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ABSTRACT: Structural changes during constrained melting of blown polyethylene (PE) films were
followed by in-situ synchrotron small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction
(WAXD) techniques. Results indicated that thermally stable flow-induced crystallization precursor
structures (i.e., shish-kebabs) can be revealed above the nominal melting point determined by differential
scanning calorimetry (DSC). Two samples were investigated: (1) linear low-density polyethylene (LLDPE)
with My, of 116 kg/mol and (2) a binary blend of 95 wt % LLDPE and 5 wt % high-density polyethylene
(HDPE). HDPE had a bimodal molecular weight distribution, containing 80 wt % of low molecular weight
(LMW) component (M, = 99 kg/mol) and high molecular weight (HMW) component (M, = 1100 kg/mol).
Even though the blend contained only a low concentration of HMW—HDPE chains (c = 1 wt %), above
its overlap concentration (c* = 0.5 wt %), the initial film showed significantly higher lamellar orientation,
and the high-temperature film showed a much more intense shish-kebab scaffold than LLDPE. The Ruland
method for meridional streak analysis was used to analyze the kebab diameter and orientation during
melting; the Vonk procedure for single lamella scattering was used to analyze the corresponding kebab
thickness change. The temperature dependence of kebab thickness for both LLDPE and HDPE/LLDPE
blend was used to determine the equilibrium melting temperature for PE (T},° = 142.6 °C), which showed

a very reasonable agreement with the literature value.

Introduction

Mechanical properties of polymeric materials are
dependent on the molecular orientation as well as the
overall morphology, which are directly affected by
different processing conditions, such as fiber spinning,
injection molding, extrusion, and film blowing.!~3 Recent
results indicated that external flow field always gener-
ates a scaffold of precursor structures (i.e., shish-kebabs)
at the initial stage of crystallization due to the rheo-
logical differences of individual chains.*? This scaffold,
which is thermally stable, usually dictates the subse-
quent morphological development via crystallization. In
this study, we are mainly interested in understanding
the nature of the earliest events of polymer crystalliza-
tion during the polymer film blowing process, where a
sequential biaxial extensional flow is involved. As in-
situ experiments are quite difficult to conduct during
the film blowing process, a melting study of constrained
films (we termed this constrained melting) was carried
out to extract the information about the flow-induced
precursor structures generated at the initial stage of
crystallization at high temperatures. This approach
appears to work well because the melting temperature
of the precursor scaffold is notably higher than the
melting temperature of the later formed crystallites.®

Keller et al. reported that crystalline lamellae (or
kebabs) grow epitaxially from the crystallographic c-axis
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of extended chain row-nuclei (or shish) during film
blowing.” The growth of lamellae often twists gradually
around its b-axis but stays perpendicular to the machine
direction (MD) or its a- and c-axes. The MD orientation
of the a- and c-axes depends on the type of PE and the
stress involved. For example, under very low stress
conditions, the a-axis orientation was observed; while
under very high stress, the dominant c-axis orientation
was observed, both against the MD.8710 In a typical film-
blowing process, most polymer chains are first oriented
along the MD, where the corresponding lamellae would
grow along the transverse direction (TD). However, the
process involves deformation in two orthogonal direc-
tions and normally results in a biaxial molecular
orientation along MD and TD.11.12

In applications of blown polymer films, such as
packaging, polyethylene (PE) is the most widely used
system.!314 To meet the requirements of good film
clarity and high mechanical strength, blends of PE with
different molecular weights, distributions, and chain
architectures have been routinely used as a viable
means to tailor the structure and properties. In the past
two decades, a great deal of effort has been made to
create new polymer blend systems for commercial
applications. However, it is fair to state that the
progress made by such an approach has often been
hampered by the behavior of phase separation and the
lack of understanding of flow-induced crystallization in
polymer blends.!516 Recently, some studies indicate that
the incorporation of a small amount of long chain species
can effectively control the behavior of flow-induced
crystallization in the matrix and thus the final mechan-
ical properties of the blown films.1” These results are
consistent with the recent findings from in-situ rheo-
X-ray*518 and rheo-opticall®2? studies, which clearly
illustrated the critical role of long chains on the produc-
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Figure 1. GPC profiles of LLDPE and HDPE before blending.
The HDPE profile indicates a bimodal molecular weight
distribution (labeled by arrows). 5 wt % of HDPE was melt-
blended with LLDPE to prepare the HDPE/LLDPE blend,
which profile was very similar to that of LLDPE.

Table 1. Molecular Weight Information of HDPE and
LLDPE, Where My,, M,,, and MWD Represent the
Weight-Average Molecular Weight, the Number-Average
Molecular Weight, and the Polydispersity (M/My,)

density, _ _
samples p (g/em3) M, (kg/mol) M, (kg/mol) MWD (M/M,)
LLDPE® 0.920 116 48 2.4
HDPE? 0.964 130 15 8.7

@ Polymerized with 2.4 mol % of hexene comonomer using the
metallocene catalyst method. ® Polymerized with the Ziegler—
Natta catalyst method, which contained a bimodal molecular
weight distribution (M,, = 99 kg/mol at about 80 wt % and 1100
kg/mol at about 20 wt %).

tion of a precursor scaffold at the early stages of
crystallization under flow.

In this study, we have chosen two blown PE films,
processed at the same conditions, for in-situ small-angle
X-ray scattering (SAXS) and wide-angle X-ray diffrac-
tion (WAXD) studies. The PE films were constrained
in a planar geometry during melting in order to preserve
the initial precursor structures formed at high temper-
atures. The chosen blown films included linear low-
density polyethylene (LLDPE) and a blend of high-
density polyethylene (HDPE) with LLDPE. The HDPE
sample contained a bimodal distribution of molecular
weights: high molecular weight (HMW) and low mo-
lecular weight (LMW) components. The HDPE/LLDPE
blend composition was selected in such a way that the
concentration of the HMW—HDPE species was just
above its overlap concentration. Results between LL-
DPE and HDPE/LLDPE blends have been compared to
elucidate the role of HMW species on the formation of
the crystallization precursor structures during the blow-
ing process.

Experimental Section

Materials and Preparation. Both films were processed
according to a three-variable Box-Behnken experimental
design with the blow-up ratio (2.5), die gap (70 mil), and frost
line height (76 cm) as the variables. These runs were per-
formed using a blown film line comprised of an 8.9 cm, 32 L/D
sterling extruder, a 20.3 cm diameter Gloucester die with a
dual orifice air ring, and a commercial scale tower. The
processing conditions that remained constant throughout this
study were a 218.3 °C melt temperature and a 114 kg/h
throughput rate.

The GPC profiles of HDPE and LLDPE before blending are
illustrated in Figure 1; the corresponding molecular weight
information is summarized in Table 1. The LLDPE sample was
synthesized by the metallocene method and contained 2.4 mol
% of hexene as the comonomer unit, i.e., 12 hexene branches
per 1000 carbon atoms. The weight-average molecular weight
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(M) of LLDPE was 116 000 g/mol, and the molecular weight
distribution (M /M,) was 2.4. The HDPE sample (M,, =
130 000 g/mol) was a homopolymer made by the Ziegler—Natta
method and possessed a bimodal molecular weight distribu-
tion: LMW-HDPE (~80 wt %) and HMW-HDPE (~20 wt %).
The M, values of the two distributions in HDPE were 99 000
g/mol (LMW-HDPE) and 1 100 000 g/mol (HMW-HDPE). The
two HDPE distributions were estimated by deconvoluting the
GPC profile with two Gaussian functions, as shown in Figure
1. For the HDPE/LLDPE blend, 5 wt % of HDPE was melt-
mixed with LLDPE using an extruder. Thus, in the blend, the
concentration of HMW-HDPE chain distribution (M, = 1100
g/mol) was about 1.0 wt %, and this value was higher than
the calculated overlap concentration. The corresponding over-
lap concentration, c¢*, of the HMW-HDPE species was calcu-
lated by the following expression?!

. 3M,, "
c =
4R T1N,

where [R,2(¥? represents the root-mean-square radius of gyra-
tion and NV, is Avogadro’s number. As the characteristic ratio
of [RAV?/M,"? for molten HMW-HDPE was 0.46 based on
SANS measurements,?? the estimated overlap concentration,
c*, was approximately 4.0 x 1073 g/em? (i.e., 0.5 wt % in the
blend melt). We have paid particular attention to the role of
HMW-HDPE in the formation of flow-induced crystallization
precursor scaffold during crystallization in the film blowing
process because of its long relaxation times.

Experimental Procedure. Differential scanning calorim-
etry (DSC) was first used to determine the thermal behavior
of blown films without constraint. The heating rate of DSC
was 1.1 °C/min. DSC measurements were carried out by using
a Perkin-Elmer DSC 7 instrument. 24 layers of blown films
(each film thickness ~0.022 mm) were carefully stacked (the
axis of orientation in each film was aligned) to enhance the
resolution of X-ray images (i.e., signal-to-noise ratio). The
stacked films were cut into a ring shape with inner and outer
diameters being 10 and 20 mm, respectively. The blown film
sample was heated under constrained conditions in the
Linkham shear device. The constraint was applied by me-
chanically sandwiching the sample between two parallel
plates. Since the dimensions of the sample were maintained
about constant, planar (2-dimensional) constraint restricted
the macroscopic recovery of the biaxially oriented sample
during heating (we note that if the sample was not constrained
during heating, macroscopic shrinkage would take place and
results were not suitable for the analysis). This shear instru-
ment has been used for the rheo-X-ray study of polymer melt
under shear,!® where the confinement has been proven to be
very effective on the sample. In-situ X-ray measurements were
performed under a relatively slow heating rate (0.96 °C/min)
to reduce the nonequilibrium effect in the determination of
equilibrium melting temperature from the data of lamellar
thickness.

2D WAXD and SAXS measurement were carried out at the
X27C and X3A2 synchrotron beamlines in the National
Synchrotron Light Source (NSLS), Brookhaven National Labo-
ratory (BNL), respectively. The wavelengths of the synchrotron
radiation were 1.366 A (X27C) and 1.542 A (X3A2). 2D SAXS
and WAXD patterns were collected using a MAR CCD X-ray
detector (MARUSA) with the resolution of 1024 x 1024 pixels
(pixel size = 158.44 um). The data acquisition time was 15 s,
and the data storage time was 5 s for each image collection.
The sample-to-detector distances for SAXS (1578 cm)
and WAXD (11.9 cm) were calibrated using two standard
samples: AgBe (silver behenate) and Al;O3 (aluminum oxide),
respectively. The measured SAXS range was s = 0.009—0.31
(nm™1), where s = 2 sin 6/4 with 20 being the scattering angle
and 1 being the wavelength. Corrections for background
scattering, air scattering, sample absorption, and synchrotron
beam fluctuation were carried out for all the X-ray images.
The correction involved the use of an ion chamber detector
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Figure 2. DSC melting thermograms of LLDPE and HDPE/
LLDPE unconstrained films. The dotted vertical lines indicate
two melting temperatures (T, Tmu) and end of melting
temperature for the HDPE/LLDPE blend film. The samples
were scanned from 90 to 150 °C at 1.1 °C/min after being
heated first from room temperature to 90 °C at 10 °C/min and
then equilibrated at 90 °C for 10 min.

Table 2. Melting Temperatures of Quiescently
Crystallized Samples and Unconstrained Blown Films

quiescently
crystallized samples blown films
samples Ty (°C) Thr(°C) Tmu(°C)
HDPE/LLDPE 114.9 115.5 122.2
LLDPE 113.2 114.1 118.0

before the sample and a pin-photodiode detector after the
sample.

Results and Discussion

DSC Thermograms of Unconstrained Samples.
DSC melting thermograms (at a 1.1 °C/min rate) for
unconstrained blown films of LLDPE and HDPE/LL-
DPE blend are illustrated in Figure 2. The correspond-
ing DSC melting temperatures obtained from Figure 2
(blown films) and quiescently crystallized LLDPE and
HDPE/LLDPE binary blend samples (i.e., the starting
materials) are summarized in Table 2. In the melting
study of quiescently crystallized samples, the HDPE/
LLDPE blend showed a slightly higher melting tem-
perature than neat LLDPE (Table 2). The higher
melting temperature in the blend is due to the presence
of HDPE, resulting in the formation of lamellae thicker
than those in LLDPE with 2.4 mol % of hexane
branches. This is because HDPE is a homopolymer with
faster crystallization rate and higher crystallization
temperature.

The melting study of blown films for both LLDPE and
HDPE/LLDPE at the temperature range of 90—140 °C
exhibited two discrete exotherms, Ty, 1, and T, 1, where
the subscripts L and H denoted the low and high
melting temperatures, respectively. The presence of Ty, i
in LLDPE film can be attributed to the flow-induced
crystalline structures, which is absent in the quiescently
crystallized sample. The HDPE/LLDPE blend film
showed higher values of T, 1 and end melting temper-
ature than those observed in LLDPE, confirming the
formation of thicker lamellae due to the presence of
HDPE during blowing. It was also observed that the
addition of HDPE accelerated the crystallization kinet-
ics of the blend as compared to neat LLDPE (data not
shown). The value of Ty, 1, for each film was nearly the
same as the nominal melting temperatures (Ty’s) of
quiescently crystallized samples (Table 2). This implied
that T, 1, was related to the melting of lamellae formed
under undeformed state (or within the oriented scaffold).
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In Situ WAXD during Constrained Melting. To
examine the flow-induced crystallization precursor struc-
tures in blown PE films, in-situ WAXD measurements
were carried out on constrained samples at a heating
rate similar to that of DSC. Selected 2D WAXD patterns
of LLDPE and HDPE/LLDPE blend films at elevated
temperatures are shown in parts a and b of Figure 3,
respectively. Figure 3c illustrates the azimuthal profiles
taken from the (110) reflection of both films at room
temperature. It is seen that 2D WAXD patterns from
both films exhibit four-arc (110) reflections on the off-
axes and two-arc (200) reflections on the meridian,
implying the formation of twisted lamellae. This is
because the folded chain lamellae often grow epitaxially
from the c-axis of the flow-induced row nuclei (shish),
and they twist gradually around their crystallographic
b-axis, while staying perpendicular to the machine
direction (MD). The twisted lamellae are responsible for
the formation of four-arc (110) reflections on the off-
axes and two-arc (200) reflection on the meridian.!?

It is noted that the blend film showed much more
distinct (110) and (200) reflections at elevated temper-
atures (e.g., 116.4 and 126.4 °C in Figure 3a) than the
LLDPE film. In particular, the oriented crystal reflec-
tions remained stable at temperatures above 126.4 °C
for the blend, whereas the LLDPE film showed only a
molten scattering background. This confirmed that the
thermal stability as well as the orientation of “residual
crystallites” in the blend film were significantly higher
than those in LLDPE. These residual crystallites can
be attributed to the first formed crystallization precur-
sor structures during film blowing, which is explained
as follows. As the blend contains 1.0 wt % of HMW-
HDPE above its overlap concentration, the HMW-HDPE
chains are in the highly entangled state at high tem-
peratures due to the long average chain length. Upon
extension, some fractions of chains (probably between
the entanglement points) can undergo the coil—stretch
transition and form extended chain conformation. Ex-
tended-chain crystallization would take place subse-
quently and form shish. The shish entity can then
induce folded chain crystallization of interconnected as
well as disconnected adjacent coiled chain sections and
form kebabs.?? The thermal stability of the shish-kebab
structures, resulted primarily from the HMW-HDPE
component, are much higher than the crystalline struc-
tures resulted from LMW-HDPE and LLDPE compo-
nents. This scenario is consistent with DSC results. We
note that as the average molecular weight of LMW-
HDPE is lower than LLDPE, the presence of 4 wt %
LMW-HDPE can be considered as a “diluent” in the
LLDPE matrix. However, the role of HMW-HDPE on
the formation of high-temperature stable crystallization
precursor structures (i.e., shish-kebabs) is unmistak-
able. In the following, the crystallinity change during
melting is discussed to further illustrate our point.

Crystallinity Change. 2D WAXD pattern was ana-
lyzed to determine the crystallinity index, which is
proportional to the true crystallinity in the case of
polyethylene. The crystallinity index is termed “crystal-
linity” hereafter. The crystallinity index was estimated
from eq 2.

X =

C

N~

IL=1+1, (2)
t

where I. and I, represent the integrated diffraction
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Figure 3. Selected 2D WAXD patterns of (a) LLDPE and (b) HDPE/LLDPE constrained films at elevated temperatures near
and above melting (the amorphous background was subtracted for better visibility). (c) The azimuthal profiles taken from the
crystalline (110) reflections of the original films at room temperature.

intensity of the crystal phase (sum of (110) and (200)
reflections) and the scattered intensity of the amorphous
phase, respectively; I; is the integrated diffraction
intensity (azimuthal angle, ¢ = 0—180°) due to the sum
of amorphous and crystal phases. The WAXD profile
was curve-fitted by applying Voight functions.

To obtain the orientation fraction of crystal, ¢, the
total integrated intensity from crystalline reflections,
I., was deconvoluted into two contributions from ori-
ented and unoriented fractions using the “Halo”
method.?425 The total integrated intensity, I., thus has
two contributions: (1) I, due to the reflections from the
unoriented crystals, and (2) I,,, due to the reflections
from the oriented crystals. The fraction of the oriented
crystals can be estimated as

¢01‘ = ﬂ IC = Ill + IOI‘ (3)

The changes of total crystallinity, X., and orientation
fraction, ¢, as a function of temperature during melting
are depicted in parts a and b of Figure 4, respectively.
Initially, the degrees of crystallinity of both films were
comparable, while the orientation fractions of the blend
film were significantly higher at the temperatures below
108 °C. However, when the temperature was elevated
above 108 °C (dotted vertical line in Figure 4a), the
crystallinity of the blend film became higher. In addi-

(@ 0.4
0.3+
0.2+
[3]
x
0T o Liore
—o—HDPE / LLDPE
0.0 : v v —
20 40 60 80 100 120
Temperature (°C)
(b) —o—LLDPE N
1.0 +—o— HDPE/LLDPE |
)
0.9+ |
- ]
<08} !
]
0.7+
I
0.6

50 40 60 80 100 120
Temperature (°C)

Figure 4. Changes of (a) total crystallinity, X., and (b)
orientation fraction of crystal, ¢,,, as a function of temperature.
The vertical dotted lines in (a) and (b) indicate 108 °C; the
arrow in (b) indicates 119 °C.

tion, the change of orientation fraction in the LLDPE
film showed a steep increase above 108 °C, indicating
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Figure 5. Selected 2D SAXS patterns of (a) LLDPE and (b) HDPE/LLDPE constrained films collected at elevated temperatures
as well as (c) the changes of total scattered intensity of each film at temperatures near and above nominal melting points. The
s range of SAXS patterns was from 0.009 to 0.31 nm™!. The arrows in (c) indicate 127.5 and 129.4 °C, respectively.

the drastic melting of unoriented crystals, whereas the
blend film only showed a moderate increase in the
orientation fraction. This can be explained as follows.
During the film-blowing process, even LLDPE can
produce two distinct crystalline structures: a flow-
induced precursor scaffold containing thermally stable
shish-kebab crystalline structures and crystallites formed
within the scaffolds upon cooling. The latter resembled
the crystallites formed under quiescent conditions and
had lower thermal stability and less preferred orienta-
tion. Thus, upon heating, the crystallites of lower
thermal stability would melt first (at about 108 °C),
leaving behind a more stable crystalline scaffold with
better orientation. However, it is clear that the concen-
tration of flow-induced scaffold in LLDPE film was
significantly lower than that in the HDPE/LLDPE
blend. This again confirmed the role of HMW-HDPE,
which significantly improved the crystallization rate,
crystallization temperatures, and orientation fraction
when compared to those in LLDPE under the same film-
blowing conditions.

In Situ SAXS during Constrained Melting. Se-
lected 2D SAXS patterns of LLDPE and the blend film
collected during heating are represented in parts a and
b of Figure 5, respectively. In addition, the correspond-
ing change of total scattered intensity at selected
temperatures near and above the high nominal melting
temperatures (i.e., T g in DSC) is plotted in Figure 5c.
We note that the initial films exhibited both oriented
and unoriented scattering features. The orientation of
the HDPE/LLDPE blend film was significantly higher
than LLDPE at room temperature as well as at elevated
temperature. One of the most interesting features
observed in Figure 5a,b was that the high-temperature

SAXS patterns (e.g., above 119 °C) did not exhibit
equatorial streak, which typically indicates the presence
of shish. Instead, the patterns exhibited “meridional
streak”, quite different from the “meridional peak” seen
at low temperatures (e.g., below 110 °C). This absence
of the equatorial streak does not mean that the shish
was absent; it simply means that the dimension of the
shish may be too small and/or the concentration too
dilute to be detected by SAXS. The meridional peaks
are due to the formation of oriented lamellar structure
having very large lateral dimensions, while the meridi-
onal streak can be attributed to the formation of kebabs
with much smaller lateral kebab diameter (if assumed
disklike) in the nanometer scale (Figure 6b) and a large
polydispersity in the diameter distribution. The latter
has recently been demonstrated by us using a shish-
kebab model to simulate varying scattering patterns as
functions of kebab diameter, long period, kebab thick-
ness, and their variances.26 Similar SAXS observations
of the transformation from meridional peak to meridi-
onal streak have also been reported by Stribeck et
al.27730 They argued that the meridional streaklike
scattering pattern without the first-order scattering
maximum was due to the nonuniform long period but
uniform lateral extension of lamellae. Thus, their model
was based on the one-dimensional change in electron
density distribution along the shish. In our recent
paper,26 however, we showed that electron density
distribution can also be affected by the polydispersity
of the kebab diameter as well as by the polydispersity
of the long period. Both variations (long period and
kebab diameters) can result in the formation of meridi-
onal streaklike scattering without the first-order inter-
ference scattering maximum.
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Figure 6. (a) Integral width (B,s) vs the reverse of scattering
vector (1/s) plot for the HDPE/LLDPE blend based on eq 4.
(b) Changes of the average kebab diameter. (¢) Changes of
azimuthal integral width with temperature near the end of
melting points for LLDPE and HDPE/LLDPE blend. The
values were obtained from the Ruland streak analysis method.

In Figure 5a,b, it is interesting to see that at 126.4
°C (above Thyu for both samples) the HDPE/LLDPE
blend film still exhibits oriented scattering features (i.e.,
meridional streak), while LLDPE film shows a nearly
isotropic scattering pattern, typical of molten melt. On
the basis of the plot of total scattered intensity vs
temperature (Figure 5¢), the end temperature of the
melting for each film can be determined in terms of
SAXS where the total scattered intensity becomes
zero: 127.5 °C (for LLDPE) and 129.4 °C (for HDPE/
LLDPE). These two temperatures are close to the end
temperatures (ca. 126 °C for LLDPE and 128 °C for
HDPE/LLDPE) determined by DSC using unconstrained
films (Figure 2). In the following, we demonstrate that
the method devised by Ruland for investigation of
scattering streak can be used to analyze the kebab
lateral dimension (or diameter if we assume the kebab
is disklike) and orientation distribution as well as their
temperature dependences during further melting.
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Ruland Streak Analysis To Estimate the Aver-
age Kebab Diameter in Precursor Scaffold. The
Ruland streak analysis method was first introduced to
separate the size and the orientation distributions of
longitudinal voids in polymer and carbon fibers from the
equatorial streak of the SAXS pattern.3132 However,
since the method is principally based on the separation
of experimental azimuthal breadth from contributions
of scatterer length and misorientation, the method can
also be applied to meridional streak in separating the
average kebab diameter, [D[] and its misorientation in
the shish-kebab structure. If one assumes that all
azimuthal distributions can be modeled by Lorentz
functions, the observed azimuthal width, Bgs(s), is
related to the kebab diameter, (D[] and the azimuthal
width, By, due to misorientation of kebabs along the
shish by the following equation.

_ 1
B, (s) = DG + B, (4)

If all azimuthal distributions can be modeled by Gauss-
ian functions, then the relationship becomes

ool o

Since the Lorentzian function gave better fits to our
experimental results, eq 4 was used to analyze the
meridional streak. The kebab diameter, (D[] was deter-
mined from the slope of the By,s vs 1/s plot as shown in
Figure 6a, where the intercept yields the azimuthal
integral width, B,. Figure 6b illustrates the calculated
kebab diameter as a function of temperature at the
shish-kebab stable temperature region (7" > 119.8 for
LLDPE and T > 121.7 °C for HDPE/LLDPE). The
corresponding value of By is shown in Figure 6c¢. It is
interesting to see that the thermal stability of the
kebabs in LLDPE (119.8—127.5 °C) is lower than that
in HDPE/LLDPE blend (121.7—129.4 °C). This is rea-
sonable since the kebab moiety in the HDPE/LLDPE
blend is mainly due to the HMW-HDPE component,
which would result in larger crystal thickness and thus
a higher melting temperature than the LLDPE kebabs.
The formation of the LLDPE kebabs is probably also
from its high molecular species.

Two interesting features are observed in Figure 6b.
(1) The average diameter of the LLDPE kebabs is lower
than that of the HDPE kebabs. (2) During heating, the
diameter change of the LLDPE kebabs is small (ca.
180—80 nm), while the diameter change of the HDPE
kebabs is large (ca. 540—100 nm). In Figure 6¢, the
value of By, due to the misorientation of kebabs, is found
to increase monotonically with temperature for both
LLDPE and HDPE/LLDPE films. This behavior reflects
the melting process of the shish-kebab structure, where
the aligned kebabs would lose their orientation at high
temperatures. The initial By value of the HDPE kebabs
is lower than that of the LLDPE kebabs, which indicates
a better orientation in the initial HDPE shish-kebabs
in the blend.

To confirm the role of the HMW-HDPE component
on the formation of a thermally stable crystallization
precursor scaffold during flow, the following experiment
was also carried out. After the complete melting, which
was confirmed by both SAXS and WAXD measure-
ments, both samples were held at 135 °C for 10 min and
then subsequently cooled to room temperature. The 2D



5134 Keum et al.

(a) (b)

/

MD - MD

Figure 7. SAXS images of each sample obtained after being
melted at 135 °C and subsequently cooled to room tempera-
ture. The machine direction (MD) of each sample is marked
with arrow.

SAXS images of LLDPE and HDPE/LLDPE melted
films at room temperature are shown in parts a and b
of Figure 7, respectively. It is seen that the orientation
of the HDPE/LLDPE blend remains high, where the
LLDPE sample shows almost no orientation. This
indicates that the extended chain conformation of the
HMW-HDPE component is not completely relaxed back
to the coiled state at 135 °C, while nearly all the chains
in LLDPE completely coil back. The reversibility of the
shish-kebab formation under the constrained condition
will be a subject of our future study.

Vonk Procedure (for Single Lamella Scattering)
To Estimate the Kebab Thickness in Precursor
Scaffold. According to Vonk et al.,?? in a dilute lamellar
system, where the lamellae are uncorrelated and thus
the first-order interference is not discerned, the rela-
tionship between the weight-average lamellar thickness,
[, and the scattered intensity, I(s), can be given by

.2
I(s) = P sin (;ris) ©)
(tls)“s

where P is a constant. After expansion of the sine
function in eq 6 the approximation eq 7 is obtained.

P 1 559
I(s) == —=xa°l“P @)
s 3

At high temperatures (7' > 119.8 °C for LLDPE and
T > 121.7 °C for HDPE/LLDPE), the scattering inter-
ference peak in the meridional streak is very weak and
becomes absent with the further increase in tempera-
ture. We expect that the correlation between the kebabs
is very low during melting because of the two following
reasons: (1) the first-order interference maxima is not
discerned (streak type scattering patterns in Figure
5a,b), and (2) the misorientation of the kebabs becomes
very high with temperature (Figure 6b). The circularly
integrated meridional scattering profile (¢ = 85°—95°)
of the meridional scattering streak thus represents the
density profile of the kebabs intercepted along the shish
axis, which may fit the criterion of single lamella
scattering put forth by Vonk. Figure 8a illustrates the
typical plot of I(s) vs 1/s2 for a high-temperature SAXS
profile in LLDPE, where the weight-average thickness
of the kebab, /, can be estimated by eq 7. The experi-
mental and fitted SAXS intensity profiles for LLDPE
at selected temperatures are plotted in Figure 8b; the
calculated kebab thicknesses for both LLDPE and
HDPE/LLDPE samples are illustrated in Figure 8c. It
is seen that the kebab thickness for both samples
exhibits the same linear temperature dependency, even
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Figure 8. (a) Plot (I(s) vs 1/s?) based on eq 6 and eq 7 for the
calculation of lamellar thickness. (b) Comparison of the
experimental data and the fits for LLDPE film. (¢) Changes
of calculated weight-average lamellar thickness, /, as a func-
tion of temperature. To compensate the imperfection of lamel-
lar orientation, the meridional scattering was azimuthally
integrated (¢ = 85°—95°).

though the chain architectures, composition, and branch
distribution between LLDPE and HDPE are quite
different. HDPE is a linear homopolymer, which usually
has a fast crystallization rate and forms thick lamellae.
In contrast, LLDPE is a metallocene-based copolymer
containing 12 hexene branches per 1000 carbon atoms.
As the side-branches (a-olefins) cannot be incorporated
in the crystalline structure, the relatively short linear
sequence in LLDPE often hinders the formation of thick
lamellae.

Estimate of Equilibrium Melting Temperature.
The relationship between the kebab thickness and
temperature can be used to determine the equilibrium
melting temperature, Tp,°, for PE. The T\,° value is
defined as the melting temperature of the lamella with
infinite thickness.?* Since the crystallization phenom-
enon, such as lateral growth rate and nucleation rate,
is controlled by the degree of supercooling, AT (= Tn,°
— T.), T° has been one of the most important physical
quantities for crystallization in polymers. Accordingly,
a great deal of approaches have been carried out to
determine the reliable T\,,° value especially for PE.3442
Two methods have often been used to determine 7',°.
One is the Gibbs—Thomson method, and another is the
Hoffman—Weeks method for the analysis of the thermal
analysis data. However, it is well-known that both
methods cannot totally avoid the nonequilibrium crys-
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Figure 9. Gibbs—Thomson plot for the calculation of equi-
librium melting temperature, 7..°, using data from both
LLDPE and HDPE/LLDPE blend. The weight-average lamel-
lar thickness, [/, was estimated using Vonk’s procedure for
single lamellar scattering with SAXS data near and above the
nominal melting point.

tallization, resulting from the kinetic constraints, such
as limited transport of chain segments to growth face
and secondary nucleation barrier. Thus, the discrepancy
between experimental and thermodynamic 77,°’s has
been always observed.

Our experimental data were analyzed by the Gibbs—
Thomson equation expressed as follows*?

T, = Tm°’1 —~ (8)

20,
lpAH,°
where o0, represents the lamellar fold surface free
energy, AH,° is the heat of fusion per unit mass, and p,
is the crystal phase density. Thus, by plotting the
melting temperature, Ty, vs measurable reciprocal of
the weight-average lamellar thickness, 1//, the intercept
gives the value of T,,° at [ = c. Using the thickness data
for both LLDPE and HDPE kebabs, estimated by the
Vonk procedure, as a function of experimental temper-
ature, we have extrapolated T},° value to be 142.6 °C,
as depicted in Figure 9, which was lower than the value
for perfect linear PE suggested by Flory (145.5 °C).34
We consider our estimated value to be in a reasonably
good agreement with the theoretical value. The clear
advantage of the approach outlined in this study is that
one does not need to concern the effect of lamellar
thickening. However, the nonequilibrium effect, al-
though minimized by applying a slow heating (0.97 °C/
min), is not eliminated. Thus, discrepancies between our
value and the Flory’s value may be due to the kinetic
constraint of less or noncrystallizable chains in the
chosen system.

Conclusions

In-situ synchrotron SAXS and WAXD were utilized
to examine the nature and thermal stability of flow-
induced crystallization precursor structures in blown
LLDPE and HDPE/LLDPE films during constrained
melting. Around the high nominal melting temperature
(Twu in DSC), both LLDPE and HDPE/LLDPE blend
samples exhibited meridional streak in SAXS, which is
characteristic of the kebab scattering in the shish-kebab
structure. By using the Ruland streak analysis, the
average kebab diameter and the orientation distribution
width were estimated. Results indicated that during
melting both the kebab diameter and the corresponding
orientation decrease with temperature. The loss of
correlation between kebabs allowed us to use the Vonk
procedure for single lamella scattering to estimate the
weight-averaged kebab thickness, which was found to
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increase linearly with temperature for both LLDPE and
HDPE/LLDPE samples. The presence of HMW-HDPE,
which is above the overlap concentration (c*), exhibited
a profound role on enhancing the flow-induced crystal-
lization precursor structures (shish-kebabs) at high
temperatures that subsequently resulted in a faster
crystallization rate and higher crystal orientation of the
blend at room temperature. Even held in the molten
state at 135 °C for 10 min, the extension and orientation
of the HMW-HDPE chains appeared to partially remain,
which continued to provide nucleating sites for the
LLDPE/HDPE matrix. The relations between the kebab
thickness and temperature (above T, 1) for both LLDPE
and HDPE/LLDPE samples were used to determine the
equilibrium melting temperature (T},,° = 142.6 °C) using
the Gibbs—Thomson equation. The estimated T',° value
in this study is in a reasonable agreement with the
theoretical value (T',° = 145.5 °C) predicted by Flory.
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