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This study contains a combined application of three different techniques for the study of
injection moulded polyethylene (PE), showing an oriented shish-kebab structure: small
angle X-ray scattering (SAXS), low frequency Raman spectroscopy (LAM) and transmission
electron microscopy (TEM). A series of linear PEs and molecular weights in the range
51000-478000 has been investigated and two injection temperatures have been used

(T..=144 and 210 °C). SAXS patterns from the highly oriented regions show the presence of
either one axial long period (L,) or two (L, and L,) depending on molecular weight (M,,) and
T... It is shown that L, and L, increase with M, up to a given critical molecular weight M.
Above M., L, and L, remain constant. Raman results qualitatively confirm the existence of
two separate distributions of straight-length chain segments for those samples having
molecular weights above the critical value. Shorter segments are shown to be more
abundant than the longer ones. In the lowest molecular weight sample, results from SAXS,
TEM and Raman spectroscopy seem to be consistent with each other, although in some
cases a tilted molecular arrangement within the lamellae has to be invoked. On the other
hand, in case of the highest molecular weight sample, the length of the short straight-chain
segments derived from Raman spectroscopy agrees well with the double periodicity
obtained from SAXS. On the contrary, long periods measured from TEM only correspond to
the shorter SAXS periodicity. This result is discussed by assuming the occurrence of
crystalline bridges among adjacent lamellae.

1. Introduction

It is well known [1-3] that extrusion of polyethylene
(PE) above the melting point can give rise to a highly
oriented interlocking shish-kebab structure. Such
a process is only feasible in a very narrow temperature
window, just above the self-blocking temperature of
the die, where high wind-up stresses are obtained. In
this interval the extruded polymer is largely molten
but with a certain concentration of extended chain
core crystals which are formed by extensional flow.
On cooling, the extended crystals act as nuclei for the
epitaxial growth of lamellar crystals with the layer
normals along the extrusion direction. Furthermore,
lamellae diminish in thickness because the supercool-
ing increases as crystallization proceeds, and inter-
penetrate with those arising from adjacent extended
crystals creating an interlocking platelet assembly.
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Molecular weight and molecular weight distribution
play a very important role in the achievement of the
shish-kebab structure [2]. High molecular weight con-
tributes to the formation of the extended-chain fibrils,
while low molecular weight components improve
extrudability and strength.

Injection moulding as a particular form of extrusion
was soon recognized as a potential way for obtaining
shish-kebab morphologies [2]. However, conven-
tional moulds mainly provide shear flow in narrow
channels and areas close to the cavity walls, and thus
do not provide the necessary extensional flow which
creates the core crystals. By adequately modifying the
geometry of the flow channel a large axial extensional
flow component has been successfully introduced into
the process [4]. In this way, it has been shown that
extensional flow injection moulding (EFIM) of PE is
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capable of yielding very similar oriented structures to
those obtained by normal extrusion [5]. As compared
with conventional injection methods, EFIM yields
higher strength materials due to an increase of mo-
lecular orientation and the self-reinforcing capability
of the shish-kebab fibres [6, 7].

The purpose of the present work is to combine three
different, though complementary, techniques: small
angle X-ray scattering (SAXS), Raman spectroscopy
and transmission electron microscopy (TEM), in order
to study the influence that both the molecular weight
of a series of linear PE and two different melt temper-
atures of the EFIM process, play on the morphology
and microstructure of the obtained oriented materials.
In a discontinuous process such as injection moulding,
a minimum molecular weight will still be critical for
the formation of extended crystals, but not the low
molecular fractions, as the need to support tensile
stresses does not arise [2]. In this work, no effort has
been made to investigate the influence of the broad
molecular weight distribution of the used commercial
samples.

2. Experimental procedure

2.1. Materials

A series of commercial linear PEs with average mo-
lecular weight in the range 50000 < M,, < 480000
and molecular weight distributions, M,/M, between
7 and 12, were studied. Flongational flow injection
moulded samples with a square cross-section of
4 x 4 mm? were prepared for this study. This method
provides a high degree of uniaxial orientation in the
mouldings [6,7]. Two different temperatures of the
melt were used, T, = 144°C and T, = 210°C, while
maintaining constant the other processing parameters
(injection pressure, mould temperature, etc.). The first
T,, value is close to the melting point of the polymer,
while the other one is a conventional high-temper-
ature injection temperature. Two different regions
from the longitudinal cross-section of the samples
were investigated: (1) region I at 0.5 mm from the long
axis and (2) region O at 0.5 mm from the outer border
(Fig. 1). Both regions are equivalent from the point
of view of their measured high birefringence
[7], avoiding, respectively, the less oriented central
layer (axial flow) and the skin layer where shear flow
ocCurs.

2.2. Techniques

SAXS patterns were obtained at room temperature
using a modified Kiessig camera with pinhole col-
limators of 0.3, 0.5, 0.3 and 0.2 mm diameter, attached
to a rotating anode X-ray generator. Ni-filtered CuK,
radiation was employed and the sample—film distance
was 500 mm. Sample thickness was approximately
equal to 1 mm. Scattered intensity along the meridi-
onal direction of the X-ray photographs was obtained
by means of a two-beam microdensitometer. The max-
imum of the scattering peaks was determined after
background substraction and the lamellar long spac-
ings were calculated by simple application of Bragg’s
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Figure I Schematics of an injection moulded sample showing the
central layer (black) and the investigated points I and O.

law (no Lorentz correction was performed because of
the high orientation of the samples).

The low-frequency Raman transmission spectra
were excited by the line at A = 633 nm of a 55 mW
He—Ne laser and the stray light was analysed in
a triple monochromator and converted into electrical
pulses in a cooled photomultiplier. The spectra were
recorded in 90° geometry in the anti-Stokes range in
order to avoid the superposition of He—Ne plasma line
at ~15 cm ™. For the calculation of the straight-chain
segment (SCS) length distribution function, (), the
following relation was used [8]

F) « (1 - e;khTﬂ>v21 (1)

where ¢ is the speed of light, T is the temperature and
I is the scattering intensity at frequency v. In the case
of PE, the SCS length is related to the LAM frequency
by the equation

E1/2

Vi= W 2

where pis the density and a value of E = 370 GPa was
used for the Young’s modulus in the chain direction
[9].

For electron microscopy, small pyramids were sep-
arated from the samples obtaining a cut surface of
0.1 x 0.1 mm? at the points I and O, followed by the
preparation technique of selective staining by chloro-
sulphonic acid and osmium tetroxide. CISO;H treat-
ment was carried out for 7 days at room temperature,
followed by heavy-metal staining during 38 days with
a water solution (3%) of osmium tetroxide. The latter
is used to enhance the contrast between the crystalline
and the amorphous regions. Ultra-thin layers (thick-
ness between 50 and 70 nm) were cut in a cryo-
ultramicrotome, then mounted on copper grids and
investigated in a 90 kV transmission electron micro-
scope. The thickness, the thickness distribution and
the long period of the stacking lamellae were deter-
mined by a direct light optical measurement on the
electron micrographs.



3. Results

3.1. SAXS long periods-

Depending on molecular weight, and to a minor ex-
tent on melt temperature, the oriented materials may
show either one, Ly, or two, L; and L,, SAXS meridi-
onal maxima parallel to the injection direction
(Table I). Fig. 2 shows the case of one and two SAXS
maxima for a low and a high molecular weight mater-
ial, respectively. Careful examination of the latter
double peak in overexposed films reveals a tendency
of the SAXS pattern to be split into a four-point
diagram (Fig. 2(b) right). Fig.3 displays the data
measured in the outer region (O) for the two injection
melt temperatures T, = 144°C and T, = 210°C. Ir-
respective of injection temperature, it is found that
below a certain critical molecular weight, M.~ 107,
the long periods L; and L, are proportional to M2/2,
An average molecular weight, M, = 1/2(M,, + M,)
, has been defined to minimize the influence of polydis-
persity on the long period [10]. A similar dependence,
only for L, has been previously reported in quenched
compression moulded PE [11]. Above M, L, and
L, remain nearly constant with increasing M,, show-
ing values close to 30 and 55 nm respectively (Table I).
The critical molecular weight for the appearance of
the second long spacing (L,) coincides with M, for
those samples injected at high melt temperature
(210°C) and it is lower for T,, = 144 °C. The critical

TABLE I SAXS long spacings [nm] of the PE injection moulded
materials

T, = 210°C T, = 144°C

M, %107 1 o) I o)

Ll ‘ LZ Ll LZ Ll L2 Ll L2

51 23 22 30 21

58 24 23 31 24

71 25 23 28 24

80 26 26 31 49 27 46
108 28 28 31 55 27 49
182 33 56 28 53 33 55 30 55
190 34 60 31 57 34 62 30 58
478 35 56 32 55 35 62 31 56

molecular weight, M, has been associated to a per-
colation process of a network of stable entanglements,
which leads to a drastic improvement in the mechan-
ical properties of the material [7]. Similar results have
been observed in the long periods measured in the
inner region (I), but with some differences which will
be outlined below.

As a general rule, the long period values measured
in region I are always higher that the corresponding
ones in the outer part O. Fig. 4 shows the difference
between the corresponding L, values for all the invest-
igated samples. The positive difference AL; = L;(I)
— L4(0) is influenced by the slower cooling rate
which takes place in the inner regions, favouring the
growth of larger crystallites. Taking a closer look it is
noteworthy that, for the high injection melt temper-
ature, AL, shows a constant value of ~4 nm, except
for the low molecular weight materials where it in-
creases continuously up to a value of ~9 nm. On the
other hand, for the low melt temperature, AL, is close
to zero below M, and shows again a constant value of
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Figure 3 SAXS long spacings as a function of M2 measured in
region O for the two injection melt temperatures: Ty, = 144 °C (V)
and T, = 210°C (). Solid symbols correspond to L, and open
symbols to L;.

Figure 2 SAXS patterns of two samples with molecular weight: (a) M,, = 58 x 10* and (b) M,, = 182 x 103 (two different exposure times: 3 h

and 24 h).
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~4nm for higher molecular weights. Considering
now the difference AL = L,(144°C) — L,(210°C), is
observed to be negligible in the outer region O, while
in the inner region it is a decreasing function of the
molecular weight below M., becoming zero above
this point (Fig. 5). These effects ought to be dependent
on the network of physical entanglements of the
melt,which is partly transferred into the solid state
during the injection process. Such a network only
exists above a critical molecular weight and has been
proved to be better developed for higher molecular
weights and lower melt temperatures [7].
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Figure 4 Plot of the difference, AL, = L,(I) — L(0), in SAXS long
spacing between regions 1 and O, as a function of ML (A:
T,, = 144°C, O: T,, = 210°C).
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Figﬁre5 Piot of the difference, ALY, in SAXS long spacing L, for
the two injection melt temperatures, 144 and 210 °C, as a function of

ML2, (A: region I, O: region O).
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3.2. Raman SCS lengths

A very similar qualitative picture is obtained from low
frequency Raman spectroscopy data of the low melt
temperature series (7T, = 144°C). It is found that
a unique LAM band with the maximum located at
16-17 cm ™! appears for those samples with average
molecular weight between 51 x 10® and 71 x 10°. The
band position shifts to lower frequency with increas-
ing molecular weight. When M, reaches 182 x 10°, the
uprising of an extra LAM mode starts from the low
frequency tail of the previous one. On further increas-
ing M,, the frequency of both LAM modes continues
to decrease, and the spectrum for the sample with the
highest molecular weight shows two well-resolved
peaks at 12.5 and 9.5 cm ~ ! in the outer layer and at 12
and 8 cm ™! in the inner region. The calculated and
normalized straight-length distribution functions,
Z (), are shown in Fig. 6. The position of their peak
maxima refers to the average SCS length within crys-
tallites. These results are collected in Table I and are
also represented in Fig. 7 as a function of molecular
weight. In addition, the bimodal distributions have
been empirically separated into two components. The
area ratio A;/(A; + A4,) between the two separate
populations represents the relative proportion of long
SCS segments [9]. The variation of this ratio indicates
that, in all cases, long SCS segments are less abundant
than the shorter ones, increasing in relative number
with increasing molecular weight (see Table II).

SCS distribution function

SCS distribution function

1
20 30 40
[ {nm)}

Figure 6 Straight-chain segment (SCS) length distribution function,
from LAM, for different molecular weights (x 1073): (1) 51, (2) 58,
(3) 71, (4) 182, (5) 478, Insert: 190. Upper figure: region I. Lower
figure: region O.



TABLE 11 Raman average straight-chain segment lengths [nm]
and area ratio, 4,/(4, + A,), of the resolved distribution functions

T, =144°C
M, x1073 1 0
Lo 4, l z A
A +4, ! A +4,
51 18 16.5
58 19 17.5
71 18 19
182 24 30 012 21 27 007
190 25 33 014 195 28 028
478 25 40 016 25 32 029
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Figure 7 LAM SCS length as a function of MY for T,, = 144°C.
(A: region I, V: region O). Solid symbols correspond to I, and open
symbols to I;.

3.3. Electron microscopy

For the electron microscopy study, two samples cor-
responding to the lowest molecular weight (51 x 10°)
and the highest one (478 x 10°) were chosen. For both,
the temperature of the melt was 144 °C.

The low molecular weight material shows, in the
inner region, stacks of lamellac which are locally ar-
ranged in a, more or less, random manner (Fig. 8(a)).
The arrangement of lamellae occurs in bundles which,
in some areas, are perpendicular to the injection direc-
tion (Fig. 8(b)) giving rise to a local orientation.
The thickness D; of lamellae (internal lamellar
thickness = crystalline part inside the lameilae) varies
between 3 and 14 nm with an average value of 8.5 nm.
The frequency distribution of lamellar thicknesses is
shown in Fig. 9. In the outer region, a similar picture is
found with the exception of a surface layer, < 100 pm
thick, where a completely different morphology ap-
pears. Here, a microfibrillar structure, with thick
microfibrils nearly parallel to the injection direction, is
observed (Fig. 10). The microfibrils are considerably
thicker than the lamellae, ranging from 10 to 140 nm,
and a maximum in the thickness frequency distribu-
tion of about 30 nm (Fig. 11).

The high molecular weight material shows in the
outer region a well defined orientation of lamellae
belonging to a conspicuous shish-kebab structure
(Fig. 12). Lamellae, sharply limited to the amorphous
regions, are arranged in bands (shish-kebabs) with
shish fibril widths of a few tenths of micrometres and
lengths of several micrometres. Lamellar thicknesses
vary between 4 and 15 nm, with an average value of
about 9 nm (Fig. 13).

In addition to the lamellar thicknesses, the long
periods from the shish-kebab lamellar stacks were also
directly determined on the micrographs. Values be-
tween 13 and 31 nm were obtained. The frequency
distribution of the long period has only in some places
a bimodal shape (Fig. 14).

Figure 8 Micrographs of two different details within the region I of a low molecular weight material (M,, = 51 x 103).
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Figure 9 Frequency distribution of lamellar thickness, Dy, of the
same material as in Fig. 8.

Figure 10 Micrograph from region O of the same material as in
Fig. &.
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Figure 11 Frequency distribution of microfibrillar thickness, Df, of
the same region and material as in Fig. 10.

In the inner region a well pronounced parallel ar-
rangement of lamellae forming shish-kebab structures
can be observed, but in some areas also a weaker and
not clear orientation has been detected.

4. Discussion

Comparison of the techniques of SAXS, Raman spec-
troscopy and electron microscopy has been under-
taken before examining particular details of the
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Figure 12 Micrograph from region O of a high molecular weight
material (M,, = 478 x 103).
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Figure 13 Frequency distribution of lamellar thickness, D;, of the
material as in Fig. 12.
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Figure 14 Frequency distribution of long periods, L, of the material
as in Fig. 12, showing a bimodal shape.

microstructure of PE (see for example [12]). In the
present work, we intend to make use of the above
techniques to review some still controversial aspects of
the shish-kebab morphology. In this respect it is im-
portant to fully understand which is the information



provided by each particular technique and which are
their limitations.

The appearance of a SAXS maximum is commonly
associated to a periodical fluctuation of electron den-
sity along a certain direction. Assuming the most
simple two-phase model, such a fluctuation corres-
ponds to a regular stacking of crystalline Jamellae and
amorphous regions. The existence of a second SAXS
maximum, L,, could be originated by a different
lamellar periodicity, or it could be related to a second
order of the first stacking periodicity. It is, therefore,
important to elucidate whether L; and L, are mu-
tually related. For all the investigated high molecular
weight samples, the L,/L, ratio yields an average
value of 1.76, a result that does not rule out the
possibility of both long periods being different orders
of the same repeating structure. However, SAXS [13]
and recent USAXS [14] experiments as a function of
temperature have given conclusive evidence that the
two periodicities are independent of each other. It is
observed that, on heating, the lower spacing shifts
towards lower scattering angles, till it merges with the
L, peak, which meanwhile remains unchanged. From
this point, up to the vicinity of the melting point, the
single long period increases again. On cooling, after
having melted the material, two new long periods
appear whose values depend on thermal history. The
existence of a double long period at room temperature
has been recently associated to a shish-kebab fibrillar
structure arising during the elongational flow injec-
tion process [15]. During this process, it is reasonable
to admit the appearance first of dominant lamellae,
while the space between them is later filled by thinner
subsidiary crystalline structures in the form of lamel-
lae [14], crystal blocks or crystalline bridges. Two
long periods in PE have also been found by shear
induced crystallization [16] and in melt crystallized
high molecular weight materials [12]. The tendency of
the SAXS maxima to split and form a certain angle
(B ~ 18°) with the meridional direction (Fig. 2(b)), sug-
gests that the lamellar basal planes form in the average
the above mentioned angle with the injection direc-
tion. This result is in accordance with previous TEM
observations [17] and with our present micrographs.

LLAM spectra yield straight chain segment lengths
which are related to the internal lamellar thickness. If
these segments were perpendicular to the basal planes,
the difference between the L values derived from
SAXS and the [ results obtained from LAM should
offer an estimate of the thickness of the amorphous
interlamellar layer including the boundary interphase.
By comparing the results of Tables I and II it is seen

that the difference between L cosp (SAXS) and
I; (LAM) does not change significantly for all investig-
ated samples showing an average value of 7 + 2 nm.
Similarly, L,cosB (SAXS) — [, (LAM) takes a con-
stant average value of 24 + 3 nm. The ratio [/{(Lcos §)
should yield a rough approximation to the linear
degree of crystallinity of the material. This ratio is
about 0.8 and 0.6, for the shorter and longer spacings,
respectively. At this point one should take into consid-
eration the nature of the LAM Raman bands. It is
known that the region of LAM localization is re-
stricted by the regular trans-zigzag periodicity [9].
Usually, chain defects are located at the interphase
between crystalline regions [ 18], but also a significant
number of conformational defects may exist inside
a crystal [19]. Such defects are undetectable by SAXS,
but could drastically reduce the size of (LAM) giving
as a result a much lower [/(LcosP) ratio. On the
contrary, the presence of a certain tilt of the SCS
molecular segments with respect to the lamellar basal
planes would increase the I/(Lcos B) value in relation
to the linear crystallinity.

Concerning TEM observations, for the lowest mo-
lecular weight material investigated, the appearance of
a microfibrillar structure near the surface is quite
surprising. It indicates a high molecular orientation
which is in good agreement with previous birefrin-
gence results [7]. TEM lamelar thicknesses can be
translated into long period values according to the
expression [20,21]

L=D;4+29+D, 3)

where the long period L contains the internal lamellar
thickness D;, the two g thicknesses of both boundary
layers and the thickness D, of the amorphous inter-
lamellar layer. By assuming g = 2 nm and D, ~ D, [20,
21], lamellar thicknesses of 413 nm would yield long
periods between 12 and 30 nm. The average of the
latter L (TEM) values coincides with the SAXS result
(see Table I1I). On the other hand, the length of ex-
tended chain crystals derived from Raman spectro-
scopy is about 17 nm. To correlate this value, with the
thickest observed lamellae of D; = 13 nm, a tilted ar-
rangement of the stretched molecular segments inside
lamellae must be invoked. This inclined molecular
arrangement would result in a maximum tilt angle of
38° of the SCS segments with respect to the lamellar
basal planes [22].

For the high molecular weight material, there is
a clearly pronounced lamellar orientation in the form
of a shish-kebab structure. The long periods directly
measured on micrographs vary between 13 and 31 nm.

TABLE III Comparison of results, from the outer region O, for the two extreme molecular weights: LMW = 51 x 10 and

HMW =478 x 103, for T,, = 144°C

Long period

Crystal thickness

L (SAXS) L (TEM) I (Raman) D; (TEM)
LMW 21 12-30 165 4-13
HMW 31 56 13-31° 25 32 4-15

2 Direct determination: sometimes bimodal.
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At the same time, the evaluation of lamellar thick-
nesses on the same micrographs yields an interval of
4-15 nm, which according to Equation 3 represents
long period values of 12-34 nm, very close to the
experimental ones. Therefore, it seems that long per-
iods measured by TEM only correspond to the shorter
SAXS periodicity (Table III). In addition, TEM obser-
vations show, in most cases, just a smaller variation of
the lamellar thicknesses around a single distribution.
These different results can be explained if one admits
the existence of a large contribution of tie taut molecu-
les or crystalline bridges between adjacent lamellae
which contribute to the larger Raman peak and to the
higher X-ray long periods. Such regions are probably
not well defined by the selective staining used for
TEM, and neglected for long spacing determination,
because measurements are only carried out in those
regions where sharp interlamellar regions are ob-
served. In this way TEM long periods can be effec-
tively correlated to the shorter spacings.

5. Conclusions

Small angle X-ray scattering of these oriented mater-
ials confirms the presence of one or two independent
meridional maxima, depending on molecular weight
and melt temperature. The corresponding long per-
iods increase with molecular weight upto a critical
molecular weight, remaining constant for higher
values of M. The critical molecular weight has been
associated, in a previous work [7], to a percolation
process of a network of physical entanglements.

Raman spectroscopy data qualitatively confirm the
existence of two separate distributions of straight-
length chain segments for those samples having
molecular weights above the critical value. Shorter
segments are shown to be more abundant than the
longer ones.

Electron microscopy, in turn, shows a rich variety of
morphologies which corresponds to the non-homo-
geneous nature of the investigated samples. The low
molecular weight material shows a 100 ym surface
skin layer containing a microfibrillar structure with
a high molecular orientation. The rest of the material
presents different arrangements of lamellae in the form
of bundles, which in local areas, show a small global
orientation. The high molecular weight material
shows mainly a shish-kebab structure, which is better
defined in the outer region.

The combination of SAXS, Raman spectroscopy
and TEM draws a qualitative picture for the low
molecular weight material, as having a single distribu-
tion of lamellar crystal thicknesses with molecular
chains forming a certain angle with its basal planes.
The high molecular weight samples show, on the other
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hand, the presence of two different populations of
crystal thicknesses. However, TEM observations yield
only information about the shorter periodicity. The
occurrence of a certain fraction of tie taut molecules
and crystalline blocks between adjacent lamellae has
been suggested to explain the latter result.
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