional cuts of the original pattemsg e increase. This means that the initially shorter
after background subtraction. The position and width aEpacing L., becomes larger thah, at T > 130°C.

half height of the peak maxima were determined afteic e rrently, a pronounced decrease of intensity in the
resolving their separate intensity contributions, which 4 idional scattering is observed. At 2&only one

were assumed as simple Gaussian curves. weak single peak can be resolved (grey shaded circle in
the figure). Finally, for temperatures beyond 13fho
traces of meridional scattering were detected, while the

L |nm]
L

3. Results equatorial continuous scattering further increases with
3.1. In situ temperature dependence of the temperature (see ref. 7).
long periods Let us consider next the dependence of the coherence

Fig. lillustrates then situmeasured variation of thetwo length along the fiber directioD, as a function of tem-
long periodicities as a function of heating temperatureperature (Fig. 1b). The value &f, has been calculated
The obtained results are essentially the same as thoé®m the integral widths8 ~1/D, of the two diffrac-
published in [7]up to 13TC, i.e.: the larger long period tion maxima (; andL ) of Fig. 1a[12]. This procedure
L, =66 nm remains constant while the smaller one provides a minimum size for the coherently diffracting
L1 =36 nm, increases continuously from room temper-domains, containing periodic differences in electronic
ature up to a similar value tb, at about 130C. From  density which arise from the packing of lamellar stacks.
thattemperature upwards both peaks are difficult to sept can be observed that the value Bf continuously
arate. However, a careful analysis taking into accounincreases with temperature up Tor~ 132°C for both
the corresponding minimum coherence length valuedpng periods. These results differ, to some extent, from
seems toreveal the occurrence of a cross—over of the pthose previously reported [7] due to the improvementin
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the separation of peaks performed in the present studgmperatures, i.e.: they remain practically constant up
above 130C. to 135C and reach a maximum of 80 nm at 189
The obtained results confirm our previous finding This means that the thicker crystals contributing to the
concerning the occurrence of two independent populalamellar populatiori, are more stable than those cor-
tions of lamellar stacks, whose thermal evolution showsesponding td_ ;.
a different behaviour: The shorter long periogis ca- Aiming to test the effect of a long annealing time,
pable of increasing its value around three times, whileone data point (triangles) corresponding to a material
L, only changes by about 40%. Simultaneously, theannealed at 13% for 65 h has also beenincluded. Itcan
minimum D, value along the orientation direction sim- be observed that the long peribd is lower whileL, is
ilarly increases with temperature for both lamellar pop-higher than the corresponding datatfpoe 30 min. This
ulations, being always larger for the longer periodicity. result clearly demonstrates the influence of annealing
time on the reorganization of the oriented structure of
the HMWPE.

3.2. Influence of annealing temperature on
the long periods measured at room ] o ]
temperature 3.3. Real time variation of the long periods

Most revealing is the comparison of the above results, upon annealing .

measureth situat a given temperature, with those mea-In OVQEV to deepen our knowledge on t_h|s matter, the

sured at room temperature after annealing at similaféal time dependence of the long spacing (a) and co-

temperatures. Fig. 2 shows the long period variatiol€rence lengths (b) for samples which were annealed at
after a thermal treatment of= 30 min at a giveriT,  different temperatures (122, 125, 127, 130 and’€32
followed by a rapid quenching to room temperature Was examined (Fig. 3). For the first three temperatures

The measured long periods of Fig. 2 are smaller than

those of Fig. 1. This is mainly due to the crystallization,

on cooling, of thinner more imperfect crystals, giving a)

rise to smaller average values and, to a lesser extent,

the difference in thermal expansion with temperature 100 |- ]
The_sh_orter long periot is practically constant from_ ...... . 0““’
the initial value at room temperature up to the point 80 | & .

corresponding to a thermal treatment at X20Above ~ __
this temperaturd, ; slightly increases reaching a value g
of nearly 50 nm afl ~137C. From that temperature —
upwards, the long period decreases to values simile =3
to those measured at room temperature, indicating th: 40 -

the thinner lamellar population has melted and that th '
annealing effect has been lost. Thgvalues behave in

a similar manner, however exhibiting a shift to higher 20 - ]
0 I I I
T T T T b) "“"
t =30 min 250 |- v v ]
200 ¥ -
80 ® . ?5 .
—_— . ............. . V. & 150 '
E 6ok .. ........ ..... . ] QN
~ 100
40 - =
O .................. OOO % v m 50 B N
20 | .
0 1 | |
0.1 1.0 10.0 100.0
0 1 { 1 1
20 30 110 120 130 140 150 ¢, [min]
Ta [OC] Figure 3 Real time changes of (a) long periods and (b) coher-

ence lengthsD; for different annealing temperaturest =122°C,
Figure 2 Variation of the long periods of HMWPE, measured at room A =125C,0=127C, v=130C, © =132C. Solid symbols corre-
temperature, after an annealing time of 30 min as a function of annealingpond to the scattered intensity maximum appearing at the lower diffrac-
temperature. Symbols as in Fig. 1. Triangles correspond to a sample wittion angle. Solid lines represent the average behaviour at the three lower
an annealing time of 65 hours. temperatures.
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(122-127C), very small variations of both long spac-
ing and coherence length values with time are observe
(solid lines). This means a slight linear decrease pf
andDy, (solid symbols), whild.; andD,; (open sym-
bols) slightly increase. At 13C, the shorter long pe-
riod L, strongly increases linearly with the logarithm
oftime for approximately 6 min and then reaches a con
stantvalue of 75 nnl.,, in turn, linearly increases with
log ta showing final values which are lower than those
of L1 (above mentioned cross—over effect). At 132
the time variation of_, further increases, while that of
L, increases for about 8 min and then remains constat
showing smaller values thdr,. The coherence length
corresponding td_; has a small linear variation with
the logarithm of time for all the investigated temper-
atures. FolL,, the coherence length remains constan
for the three lower temperatures. At 130 and 432

a linear increase is observed during the first minutes
followed by a final levelling off.

3.4. Crystallization from the molten state of
the lamellae
Complementary information to that presented above i

150

100

L [nm]

50

300

g 200

[N}

derived from the study of the long period values devel_

oping on crystallization from the melt. We understand
here by “melt” to be the melting of all the lamellae,
which is completed at around 140. However at this
temperature there are still a number of shish fibrils tha
survive [7]. Fig. 4 shows the long spacing and the coher
ence length variation as a function of the crystallizatior
temperature of several samples, measiumesitu after
cooling from the melt. The values were measured onc
the two long periods were well defined. Their variation

100

T

T

b)

TC

[°C]

150

with time will be discussed later. The first two points Figure 4 Long periodL (a) and coherence length (b) corresponding to
correspond to injection moulded samples having mouldarious crystallization temperatur&s Symbols as in Fig. 1.
temperatures of 20 and 8D respectively. It is clearly

seen that the two long periods are two increasing func-

tions of T, which converge towards very similar values
above 130C. The coherence length of the correspond-
ing maxima (Fig. 4b) shows a larger rate of increase
with T for L, than forL,, similarly to the annealing
data depicted in Fig. 3. If one assumes, as a first ap
proximation, that the two—phase model applies to our
lamellar system, one can writg:=L;w¢, whereL;
(i=1, 2) is the long period|; the crystal thickness
of the lamellae andv the degree of crystallinity for
each data point. Thomson—-Gibbs equation could thei
be rewritten as:

150 T |

100

L |nm]

50
2Trgae

L—_<m%
AT AhOwy,

(1)

where AT = T2 — Ty, is the supercooling an@?, the
thermodynamic melting point of an infinitely thick
crystal [13]. Accordingly we can replot the long spac-
ings of Fig. 4a as a function of the reciprocal of the su-
percoolingAT (Fig. 5). Thomson’s equation defines a
linear function when plotting crystal thickndsagainst
1/AT. We have used the following values for PE:
T2 =415 K, fold surface free energy = 7.0 x 1072
Jnr2 and enthalpy of fusiomh® =2.82x 10° Jn3

0.00 0.05 0.10 0.15

I/AT

Figure 5 Same long period data as in Fig. 4 plotted as a function of the
reciprocal value of the supercoolingT = T2 — Tr. The straight line
represents the variation of crystal thicknéssccording to Thomson—
Gibbs equation. The continuous curve shows the estimated behaviour of
long spacing-.
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150 T ] T lamellae should not have any spacial constraint. The
remaining crystallizable material would give rise to sec-
ondary thinner lamellae which, at a later stage, give rise
& to shorter long periodd (). The latter can be envisaged
1257 e 7 as a secondary crystallization within the liquid domains
which were not filled by the initial kebabs. Keller [6]

N BSR4 proposed a further growth of the initial lamellae at the
I lamellae tips tending towards a well developed inter-
100 [ @ o penetration between lamellar kebabs of adjacent shish

B columns. Let us next discuss our experimental data in
Ve the light of the above structural model.

L [nm]

4.1. Annealing behaviour
Figs 1-3 have several points in common: The first one
50 ' ' ' ' ' is the independent evolution of the two long periods,
0 10 20 30 40 50 60 both as a function of temperature and heating time. The
¢ [min] shorter long spacing; shows a more pronounced vari-
¢ ation thanL,. This could be explained by the fact that
Figure 6 Real time variation of the long periods for two crystallization the corresponding lamellae are thinner and less stable
temperaturesy = 130°C, © = 132°C. Solid symbols correspond to the than those of_,. Thus, on thermal treatmerit; under-
scgttered inten§ity maximum appearing at thF.,‘ Iovyer diffraction angle.goes reorgarnza'non at lower temperatures and shorter
Points sh_aded in gray denote that the scattering intensity could not bﬁeating times in contrast with,. On the other hand,
resolved into two maxima. .
the D, values increase due to the thermal treatment
(Fig. 1b). However, the increase in coherence length
[13]. However, the plot of; should deviate from lin- Of the crystals occurs, this time, at lower temperatures
earity because Crysta”iniﬁyci isa decreasing function for the thicker lamellae than for the thinner ones. Atthe
of supercooling. The straight line in Fig. 5 representshighestT, used,D,, improves much more its minimum
the predicted variation df according to Equation 1, coherence length thaBd,; (Fig. 3b). This means that
whereas the continuous curve illustrates the estimateiom the viewpoint of regularity of the scattering re-
behaviour ofL imposed by the fit of data for the lowest Peating distance, it is easier for the longer periodicities
supercoolings. to reorganize. This could be explained by the fact that
Finally, as mentioned above, the long spacings apthe lamellar population providing shorter long periods
pearing on crystallization from the melt do not remainis constrained to certain domains where, in spite of be-
constant with time. Fig. 6 illustrates the long spacinging able to recrystallize into longer spacings, the initial
variation with time of the USAXS maxima at two given coherence length cannot improve so easily.
crystallization temperatures (130 and 132 WhileL ,
does not seem to change much at both temperatures,
showing only a small decrease with tinie, strongly 4.2, Crystallization from the melt
decreases for short crystallization times. Tlhede-  The plot of the long spacings as a function of de-
crease, which amounts to about 30%, occurs sooner fQjree of supercooling\T in Fig. 5 shows a remark-
the lowest temperature investigated. After this, a fur-gple deviation of the fitted experimental curves (dot-
ther slight decrease is observed flr=132"C while  ted curves) from the expected behaviour (continuous
for Tc=130°C, a tendency to increase seems to ocCUreurve). L, values are always higher than those calcu-
The latter might be related to concurrent annealing ofated because, according to our model, epitaxial growth
the crystallized material. from the shish columns rapidly starts at very small su-
percoolings. Crystallization then takes place long be-
fore the nominal crystallization temperature is reached
4. Discussion producing, as a result, much larger crystal thicknesses
As starting model for the discussion of results we adopaind long spacings. The initial long spacing, appear-
an interpenetrating shish—kebab morphology [4] coming at low AT, gradually decreases with increasing
posed of two independent populations of lamellae, aga\T owing to a subsequent secondary crystallization.
supported in previous studies [7, 9]. All experiments,On cooling, new more imperfect lamellae appear upon
described so far, support the different time and/or temerystallization of the molten material, filling the gaps
perature dependence of the two periodicitigsand  between the dominant primary lamellae. In contrast to
L, which (with the only exception of small intervals L, the shorter long spacing valués start to devi-
of temperatures very close to melting upon annealing oate from the continuous line at higher supercoolings
crystallization) are always well resolved. A reasonablebecause many of these lamellae are probably formed
hypothesis referring to the latter point could be that theduring secondary crystallization.
lamellae appearing first (responsible foj) are those Most revealing is the time evolution of the long spac-
which grow epitaxially from the extended shish fibrils ingsL, andL; investigated at 130 and 132 (Fig. 6).
at the early stages of crystallization. These dominanFor these high crystallization temperatures neither of
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the periodicities can be resolved during the first 5 minfrom room temperature and on recrystallizing from the
of crystallization. At 132C, L, andL1 have very simi-  lamellar melt. Reversibility is not fully accomplished
lar initial values due to the free growth of both lamellar due to the fact that all these processes are kinetically
types. At a later crystallization time, both periodicities controlled and time effects are usually very important
are well separated showing higher values the highefFig. 6) [15].

T.. L, values only diminish slightly because the corre-

sponding lamellae have been formed already and do not

change any more. On the contraky, values abruptly 5. Conclusions

fall for both crystallization temperatures (somewhatl) The X-ray long periodicities of oriented PE with

faster f_or t_he lower temperatu_re). This suggests thal 'qpisp_Lehab structure and the corresponding coher-
crystallization proceeds,_occur_rmg at afast(_er rate at thSntly diffracting domains in chain direction have been
lower temperature. The insertion of new thin Iamellaestudied as a function of both annealing time and tem-

among the initial ones C.OUId be responsible for such %erature and crystallization time and temperature.
decrease of ;. The final increase df ; at T, =130°C 2) The two long periods show an independent be-

.ShOUId be relate_d, as men_tloneq at_)ove, W'th anneahaviourfrom each other, which is mainly a function of
ing of the crystallized material which is most dlsplaced,[emIOerature and, to a minor extent, of annealing time.

froAn tEetrrrrllodfyPhamlc eqthrlum(.j | for the t ist 3) From the above findings, a structural model which
A sketch of Ine proposed model Tor the WO eXISt- ¢, hfjrms the existence of two separate lamellar popula-
ing lamellar p'opulat|ons within the s.h|sh—kebab S.truc'tions is proposed. Accordingly, upon melt crystalliza-
'I[éj.re'?at t;]/vo dn;fr(]are_n_tt_telr?peratu_re;, '.f ShO\th In Ft'g' 7'tion at a given temperature the population of primary
Ig fa Shows the Inftial tWo periodicities at room tem- o o150 epitaxially growing from the persistent shish

Eetr)atglre:_one C(I)rre5ﬁond|ngtoql)1lto dlstan?es art?]onﬁbrils, appears first. The thinner secondary lamellae are
ebab primary lamellae epitaxially grown 1rom Ine j,qqpeq at a later stage within the former ones.

shish cores, while the other one arises from the re- 4) The more pronounced variation bf values as

Ipeatlng distance among kebabs and secondary IamE't!bmpared withL,, has been associated with the higher

ae:These se_condarylam_ellae are also oriented becay rganization capability of the secondary lamellae.

f[helr grovvth is probably influenced by the Surro‘.m.d'Notwithstanding, this reorganization seems to be spa-

Ing primary 'a”?e.”.ae (kebab.s) and by the rema"?'ngtially restricted by the surrounding primary lamellae as

memory of the 'r.]'t.'"?‘l elongational flow. The mod_el N revealed by the observed smaller changes of the coher-

cludes the possibility of several lamellae merging Soefnce lengttD,; along the fiber direction.

close to each other that they create a unique area o

high electron density. This feature could be identified

with the weakly crystalline interlamellar zones which

have been directly observed by TEM [10]. It is evident Acknowledgements
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