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ABSTRACT: Injection molding is known to create a layered

anisotropic morphology across the sample thickness due to varying  High| mess—
shear and cooling rates during the manufacturing process. In this 5 5
study, scanning small-angle X-ray scattering was used to visualize
and quantify the distribution of hierarchical structures present in
injection-molded parts of low-density polyethylene (LDPE) with
varying viscosities. By combining scattering data with results from
injection molding simulations and tensile testing, we find that
oriented shish-kebab structures, as well as elongated spherulite
structures consisting of semicrystalline ellipsoids, contribute to
high ultimate tensile strength along the flow direction.
Furthermore, we show that a higher degree of orientation is found close to the injection gate and in LDPE with higher viscosity,
consequently from elevated shear and cooling rates present during the injection molding process.

Flow Direction

KEYWORDS: polyethylene, scanning SAXS, mechanical performance, morphology, computational modeling

B INTRODUCTION

Injection-molded semicrystalline polymers are widely used in
commercial applications due to their beneficial mechanical
properties, light weight, high flexibility, and low price. During
the injection molding process, the polymer is heated until
melted and injected at a high flow rate and pressure into a cool
mold. During the process, the polymer is subjected to high
shear flow as well as fast cooling rates, which impacts its
crystalline structure. The injection molding process is often
used to produce products with complex three-dimensional
(3D) shapes, which results in varying local process conditions
throughout the product. Consequently, the polymer morphol-
ogy will differ along the product, giving rise to varying
mechanical performance. Understanding the correlation
between processing conditions, resulting morphology, and
mechanical performance is essential to produce high-quality
injection-molded products.

Injection-molded parts are known to create a multiphase
layer through the thickness, adding to the complexity of the
morphology. Kantz et al. used optical microscopy and X-ray
diffraction to show a layered structure of injection-molded
polypropylene consisting of clearly defined skin, shear, and
bulk layers." It was also shown that some layers appeared
isotropic when viewed perpendicular to the flow, while a high
degree of orientation was seen when viewed parallel to the
flow, motivating the investigation of multiple directions.

Schrauwen et al. also used optical microscopy in combination
with X-ray scattering to visualize a multiphased layered
structure in injection-molded high-density polyethylene
(HDPE) consisting of a skin layer, transition layer, shear
layer, fine-grained layer, and bulk layer. Mechanical properties
such as impact toughness were then associated with the
crystalline orientation.”

Several studies have been using small- and wide-angle X-ray
scattering (SAXS/WAXS),” often in combination with other
techniques such as scanning electron microscopy (SEM),”
differential scanning calorimetry (DSC),> and mechanical
testing®’ or a combination of them® in order to get an in-
depth understanding of the hierarchical structures in injection-
molded polymers. It has been shown that the skin layers, where
the shear and cooling rates are high, often consist of so-called
shish-kebab structures. These structures are thread-like, highly
oriented parallel to the flow direction, and have crystalline
lamellae growing perpendicular to the flow direction.” Close to
the central line of the mold, both the shear rate and
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Figure 1. Injection-molded test plate with dimensions and positions of the measured samples. The yellow triangles correspond to the injection gate.
(a) Preparation of the cross section in CD—TD and MD—TD cutting planes, which were used to study the layered structure along the plate
thickness direction (TD). (b) Geometry, directions, and positions for punching of dogbones in MD, CD1, CD2, and CD3, which were used for

mechanical tests and scanning SAXS experiments of deformed samples.

temperature gradient will be low, resulting in randomly
oriented polymer chains in symmetrical spherulites.'

The structure of the injected semicrystalline polymer is not
only dependent on processing conditions but also on the
molecular architecture of the polymer."" Depending on the
intrinsic nature of the monomers and varying polymerization
parameters, different branching degrees of the polymer chains
are possible. Increasing the number of branching points
reduces the ability of the polymer molecule to arrange and
relax at short distances, forming crystals, and reducing the
crystallinity, hence the density of the polymer.'* A high degree
of crystallinity is associated with high stiffness, tensile strength,
and hardness.

In addition, molecular weight and molecular weight
distribution of polymers are also reported to affect the
injection-molded structures.”*~"° An example is the study
made by Cao et al,'® who showed that the overall orientation
in injection-molded samples is elevated with increased
molecular weight. This elevation is explained by the
assumption that polymer chains with high molecular weights
are more easily oriented by the flow direction than polymers
with lower molecular weights. However, other studies have also
shown that a high degree of orientation was formed in samples
with lower molecular weights rather than higher ones. An
example is a study of injection-molded HDPE carried out by
Liu et al.'” This study explained the phenomena with the
assumption that the higher viscosity in HDPE with a higher
molecular weight generated a lower shear rate and thus a lower
orientation. In short, how the molecular weight affects the
microstructure of injection molding polymers is an ongoing
debate.

A common approach to linking material properties to
processing conditions is the use of numerical simulations.
Simulation programs have been used to model the injection
molding process, providing a better understanding of the
injection molding optimization parameters and the properties
of the molded test object. In 1978, Tan et al.'® published the
use of mathematical models predicting the amounts of flow-
induced crystallization in injection-molded HDPE. Following
this pioneer study, simulations have been widely used to
describe the mold elasticity effect on holding pressure mold
shrinkage (Leo et al.'”) and to predict flow-induced
crystallization kinetic, anisotropic properties of isotactic
polypropylene (Zheng et al.*’). Similarly, recent work on
microinjection molding (MIM) has shown that simulations

can be used to characterize a wide variety of parameters, such
as the injection speed profile, pressure at injection point, melt
and mold temperatures, 3D mesh parameters, and material
rheological characterization (Tosello et al?!), but also to
describe the thermomechanical history experienced by polymer
chains during MIM and to make crystallization models to
describe the two morphologies of spherulites and fibrils
(Speranza et al.”*). However, due to the complexity of the
process, the large quantity of fitting parameters and of
processes involved in polymer injection molding, linking
simulation models to experimental characterization can be
challenging.

Despite the advances in understanding the relationship
between the structure and mechanical properties of injection-
molded polymers, commercial applications still often rely on
trial and error to achieve the desired material performance,
often resulting in a costly process design. This study aims to
shed light on how synchrotron scanning small-angle X-ray
scattering (SAXS) can be used to capture the multiphase
structures through the thickness of injection-molded low-
density polyethylene (LDPE) with a high degree of long chain
branching and varying molecular weights. Special attention was
given to probing structural variations throughout the sample
thickness. Furthermore, to understand and compare structures
in the semicrystalline polymer studied, the scanning SAXS data
were compared with numerical simulations, mechanical testing,
and thermal analysis.

B EXPERIMENTAL SECTION

Materials. Two types of LDPEs from Ineos [Brussels, Belgium]
were compared. The first LDPE had a melt flow index (MFI) of 22 g/
10 min (190 °C, 2.16 kg) and a density of 0.923 g/cm® and will
hereafter be designated as medium-viscosity LDPE. The second
LDPE had an MFI of 55 g/10 min (190 °C, 2.16 kg) and a density of
0.923 g/cm® and will hereafter be designed as low-viscosity LDPE.

Injection Molding and Sample Preparation. A hydraulic
injection molding machine (Arburg 470 800-70S, Arburg GmbH
Germany) was used to produce test plates with a thickness of 0.6 mm,
following ISO 294-S. Briefly, the plastic melt was injected at a
temperature of 220 °C and a volume flow of 20 cm®/s into a mold
with a temperature of 40 °C. The maximum pressure reached during
injection was 1490 bars for medium-viscosity LDPE and 1170 bars for
low-viscosity LDPE. At 99% filling degree, the volume-controlled
filling was switched to pressure-controlled during the holding pressure
phase, and the holding pressure was adjusted to obtain plates with a
thickness of 0.6 mm. For medium-viscosity LDPE, the holding
pressure was decreased from 900 to 750 bars for 0.3 s, followed by a
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Figure 2. SAXS 2D pattern (a) and integrated intensity (b) of medium-viscosity LDPE. The radial integration is performed in horizontal (i) and
vertical azimuthal segments (ii). (c) Azimuthally integrated intensity capturing the asymmetry of the scattering pattern in the g-range from 0.26 to

0.94 nm™, as indicated with dashed lines in panel (b).

decrease to 500 bars for 0.3 s. The corresponding pressures and times
for low-viscosity LDPE were 800 bar — 0.3 s — 650 bar — 0.3 s — 450
bars. After the release of the hold pressure, the plates were cooled for
11 s. The fixed mold half was made from steel DIN 45 NiCrMo 16,
while the moving half plate was made from the high-strength
aluminum—zinc alloy ATZnMgCU 1,S. The mold was equipped with a
floodgate to ensure that the flow front evolves evenly in the plate; see
Figure S1.

For scanning SAXS, cross sections were sliced along two cutting
planes to capture two perpendicular two-dimensional (2D)
projections (CD—TD and MD-TD) of the structures at three
positions on the plate (Figure 1a). The cross sections were prepared
to study structural changes in the thickness direction (TD), where
samples were prepared either in the machine direction (MD) parallel
to the flow or in the cross direction (CD) perpendicular to the flow,
resulting in the MD—TD and CD—TD viewing planes. The samples
were prepared by cutting slices of thickness SO pm by using a
microtome (Leica RM2255 from Triolab). Note that samples for
CD—-TD and MD—TD planes were cut from separate plates. The size
in the TD direction of the injection-molded plates varied between
0.592 and 0.600 mm, and to directly compare the layer distributions, a
normalized plate thickness was used.

Test samples in the shape of dogbones, following ISO 527-2 1BA,
were punched out mechanically from the test plates. Dogbones in
machine direction (MD) were punched in the plastic flow direction in
the center of the plate. Dogbones in the cross direction (CD) were
punched perpendicular to the plastic flow direction in three different
positions on the plate (Figure 1b).

Scanning SAXS analysis was also used for deformed dogbones after
mechanical testing. For these measurements, cross sections were
prepared in two planes/viewing directions. Dogbones in the top view
were viewed through the full thickness of the dogbone in the CD—
MD plane, while samples from deformed dogbones in the side view
were prepared by preparing thin slices by means of a scalpel to view
the cross sections in CD—TD and MD—TD planes, respectively.

Scanning SAXS. All scanning SAXS experiments were performed
at the cSAXS beamline X12SA of the Swiss Light Source, Paul
Scherrer Institute, Switzerland. The X-ray energy was set to 11.2 keV
with a fixed-exit double-crystal Si(111) monochromator. The beam
was focused horizontally by bending the second monochromator
crystal and vertically by bending an Rh-coated mirror. Two different
measuring configurations were used. The first experimental
configuration, used for cross section samples from the injection-
molded plate, had a beam size of 7.5 X 28 um (see Figure S11), a step
size of 10 X 25 um, and an exposure time of 0.1 s per scattering
pattern. A Pilatus 2M detector™® was placed at a distance of 2.183 m
from the samples with a flight tube under vacuum placed in-between
to reduce air scattering and X-ray absorption. A 1.5 mm steel
beamstop placed inside the evacuated flight tube blocked the direct
beam; the X-ray fluorescence from the beamstop is proportional to
the incoming X-ray intensity and was recorded with a CyberStar

(Oxford Danfysik) detector. The goal of this setup was to obtain a
small beam in the vertical direction to optimize the resolution along
the plate thickness.

For the second experimental configuration, the main goal was to
probe the larger areas of the deformed dogbone samples. Therefore,
the beam dimensions were increased to 40 X 40 ym and the step size
of 40 X 40 ym for dogbones measured in the side view (across CD—
TD or MD—TD cutting planes) and 60 X 60 um for dogbones
measured in the top view (across CD—MD cutting plane). The
exposure time per scattering pattern was 0.1 s, and the distance
between the Pilatus 2M detector and the samples was 2.167 m. The
transmitted beam was measured with a photodiode on the beamstop
placed inside the flight tube.

The 2D scattering patterns were azimuthally integrated into 16
angular segments, and the orientation and the degree of orientation
were analyzed in specific g-ranges according to Bunk et al.** and are
shown in Figure 2. The samples consisting of cross sections in CD—
TD and MD—TD planes were studied using two different g-regions of
the SAXS signal. The first region, g = 0.26—0.94 nm', includes a
scattering peak, which quantifies the main repetition period of the
sample. For LDPE, the scattering peak originates from the lamellae
spacing (d,.). This g-region is located within the dashed lines in
Figure 2b. The second g-region, g = 0.01—0.17 nm ™, represents the
scattering at lower g. Moreover, a g-region of 0.31—0.84 nm™" was
used to perform a peak-fitting analysis, which is described in more
detail below.

For the analysis of the deformed samples after the fracture, a ¢-
region of 0.21—0.90 nm™" was used for the analysis of the degree of
orientation and asymmetric intensity, whereas ¢ = 0.22—1.89 nm™’
was used for the peak fitting.

Each scattering pattern results in an average intensity contribution
a, given by the average scattering, an asymmetric intensity
contribution 4, given by the anisotropic scattering, and a direction
of orientation @ given by the highest scattering intensity. The degree
of orientation is here defined as the ratio a,/a,.”*** For deformed
samples measured after the fracture, plots combining the orientation
and asymmetric intensity in HSV color-coding were used. In these
figures, the hue corresponds to the orientation angle of the scattering,
whereas the asymmetric scattering corresponds to the value of the
color.

For performing peak-fitting analysis, transmission and Lorentz-
corrected azimuthally integrated data averaged over all azimuthal
segments were used. The scattering signal in this g-range can be
decomposed into the sum of a power law decay and a peak; see Figure
S2. Before and after the peak, the power law decay was fitted with a
negative exponential and subtracted from the whole range data. This
was done for the ranges g = 0.25—-0.29 and 0.86—0.89 nm™' for
undeformed cross sections and ¢ = 0.17—0.20 and 1.91-1.94 nm™"
for the deformed samples. A Gaussian function was then used to fit
the remaining data, from which the peak position and full-width half
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Figure 3. Average intensity contribution, the degree of orientation, and the calculated long period from the center of the plate for cross sections of
medium-viscosity LDPE, perpendicular (CD—TD plane) and parallel (MD—TD plane) to the flow (a), as well as scattering patterns from selected
points A1-4 and B1-4 along the plate thickness (b). Note that the scale of the color bar differs between MD—TD and CD—TD, as the intensity and
the degree of orientation, respectively, differed significantly. Blue represents the masked area outside the sample.

maxima could be obtained. The long period was calculated from the
2*7/peak position.

Correlation Function Analysis. To determine the lamellae
thickness and crystallinity, we analyzed the correlation function.”**°
The analysis was done in SasView, where the one-dimensional (1D)
correlation function was defined as

1 S
K(z) = = / 1(q)q” cos(qz)dq
Qo (1)
where Q is the Porod invariant. The data were extrapolated to g = 0
by using a Guinier function to fit the data in the low g-range

I(q) =A™ @)

whereas a Porod function was used to extrapolate the data to g = oo to

fit the data in the high g-range

e I
I(q) =Kq " e™™” + Bg (3)

From the analysis, an estimation of the lamellae thickness was taken as
the linear extrapolation in the initial portion of the correlation
function curve with the horizontal line tangent to the first minimum
peak, as described in Figure S3. The correlation function analysis
assumes isotropic scattering; therefore, the 2D scattering patterns
were split into 16 azimuthal cakes, and only the scattering directions
with the most prominent lamellae scattering signals were used for the
analysis. Thereby, horizontal scattering was used for the MD—TD,
and vertical scattering direction was used for the CD—TD.

A statistical evaluation of the outcome of the correlation function
analysis was performed to determine which factors had a statistically
significant effect on the different variables. The included factors were
the cutting plane, the LDPE viscosity, the through-thickness layer, and
the spatial position on the plate, while the variables studied were the
crystallinity, the lamella thickness, and the long period. A commercial
software, Minitab 18, was used to perform a multivariate analysis of
variance (MANOVA) test by fitting a general linear model combined
with a Tukey post-hoc comparison using a 95% confidence interval.

Thermal Analysis. A standard DSC equipment, DSC 3+ [Mettler
Toledo, Switzerland], was used to perform thermal tests on specimens
from injection-molded plates produced by medium-viscosity LDPE
and low-viscosity LDPE. Circular-shaped specimens were punched
from positions 1, 2, and 3, respectively, with an approximate sample
weight of 8 mg, and placed in 20 yL of aluminum crucibles. The first

melting was analyzed under heating at 10 °C/min in a nitrogen gas
environment.

Mechanical Testing. A standard tensile test equipment Zwick
7010 Proline [ZwickRoell, Germany], with a load cell of 1 kN, was
used to perform tensile tests on the dogbones. The tests were
performed at room temperature under displacement control, with a
loading rate of 100 mm/min and a gauge length between the grips of
58 mm. A total of 10 samples were measured for each material, and
the results were averaged to obtain the stress—strain curve.

Simulation. A commercial software, Autodesk Moldflow Insight
2019, was used to perform a finite element simulation of the injection
molding process. A 3D tetrahedral-shaped mesh with 1640624
elements distributed in 20 layers through the thickness was used. A
graphical representation of the simulation model, including the 3D
mesh density, can be found in the Supporting Information; see Figure
S1. The process settings (boundary conditions) were the same values
used in the injection molding process during the sample preparation.
The polymer material viscosity is described by the Cross-WLF
material model®” using the material coefficient presented in Table S1.
The model uses the conservation equations of momentum, mass, and
energy to characterize the flow field. A finite element method is used
to solve the equations and obtain the velocity, pressure, and
temperature field.

Conservation of mass for a fluid

op _
5t + V-(pV) =0 ()

where
e p is the polymer density
e tis the time

e Vs the velocity vector
Conservation of momentum

DV

p— =-=VP+ V-t +p
Dt s

e P is the pressure

e 7 is the viscous stress tensor

e g is the gravitational acceleration vector
Conservation of energy
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DT DP
— =V-(kVT) + ©: V V + pTp;
e k is the polymer thermal conductivity
e ¢, is the specific heat capacity of the melt
e [} is the polymer expansivity, which is defined as follows:

__Lé
b= er )

For evaluating the simulation results, a compilation was done
by grouping the pictures from a specific field (e.g, shear rate or

temperature) for several time steps, as demonstrated in Figure
S4 in the Supporting Information.

B RESULTS AND DISCUSSION

In order to evaluate the anisotropic structure of the layers,
scanning SAXS was performed in the center of the plate in the
two orthogonal cutting planes, MD—TD and CD-TD
(according to Figure la). The results are presented in Figure
3, where four distinctive layers were revealed in the average
intensity contribution, the degree of orientation, and the long-
distance spacing plots according to points Al-4 and B1-4. The
average intensity contribution corresponds to the average
scattering in the specified g-region, whereas the degree of
orientation corresponds to the orientation of the scattering
pattern, and both can be used to determine regions in the
samples where the scattering behavior changes. However, to
determine the structure present, the 2D scattering patterns
should be evaluated.

The first layer closest to the mold (A1) shows a high degree
of orientation and average intensity contribution, and
scattering patterns Al and Bl show that the layer consists of
a highly oriented structure visible in both cutting planes. In this
layer, the peak fitting in the MD—TD plane of the Lorentz-
corrected data gives a long-distance period of around 11.3 nm.
The CD—TD scattering pattern consists of a single narrow
vertical streak, whereas the MD—TD plane is characterized by
a similar vertical streak and a two-point pattern in the
horizontal direction. These scattering patterns are character-
istic of a shish-kebab structure.”***’

Since this layer is close to the edge of the sample, the sharp
vertical streak observed can contain contributions from the
sample—air interface (see Figure S12). Note that the long
period could not be calculated in this layer in the CD—TD
plane since there was no lamellae peak present. The first and
second layers can clearly be distinguishable from each other in
the degree of orientation in the CD—TD plane and average
intensity contribution in both cutting planes at low q, whereas
the values extracted from the g-range 0.26 to 0.94 nm™" are
similar for layers 1 and 2. Note that the degree of orientation in
CD-TD from scattering patterns B1 and B2 is based on the
contribution of the vertical streak only since no contribution
from the lamellae was present in the CD—TD projection. The
clear difference at low q arises due to the fact that in layer 1,
the scattering is dominated by the vertical streak, whereas in
layer 2, the scattering is dominated by the two-point pattern.
Compared to layer 1, the long-distance period in layer 2 is
significantly larger, around 12.4 nm. Comparing the scattering
patterns Al and A2, it can be seen that the vertical streak is
clearly reduced in layer 2 compared to layer 1, while the two-
point pattern, characteristic of the lamellae, becomes more
intense in layer 2. This indicates that there are fewer fiber-like
shish structures present in the second layer. For a more in-
depth distinction between the different oriented morphologies

in the first and second layers, the SAXS data would need
complementation of full azimuthal WAXS data, which was not
available in the setup used for this study.

In the third and fourth layers of the sample, the scattering
patterns are less anisotropic, as shown by the degree of
orientation and scattering patterns A3-A4 and B3-B4,
respectively. The long period is similar for both layers 3 and
4, around 11.1 nm. A single diffuse circular scattering pattern
with no preferred orientation found in A4 and B4 is associated
with the spherulite microstructure. However, in the third layer
in the MD—TD plane, the scattering pattern A3 shows a slight
orientation in the horizontal direction, whereas in the CD—TD
plane, the scattering pattern B3 is isotropic. Such scattering
patterns, in combination with the lower degree of orientation,
are consistent with elongated spherulites with the long axis
oriented in the flow direction and lamellae preferentially
directed perpendicular to the flow as the microstructure
suggested by Katti and Schultz.*’

The first and second layers consisting of highly oriented
structures will from here on be referred to as “skin layer 1” and
“skin layer 2,” while the third layer consisting of elongated
spherulites will be referred to as the “shear layer” and the
fourth layer consisting of symmetric spherulites will be referred
to as the “bulk layer.” Azimuthally integrated intensity for the
four layers is shown in the Supporting Information (Figure
S8).

In order to examine the influence of the molecular weight of
a polymer on the layered structure through the plate thickness,
two LDPEs with different viscosities were measured. The
degree of orientation (based on the g-range of 0.26—0.94
nm™') in both MD—TD and CD—TD planes was calculated
and plotted as a function of the normalized thickness of the
cross section for three different positions of the injection-
molded plate according to Figure la. The result is shown in
Figure 4, where the full degree of orientation plots where the
data was extracted from can be seen in Figure S5. The inset in
Figure 4 of the degree of orientation plot in the CD—TD plane
shows that the first layer consisting of shish-kebab structures is
slightly thinner in the low viscosity compared to in medium-
viscosity LDPE. In addition, the second layer is considerably
thicker in medium-viscosity LDPE than in low-viscosity LDPE.
Figure 4 shows a clear difference between medium-viscosity
LDPE (in red) and low-viscosity LDPE (in blue) in the shear
and bulk layers. In medium-viscosity LDPE, the shear layer has
a higher degree of orientation, in particular seen in the MD—
TD plane. In addition, in medium-viscosity LDPE, the shear
layer is thicker, whereas the bulk layer is thinner compared to
in low-viscosity LDPE. Overall, low-viscosity LDPE has a lower
degree of orientation compared to medium-viscosity LDPE.
The difference in viscosity originates from the different
molecular weights of the polymer chains, where polymers
with higher molecular weights are more viscous. The higher
degree of orientation for medium-viscosity LDPE is believed to
originate from higher shear rates and longer relaxation times
for longer molecules, which would result in less relaxation back
to a coiled state, thus resulting in a stronger orientation of
molecules during crystallization.

We also investigated the effect of the positions within the
injection-molded plate (see Figure 1a, positions 1, 2, and 3). In
low-viscosity LDPE, there is no clear difference identified
between the positions. In medium-viscosity LDPE, however,
there is a significant difference identified, where the most
prominent feature is a higher degree of orientation in the shear
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Figure 4. Degree of orientation calculated in CD—TD and MD—TD
planes for low-viscosity LDPE (in blue) and medium-viscosity LDPE
(in red) for three positions of the injection-molded plate labeled 1, 2,
and 3 according to Figure la. The inset in the degree of orientation
CD—TD shows the distribution of the first and the second layer in
higher magnification. The dashed gray lines roughly indicate the start
and end of each layer.

layer in position 1, closest to the inlet of the mold. Zuidema et
al.’' described that in injection-molded polypropylene, the
thickness of orientated layers decreases with increased distance
from the injection gate. The use of scanning SAXS allows us to
validate that the thickness of each layer is similar for all
positions, but instead the orientation of each layer differs. Also
note that all profiles of the degree of orientation presented in
Figure 4 are asymmetric horizontally, i.e., with respect to the
center of the plate, where for example, the degree of
orientation in the shear layer is higher for x = 0.2 compared
to x = 0.8. These asymmetries most likely originate from
different materials in the two mold tool halves, i.e., steel in the
fixed half and aluminum in the movable half. The difference in
mold materials results in differences in the cooling rate
between the two sides, affecting the overall structure and the
degree of orientation of the material.

A correlation function analysis was performed in each layer
of both low- and medium-viscosity LDPEs (Figures S and S6)
to get quantitative values of the degree of crystallinity and
lamellae thickness in the different layers of the injection-
molded structure. To determine the statistical significance of
the results, a MANOVA analysis was performed (Table S2).
The skin layers consisting of shish-kebab structures had a
significantly higher degree of crystallinity as well as a higher
lamellae thickness compared to the shear and bulk layers.
Furthermore, a statistically significant difference could be
found in lamellae thickness when comparing medium- and
low-viscosity LDPEs, where medium-viscosity LDPE gave
slightly thicker lamellae. When investigating the effect of the
positions within the injection-molded plate (see Figure la,
positions 1, 2, and 3), no statistically significant difference
could be found in lamellae thickness between the different
positions, despite the differences observed in the degree of
orientation (Figure 4).

The first melting peak of samples collected on various
positions of multiple plates produced from low- and medium-
viscosity LDPEs was studied by means of DSC in order to
study the distribution of melting temperature of the crystalline
contents in these positions and hence the distribution of
lamellae thickness present in these positions.””** A compar-
ison of the melting endotherms of selected representative
samples in each position is presented in Figure S7 in the
Supporting Information. The temperature at which the
majority of the crystals melted (T,) is presented in the
Supporting Information in Table S3. In agreement with the
similar calculated lamella thickness by the correlation function
analysis presented in Figure S, the melt endotherms were
similar in all three positions for both LDPE grades, suggesting
a similar lamellae thickness in all three positions.

Simulations of the temperature and shear profiles over time
are shown for low- and medium-viscosity LDPEs in Figures 6
and 7, respectively. The figures have been assembled by
stacking simulated temperature and shear profiles in three
positions in time sequences, as described in Figure S4 in the
Supporting Information, to represent the different phases of
the injection molding process. High shear is present in the
injection phase, low shear and high pressure is present in the
packing phase, and no shear and low pressure is present in the
cooling phase. The blue temperature region in Figure 6
represents the areas where the polymer temperature is below
120 °C. This facilitates the comparison between the materials
during crystallization, both at the quiescent crystallization
temperature at 100 °C as well as under flow-induced
crystallization under shear at higher temperature.”

The skin layers (corresponding positions Al, A2, B1, and B2
in Figure 3) are formed as soon the flow front reaches the cold
surface of the mold since the mold is cooled by water to 40 °C.
The cooling rate at this layer is extremely high, cooling the
polymer almost instantaneously under high shear stress and
strain from the fountain flow." These conditions provide the
prerequisites for flow-induced crystallization of the shish-kebab
fiber-like structure as identified in the scattering data. The
induced orientation is believed to contribute to the higher
crystallinity and thicker lamellae observed in the correlation
function analysis (Figure S). In the shear layer, the next layer
toward the center (Figure 3 positions A3 and B3), the material
is exposed to more shear-induced heat compared to the skin
layers, as seen by the increase of temperature in the polymer
(Figure 6). Since this layer will only crystallize during the
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as well as different positions of the injection-molded plate.

Time
0.220s 0.232s  0.250s  0.257s  0.282s 0.301s  0.320s
R e T e e

Position 01

I245.0

2138

|182.5

151.2

|120.0

Position 02

Temperature (°C)

High shear
Flow induced crystallization

0.358s

——
—
MV LDPE

Low shear
Transition

No shear
Quiescent crystallization

0.366s  0.449s 0.587s 0.649s 0.745s  0.847s

LV LDPE

MV LDPE

LV LDPE

e T T —
T
e e — —

Position 03

Figure 6. Simulation results of the temperature profile of low- and medium-viscosity LDPEs during injection, packing, and cooling. Observe that

the time scale is nonlinear.

packing phase under a lower shear rate, a lower degree of
orientation is expected compared to skin layers 1 and 2. The
simulation results are thus in agreement with the scattering
data, which shows that these layers consist of elongated
spherulites.

Even though the temperature when entering the holding
pressure phase is higher in the medium-viscosity LDPE than in
the low-viscosity LDPE due to more shear-induced heat during
the injection phase, the cooling rate is faster due to a lower
specific heat, as specified in Table S1. Combined with a higher
shear rate and a longer relaxation time for the longer
molecules, the induced orientation during the high shear
injection phase is more prone to remain before crystallization
occurs, resulting in a more anisotropic microstructure. This
agrees well with the scanning SAXS results in Figure 4, which
show that medium-viscosity LDPE has a thicker shear layer
with a higher degree of orientation compared to low-viscosity
LDPE.

Crystallization of the bulk layer (Figure 3 position A4 and
B4) takes longer time in low-viscosity LDPE than in the
medium-viscosity, again due to the higher specific heat (Table
S1), providing more time for the polymer chain to relax and
form a thicker layer of symmetric spherulites by quiescent
crystallization.

The main difference in the results from simulations between
the three different positions on the plate is the time duration of
the injection phase (Figures 6 and 7), where the polymer melt
reaches position 1 significantly earlier than in position 3,
resulting in a longer time under shear in position 1 compared
with the position further away from the injection point. Also,
the shear rates during the injection phase are significantly
higher in position 1 compared with the others, which also
results in a higher temperature during injection. The higher
shear rates combined with a longer time duration in shear
during the injection phase enables a stronger orientation of the
polymer chains in position 1, which agrees well with the
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observations in the degree of orientation graphs presented in
Figure 4.

The layers identified in Figure 3 refer to medium-viscosity
LDPE in position 2, where two distinct layers were identified
in the skin (Al, A2, B1, and B2). Considering the temperature
and shear rate profiles in Figures 6 and 7 for position 2 and
medium-viscosity LDPE, one can identify differences in
temperatures and shear profiles in the outermost layers. In
the layer identified as skin layer 1, the shear rate is lower during
the injection phase, whereas in the layer identified as skin layer
2, the shear rate is higher during the injection phase. With such
differences in shear rate, it is likely that both layers contain
shish-kebab morphologies, but with a difference in their lamella
chain axis orientation, i.e., Keller Machine type I and type II,
respectively, with the higher shear rate in skin layer 2 giving
rise to Keller Machine type II, with lamellae with a c-axis
parallel to the flow.

In order to investigate the influence of structural differences
on the mechanical properties of the materials, tensile tests were
performed. Figure 8 shows the stress as a function of strain
obtained from tensile tests on dogbones from low- and
medium-viscosity LDPEs. The curves are averaged curves
based on ten samples, and their respective breakpoints are
indicated by dots. Both medium- and low-viscosity PEs have a
higher ultimate tensile strength when deformed in the MD
compared to in the CD. The shish-kebab microstructure is
reported to improve the tensile strength of the material in the
direction of the fibril-like shish.**™*” Thus, the difference
between material strength in the MD compared to in the CD
could be explained by the orientation of the highly oriented
shish-kebab microstructure in the skin layer, as well as the
oriented elongated spherulites in the shear layer. From Figure
4, it can be seen that low-viscosity LDPE has slightly thinner
skin layers as well as less oriented and thinner shear layers
compared to medium-viscosity LDPE. The higher tensile
strength and higher stiffness observed in medium-viscosity
LDPE compared to low-viscosity LDPE could be explained by
the difference in thickness of highly oriented layers

16

a)

14}

w

5

a 12

2 510

(7] —

8 % 8 P2 T

o ¢

S 3 6

E . —MD

é 2 —CD1
. - , - . , ——CD2
16 CD3

at b)

e QT2 f}l:’-; s

Low viscosity LDPE
Stress (MPa)

sl
6 l"
4 P
&
2
0
0 20 40 60 80 100

Strain (%)

Figure 8. Tensile test of medium-viscosity LDPE (a) and low-
viscosity LDPE (b). CD1, CD2, and CD3 denote different positions
in CD. The averaged stress—strain curve of 10 samples is shown as a
solid line, and the breakpoints for each sample are shown as dots.

In the CD, both low- and medium-viscosity LDPEs have
almost identical yield points suggesting that the materials
require the same stress to be deformed. However, medium-
viscosity LDPE has a higher elongation at break compared to
low-viscosity LDPE. While our study does not allow us to
validate this result, we hypothesize that the difference
originates from their different molecular weights, giving
different prerequisites for tie molecules, i.e, polymer chains
that are part of more than one crystalline lamellae, which are
reported to have a strong influence on the ultimate
deformation.”®*’
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For both low- and medium-viscosity LDPEs, the yield points
are similar in CD position 1 and CD position 2 while having a
significantly lower stress and larger deformation at yield in CD
position 3, furthest away from the gate. Notably, the
differences between positions identified in the degree of
orientation plots from SAXS measurements (as presented in
Figure 4) showed that position 1 deviated from positions 2—3.
The differences between the observations of the degree of
orientation and mechanical response do, however, not
necessarily mean a contradiction. The differences between
position 1 and positions 2—3 identified by SAXS, i.e., a higher
degree of orientation in the shear layer in position 1, would
most likely give rise to notable effects on the tensile response
when deformed in the MD, while the differences in the tensile
response in different positions, as shown in Figure 8 were
investigated in the CD. Unfortunately, due to the geometries of
the test plate and the dogbone, no such experiments, with the
deformation of samples taken from three different positions
along the flow path of the test plate, were possible to be
performed in the MD. A lower yield strength would suggest
thinner lamellae and/or a lower crystallinity, as supported by
Schrauwen et al.° However, neither the lamellae thickness
calculated by correlation analysis function from scanning SAXS
in Figure S nor DSC results presented in Figure S7 and Table
S3 show thinner lamellae or lower crystallinity in position 3 in
any of the two LDPEs. The differences in yield strength must
then be explained by other factors not covered in our study
rather than the degree of orientation or lamellae thickness.

In order to evaluate how the microstructure evolves upon
tensile testing and fracture, MD and CD2 dogbones, i.e.,
samples deformed in the MD and CD, respectively, were
measured with scanning SAXS after the fracture (Figure 9).
Selected 2D scattering patterns of dogbones in the side view
can be seen in Figure S10.

In CD, the dogbone had a clear necking, which was not
visible in the MD (Figure 9g). Thus, a larger region of interest
was chosen for the dogbone deformed in the CD compared to
the MD. Figure 9a shows the asymmetric intensity plot of a top
view sample, i.e., the CD—MD plane, deformed in the CD,
where the colors represent the main orientation angle of the
scattering patterns. The upper part of the image corresponds to
the undeformed part of the dogbone. In that region, the
scattering patterns are aligned in the horizontal direction, as
indicated by the blue color of the color wheel, which
corresponds to a long axis preferentially oriented in the flow
direction in the sample. Note that close to the edge, no
contribution from the lamellae can be observed in the
scattering patterns in the CD—TD plane. Thus, in the skin
layer, the orientation corresponds to the orientation of the
shish (Figure S10a). After tensile testing, the lower deformed
part of the sample presents scattering patterns aligned in the
vertical direction; thus, the deformed fibrillar structures have a
preferred orientation in the direction of the tensile stress. This
result shows that the deformation spans from macroscopic to
the underlying nanostructure. When measured from above
(Figure 9a), each point will yield the scattering from the
averaged structure through the layered microstructure in the
thickness direction.

The asymmetric intensity plot (Figure 9b) of the dogbone in
the side view, i.e, in the CD—TD cutting plane, deformed in
the CD direction, shows that the alignment of the skin layer is
intact even in the deformed regions. Thus, the orientation of
the shish-kebab structure in the skin layers is unchanged when

2mm

Figure 9. Scanning SAXS of a medium-viscosity LDPE dogbone
deformed in CD2 (a—c) and in the MD (d—f), respectively. The
asymmetric intensity plot in the top view (a, d) and side view (b, e),
as well as the degree of orientation in the side view (c, f). Note the
different scaling in the degree of orientation maps. For asymmetric
intensity plots, the hue corresponds to the orientation angle of the
scattering, whereas the asymmetric scattering corresponds to the value
of the color. (g) Photographs of the dogbone-shaped samples
deformed in the CD (left) and MD (right). The black rectangles (g)
indicate the regions that were measured with scanning SAXS top view

(a, d).

tensile stress is applied in the CD. However, the structure of
the presumed elongated spherulites of the shear layer changes
its orientation, and the randomly oriented spherulites of the
bulk layer become orientated in the direction of the applied
stress. From Figure 9¢, it can also be seen that the degree of
orientation in the shear and bulk layers has increased after
deformation. In addition, in the deformed region, no contrast
between the shear and bulk layer can be seen in the deformed
region. Thus, after deformation, the two layers have a similar
microstructure, presumably consisting of fibrillar structures in
the direction of the stress applied. These observations agree
with the results published by Guo et al.,** where crystalline
segments, formed by a slip of lamellae, beyond the yield point
reorient into the direction of the deformation.
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Since the dogbone samples deformed in the MD had a very
small deformation region, only the very tip was measured in a
top view mode. Plots of the asymmetric intensity in the MD
top view scan (Figure 9d) show only local variations of
orientation close to the fracture surface. Results from the
corresponding MD side view scans, i.e., measured in the MD—
TD plane (Figure 9e,f), show no change in the orientation
angle of the layered structure when approaching the fracture
surface. This is in agreement with previous work,’® where it
was hypothesized that the strong shish-kebab structure sustains
most of the tensile forces until cracks are formed in the skin
layer, breaking the structure promptly.

Figure 10 shows results from peak fitting of the main SAXS
peak, which corresponds to the so-called long-spacing, i.e., the
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Figure 10. Results from peak fitting of scanning SAXS data of
medium-viscosity dogbones deformed in the CD (a—d), as well as
azimuthally integrated data for some selected points (e). (a) and (b)
Calculated full-width half maxima of the peak across the top view and
side view samples, respectively, and (c) and (d) 2*7/(peak position)
corresponding to the length of the full-period d-spacing.

thickness of one crystalline and one amorphous layer, of the
dogbone deformed in the CD. The top part of the samples
corresponds to areas with low deformation, and these areas are
characterized by a narrow peak width (Figure 10a,b) as well as
a large long spacing (Figure 10c,d). A narrow peak width
indicates a relatively low dispersity of the long-distance
spacing. In the side view sample (Figure 10b), the peak
width is narrowest in the bulk, which is consistent with having
a longer cooling time during the injection molding process,
enabling more controlled crystallization behavior.

In the deformed parts of the samples, there are noticeable
changes in both the peak width and the peak position. First,
the peak width becomes broader and the long period taken as
2*m/peak position becomes shorter, as shown in Figure 10a in
the area with the orange dot and Figure 10c, respectively. The

radially integrated data (Figure 10e) shows that the overall
peak intensity has decreased in the deformed region. Taking
the shift of the long period, peak width, and peak intensity into
account, the results suggest that when deformation starts, large
structures are first disrupted, creating new smaller structures.
Closer to the fracture position (yellow and purple dots in
Figure 10a), the peak width decreases as the long period
decreases. This indicates that increasing amounts of the large
structures are disrupted, giving rise to structures with smaller,
relatively defined long-distance spacing. In addition, the
radially integrated data (Figure 10e) shows that the peak
intensity consistently decreases closer to the fracture position,
consistent with having a decreasing amount of crystalline
structures present. Thus, our results suggest that when the
sample is deformed in the CD, large structures break apart into
smaller structures simultaneously as they reorient in the
direction of the applied stress.

B CONCLUSIONS

In summary, hierarchical structures of injection-molded LDPE
with low and medium viscosities have been investigated using a
combination of synchrotron scanning SAXS, numerical FEM
simulations, thermal analysis, and tensile testing. It was found
that the injection-molded plate specimen consists of four
distinct layers with highly oriented shish-kebab structures in
two skin layers, intermediately oriented elongated spherulites
in the shear layer, and symmetrical spherulites in the bulk layer.
The presence of a layered morphology was strengthened by
numerical simulations, where high shear and cooling rates
explained having more orientated structures closer to the edge
compared to the center of the plate thickness, where there
were low shear rates and slow cooling. Anisotropic shish-kebab
and elongated spherulites are reported to improve mechanical
performance in the direction of the flow. The microstructure
identified with scanning SAXS and numerical simulations was
consistent with the tensile testing result, which showed that the
ultimate tensile strength was indeed higher when the samples
were deformed in the direction of the flow. The two
perpendicular directions were further investigated by using
scanning SAXS on deformed samples after the fracture. When
deformed perpendicular to the flow, the orientation of the skin
layers stays intact, whereas the layers consisting of elongated
spherulites and symmetrical spherulites change their orienta-
tion in the direction of the applied stress. When instead
deformed in the direction of the flow, no change in the
orientation can be observed.

When comparing two LDPEs with different viscosities, it
was shown that medium-viscosity LDPE exhibited, on average,
a higher degree of orientation compared to low-viscosity
LDPE. By using numerical simulations, it was concluded that
medium viscosity is more prone to forming oriented structures
due to having a higher shear rate in combination with a higher
cooling rate present during the injection-molded process. As a
result of the higher degree of orientation, medium-viscosity
LDPE showed a higher tensile strength when deformed in the
direction of the flow.

It was further shown that the distance from the injection
gate influences the structures formed, where a higher degree of
orientation was observed closer to the gate of the mold. By
using simulation results, we concluded that the main difference
seen in the scattering data is due to having a longer time under
shear as well as a higher shear rate closer to the injection gate.
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