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ABSTRACT: The success of plastics heavily relies on fast melt Structure analysis using X-ray scattering
processing methods used for large-scale industrial manufacturing, WAXS _SAXS WAXS SAXS

including injection molding. The hierarchical structure of the solid
polymer depends on material selection combined with processing
conditions, making mechanical properties of the injection molded
part difficult to predict. Here we show how scanning small- and
wide-angle X-ray scattering, birefringence microscopy, and
polarized light optical microscopy can be combined with injection
molding simulations to shed light on the correlation between the
polymer morphology of high-density polyethylene and processing
conditions. The scattering data revealed that the complex layered —

structure highly depends on the pressure during the holding phase Finite Element Modeling
of injection molding. Furthermore, we identified specific work of

flow as a main parameter to capture the changes in morphology induced by varying the process settings. Overall, a good agreement
was found between experimental data and the computational simulations, suggesting that computational simulations can be further
used to predict the multiphase morphology of injection molded parts.

Injection Molding
Process settings

Pressure

Shear rate

KEYWORDS: High Density Polyethylene, scanning WAXS, scanning SAXS, morphology, process settings, computational modeling,
injection molding simulations

B INTRODUCTION trial-and-error testing to further improve material usage, as well
as to test new shapes and materials. To link the mechanical
performance and product performance with the processing
conditions, a detailed material structure is needed.

Several studies have attempted to use computational
simulations to predict the structures formed in various polymer
materials during injection molding. Already in 1978, Tan et al.
used mathematical models to predict the layered structure
formed in injection-molded high density polyethylene
(HDPE).® Patani et al. used simulations to calculate molecular
orientation in injection-molded polystyrene,” and Zheng et al.
used simulations to predict the flow-induced crystallization
kinetics in isotactic polypropylene (iPP).'" In addition,
commercial software packages such as Moldflow have been
used to simulate the injection molding process. A recent study

Injection molding is a widely used processing technique in the
polymer industry due to its ability to create identical plastic
parts with complex shapes at a low price. Due to varying shear
and cooling rates during processing, injection molding is
known to create multiphase morphologies consisting of
complex hierarchical semicrystalline structures, where different
molecular orientation and crystallinity is found in different
regions. Since the structures formed directly impact the
mechanical properties of the injection molded part, under-
standing the correlation between processing conditions and
resulting morphology is of essence. Historically, trial and error
approaches have been used in industry to optimize the
mechanical properties. For each new shape of a product that is
tested, a new mold must be created. Furthermore, usually only
one parameter is tested at a time, and since there are many
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parameters, such as pressure,”” shear rate,” cooling rate,” and Received: February 23, 2024 Bl
stress overshoot,®” that affect the outcome, the trial and error Revised:  April §, 2024
method is both time-consuming and expensive. Being able to Accepted:  April 10, 2024

reliably predict the molecular structures formed during the Published: April 16, 2024

processing is an important challenge. The development in
industrial packaging strives to use virtual simulations instead of
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Figure 1. a) Schematic overview of an injection molding process. The volume flow rate is the volume of plastic melt passing through the point per
time unit. The reported pressure is the pressure exerted by the reciprocal screw on the melted polymer. The shear rate is the maximum shear rate
through the thickness. The temperature close to the mold surface is the temperature of the outer layer of the polymer. The temperature in the
center is the temperature in the bulk of the melted polymer. b) Schematic representation of test plate following ISO 294-S (thickness 0.6 mm),
indicating position as well as machine direction (MD), cross direction (CD), and thickness direction (TD) for sample preparation of MD-TD
plane and CD-TD plane cross sections. The red arrow indicates the injection point where the flow enters.

used Moldflow to study cavity modifications in injection-
molded polyoxymethylene.''

In the above-mentioned studies, several different exper-
imental techniques were used for validating the computational
simulations, where the simulated data was compared to
birefringence,” differential scanning calorimetry (DSC),"?
shrinkage measurements,'’ pressure profiles,'’ deflection,"
and weight.11 However, to improve simulations further,
detailed information about the morphology formed during
injection molding needs to be accounted for. One approach is
to turn to small- and wide-angle X-ray scattering (SAXS and
WAXS), which can be used to study hierarchical structures of
semicrystalline polymers.'”~'® When semicrystalline polymers
crystallize under quiescent conditions, the resulting morphol-
ogy will be symmetrical spherulites,’” whereas when
crystallization occurs during high shear, the likely morphology
is a so-called shish-kebab structure. The shish-kebab structure
can have both twisted and untwisted lamellae, which can be
differentiated by 2D WAXS and SAXS scattering data.'®"®
Recently, we have shown that scanning SAXS can be used to
capture the multilayered morphology in low-density poly-
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ethylene (LDPE) with a high resolution and that experimental
data agrees with Finite Element Method (FEM) simulations of
the injection molding process.19 However, in this study, 2D
WAXS data was not available, so the shish-kebab structures
with twisted and untwisted lamellae could not be differ-
entiated. Furthermore, the study did not investigate how
varying the injection molding process settings influenced the
results.

The aim of the current study is four-fold. The first part is
combining high-resolution full azimuthal scanning SAXS and
WAXS, polarized Light Optical Microscopy (LOM), and
birefringence microscopy to reveal more details on the
hierarchical structures formed in injection-molded HDPE.
HDPE intrinsically has a higher degree of crystallinity
compared to LDPE, so a more complex morphology is
expected. The second part is to identify how process
conditions influence the multiphase morphology, whereas the
third and fourth parts are to use advanced FEM simulations to
understand and eventually predict the structures observed in
the experimental data. By showing how the complex
morphology created during injection molding correlates with

https://doi.org/10.1021/acsapm.4c00581
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computational simulations, the aim is to shed light on the link
between process settings and resulting micro- and nanostruc-
tures, which can further be used to predict the mechanical
performance of injection-molded polymer parts.

B EXPERIMENTAL SECTION

Materials. HDPE with a Melt Flow Index (MFI) of 26 g/10 min
(190 °C, 2.16 kg) and a density of 0.953 g/cm® was used throughout
this work.

Injection Molding. An injection molding machine, i.e., an Arburg
470 800-70S hydraulic injection molding equipment, was used to
produce test plates following ISO 294-S (length 90 mm, width 80
mm, and thickness 0.6 mm), schematically represented in Figure 1.
The plastic melt, with a temperature of 260 °C, was injected with a
volume flow of 25 or 20 cm®/s (as specified in Table 1) into a tool

Table 1. Process Settings Used during the Injection
Molding Process

V/P switch-over

Holding pressure
point (%)

bar

Set injection volume
flow (cm®/s)

High 85% 25 85 1100 — 1 s — 750
High 99% 25 99 1100 — 1 s — 500
Low 85% 20 85 1100 — 1 s — 750
Low 99% 20 99 1100 — 1 s — 500

with a temperature of 60 °C. The point at which the volume-
controlled injection was switched to pressure-controlled holding is
designated V/P switch-over (see Figure 1) and was varied between
85% and 99% cavity filling ratio, as specified in Table 1. The holding
pressure for all settings was held for 1 s, decreasing linearly from the
initial set and the end set holding pressure levels (presented in Table
1), which were chosen to obtain an even thickness of 0.6 mm over the
plates. Holding pressure was followed by cooling for 11 s, the time
chosen with margin to ensure sufficient solidification and crystal-
lization under controlled cooling conditions before ejection. The
actual volume flow rate was determined from the reciprocal screw
position and the barrel diameter, while the actual pressure was
calculated by multiplying the oil pressure behind the reciprocal screw
and the intensification ratio. The fixed mold half was made from steel
DIN 45 NiCrMo 16, while the moving mold half was made from the
high-strength aluminum—zinc alloy AIZnMgCU 1,5. A schematic
representation of the parameter evolution during the different phases
of a typical injection molding process is presented in Figure 1. An in-
depth description of each of the injection molding phases can be
found in Supporting Information Section SI.

Sample Preparation for Measurements. From the injection-
molded sample plates, cross sections through the thickness direction
(TD) parallel to the machine direction (MD-TD) and its cross
direction (CD-TD) were prepared as described in Figure 1. In
addition, the cross section in the two 45° angles between CD and MD
was cut, denoted as 45_1 and 45_2 (see Supporting Information
Figure S1). The cross sections were cut to a thickness of 50 ym using
a Leica RM2255 microtome from Triolab. Optical microscopy was
performed on the same cross-section samples as birefringence
microscopy, whereas for SAXS/WAXS measurements consecutive
cuts from the same injection molding plate.

Birefringence Microscopy. Spatially resolved retardance and
angle of the optical fast axis was measured with a birefringence
imaging microscope (EXICOR MICROIMAGER, Hinds Instruments,
Inc.,, OR). The optical elements consist of a linear polarizer at 0°, a
photoelastic modulator (PEM) at 45°, a PEM at 0° and a linear
polarizer at 45°. Due to the high level of birefringence, phase
unwrapping technology included in the Hinds software was used,
which combined measurements from four stroboscopic light sources
(LED, with wavelength 655, 615, 530, and 475 nm) to calculate the
Mueller matrix components to retrieve quantitative values of the
sample retardance and angle of the optical fast axis.”>*' The samples
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were measured with a 10X objective in front of a 2048 X 2048 pixel
12-bit CCD camera resulting in a pixel size of 1 ym and a field of view
of 1 mm X 1 mm. The angle of the fast axis was color-coded using a
color-wheel for easier interpretation and comparison with scattering
data, where 0° corresponds to the cyan color and 90° corresponds to
the red color.

Polarized Light Optical Microscopy. An Olympus BX51 optical
microscope was used to analyze the polarizing properties of the
samples. A 10X objective was used together with a 1.6X magnification
changer for a total magnification of 16X. Specimens were mounted to
an objective glass placed on the microscope stage. The polarizer, an
Olympus AN-360, and analyzer, an Olympus U-POT, were cross-
polarized and were for each specimen orientated to distinguish as
clearly as possible the areas of different polarizing properties. Images
were captured by using an Olympus dp73 digital camera mounted to
the microscope.

Scanning SAXS and WAXS. Scanning SAXS and WAXS
experiments were performed at the cSAXS (X12SA) beamline at
the Paul Scherrer Institute (PSI, Switzerland). A Si(111) double
crystal monochromator and X-ray energy of 12.4 keV was selected
with the X-ray beam focused to 42 X 4 um. In both SAXS and WAXS
experimental setup, a Pilatus 2 M detector’” was used. In the WAXS
setup, the distance between the detector and the samples was 250
mm, a beamstop with a diameter of 800 ym was placed 25 mm behind
the samples, and a pinhole of 1 mm diameter was placed 25 mm in
front of the samples. In the SAXS setup, the detector was placed 2171
mm behind the samples, and in between the samples and the detector,
a 2 m flight tube was placed to minimize air scattering and absorption.
Cross sections of injection-molded samples were measured with an
exposure time of 0.06 s and a step size of 40 yum X 10 pm in both
SAXS and WAXS. In addition, higher resolution scans were
performed for samples produced with the process settings High
85% and Low 99%, since these process settings were expected to give
the largest differences in structural morphology. The step size for the
high-resolution scans was 40 X S pm to match the size of the beam.

Each scattering pattern was analyzed for orientation and degree of
orientation in specific g-ranges according to Bunk et al.”® For
analyzing the WAXS (110)- and (200)-peaks, g-regions of 14.3—16.3
nm™" and 16.3—17.6 nm™" were used, respectively. For analyzing the
SAXS peak corresponding to the long distance between crystalline
lamellae and amorphous regions, a g-region of 0.145—0.623 nm™" was
used. In this analysis approach, for each g-range, the scattering pattern
was divided into 16 azimuthal segments, where the azimuthal intensity
distribution was approximated with a cosine function. Examples of
azimuthal intensities can be seen in Figure S3. The symmetric
intensity in a, is defined as the average scattering over all azimuthal
angles, the asymmetric intensity a, is defined as the amplitude of the
cosine function, and the degree of orientation was defined as a,;/a,.
For representing the data, a combination plot of orientation and the
asymmetric intensity was used, where both orientation and degree of
anisotropy are encoded in the HSV-color. In such a plot, the
orientation angle of the scattering is defined as the hue, and the
asymmetric intensity is encoded in the value scale. Black areas in this
representation correspond to isotropic scattering from nanostructures
that do not show a preferred orientation. Radially integrated and
Lorentz corrected data averaged over all azimuthal segments were
used for performing peak fitting, both in SAXS and in WAXS. The
power law decay before and after the peak was approximated by a
negative exponential and subtracted from the data. The remaining
signal was approximated with a Gaussian function, from which the
peak position, width, and amplitude were obtained.

Finite Element Modeling. A commercial software Autodesk
Moldflow 2019 was used to do the Finite Element Modeling. The
finite element model consisted of fixed and moving tool halves,
cooling lines, feed system, and a cavity (Figure S2). The plates and
the cavity were modeled using 3D elements with a total of 5,033,414
tetrahedron-shaped elements. The cooling lines and the feed system
were modeled using 1D elements with 780 beam elements. The
injection point and the inlets of the cooling system were defined as
boundary conditions, and the process settings used in the simulation
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were the same as those used during the actual injection processes. The
model uses the conservation equations of momentum, mass, and
energy to characterize the flow field, with equations described in detail
in Supporting Information Section S3.

The data coefficients used in the simulations are produced by
fitting data from material characterization of the current HDPE grade
of this study, by viscosity measurements, PVT measurements, and
thermal conductivity measured in a capillary rtheometer (Rheograph
75 from Gottfert), and specific heat measured by differential scanning
calorimetry (DSC3+ from Mettler). The material viscosity coefficients
are fitted using the Cross-WLF model®* and the material specific
volume is described as a function of the temperature and pressure by a
2-domain Tait PVT model as described in eq 1.

p

(T, p) = v(T)|1 = C ln[l + —] + (T, p)

B(T) (1)

Where:
e v(T, p) is the specific volume at a given temperature and
pressure;

® 1y, is the specific volume at zero pressure;
o T is the temperature, in K;
e p is the pressure, in Pa;
e (is a constant, 0.0894;

® B accounts for the pressure sensitivity of the material.

vy B(T), and v(T, p) are defined differently depending on if the
temperature is above or below the volumetric transition temperature
(T,). In the upper temperature region (T > T,), these were described
by eqs 2, 3, and 4.

vp = by, + by, (T = b) 2)
B(T) = by,,e 05! 3)
v(T,P) =0 (4)
Where by, by, b, b,,andb; are data-fitted coeflicients, as

defined in Table 2. In the lower temperature region (T < T)), it is
described by eqs 5, 6, and 7.

vy = by, + by (T — by) (5)
Table 2. Data Coeflicients Used in the Simulation
Category Symbol Value Units

Viscosity coeflicients n 0.2562

7* 1.40212 x 10° Pa

D, 1.31535 X 10" Pas

D, 153.15 K

A, 41.908

A~ 516 K
2-domain tait PVT coefficients by 407.15 K

b 1.58 X 1077 K/Pa

by 1.186 x 1073 m®/kg

bym 9.14 x 1077 m®/kg-K

bim 1.09 x 10° Pa

bim 5.374 x 1073 K™

by, 1.023 x 1073 m®/kg

by, 3.98 x 1077 m®/kg*K

b, 3.66 X 10° Pa

by, 1.80 X 107¢ Kt

b, 1.623 X 107* m®/kg

by 5.393 x 1072 K!

b, 1.20 x 107* pa~!
Specific heat 2.596 x 10° J/kg'K
Thermal conductivity 232 x 107! W/m-K
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B(T) = byl (T4 (6)

v(T, P) = b7e[(b8(T_b5))_(b9P)]

(7)
Where by, b,, by, by, bs, b;, bgand b, are data-fitted coeffi-

cients, defined in Table 2. The volumetric transition temperature
(T,) is defined by eq 8:

T(p) = bs + bep
Where bg and by are data-fitted coeflicients, defined in Table 2.

(8)

B RESULTS AND DISCUSSION

The results section is divided into four parts. The first and
second parts show experimental results from high-resolution
scanning small- and wide-angle X-ray scattering combined with
birefringence microscopy and light optical microscopy. The
first part focuses on gaining insights into the complex
hierarchical structures present in injection-molded HDPE,
whereas the second part focuses on how process settings, such
as injection speed and pressure, influence the multiphase
morphology formed. The third and fourth parts show results
from advanced FEM simulations, where the third part connects
the computational simulations to the structures observed in the
experimental data, and the fourth part evaluates the
crystallization from an energy perspective.

Part 1: In-depth Investigation of the Multilayered
Morphology. With the aim to collect detailed information on
the multiphase anisotropic structures of injection-molded
HDPE, cross sections of the through thickness layers were
studied by means of scanning SAXS and scanning WAXS, for
injection-molded HDPE. Results from one of the process
settings (High 85%) are shown in detail, where the 2D SAXS
and WAXS scattering pattern for S selected positions through
the thickness, viewed from the two main directions, are
presented in Figure 2 (normal to CD-TD and MD-TD planes
as described in Figure 1), whereas a more comprehensive
collection of data can be found in Figure S4 with 2D scattering
patterns from 18 different positions through the thickness of
plates viewed from four directions, respectively, with two
additional directions being +45° rotated from the other
directions. Depending on the direction in which the measure-
ment was performed, a contrast is achieved between the
separate layers in the orientation analysis, as shown in Figure 2
(right). The WAXS (200) orientation was chosen as a sensitive
indicator for different structures in the skin layers, as described
in Figure S5, while the orientation of the SAXS signal of the
lamellae spacing is more sensitive to identifying layers in the
inner shear and bulk layers.

In the layer designated 1, very close to the surface toward
the mold, the SAXS 2D pattern from both MD-TD and CD-
TD showed a weak tendency for a vertical streak and a two-
point pattern in the horizontal direction. Note that the
orientation analysis performed to create the composed images
in Figure 2 (right) will find the strongest orientation in the
chosen g-range, where for MD-TD the horizontal two-point
pattern dominates, whereas in CD-TD the vertical streak
dominates mostly, apart from a thin line between layer 1 and 2
where the horizontal pattern appears stronger (turquoise line).
These scattering patterns indicate the presence of a shish-
kebab crystalline structure, where the streak represents the
shish, and the two-point patterns represent the aligned lamellae
in the kebabs, with a g-value representing the repeating
distance between the lamellae. WAXS 2D scattering pattern in

https://doi.org/10.1021/acsapm.4c00581
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Figure 2. Scanning SAXS and WAXS 2D scattering patterns in five different positions (left) and orientation + asymmetric intensity (right top) of
cross sections from samples produced with process settings High 85% as well as idealized scattering patterns of polyethylene in the MD-TD
direction (right bottom). The idealized scattering patterns correspond from left to right with a) shish-kebab with untwisted lamellae, b) shish-kebab
with twisted lamellae, c) elongated spherulites, and d) symmetrical spherulites. In the orientation + asymmetric intensity plots as well as in the
idealized scattering patterns, the hue represents the scattering orientation, and the value shows the asymmetric intensity. The white profiles in the
orientation + asymmetric intensity plots show the asymmetric intensity through the thickness. The crosses in the orientation + asymmetric intensity
plots indicate the position of the 2D scattering patterns (1—5). The scattering patterns reveal shish-kebab with twisted lamellae (Keller—Machine
Type 1) in layer 1, shish-kebab with untwisted lamellae (Keller—Machine Type II) in layer 2, a highly oriented crystalline morphology in layer 3,
elongated spherulites in layer 4, and symmetrical spherulites in layer S.

MD-TD and less intensely in CD-TD further revealed the type
of shish-kebab structure, with 4 maxima scattered as a cross
along the vertical plane in the (110) crystal plane, two maxima
along the horizontal plane in the (200) crystal plane, and two
broad maxima along the vertical plane in the (020) crystal
plane (see enlarged pattern in Figure SS). This is a typical
WAXS scattering pattern for the structure known as Keller—
Machin Type I structure, a shish-kebab with twisted
lamellae.'®** In the layer designated 2, further into the sample,
the vertical streak in SAXS disappeared, and only the 2D
scattering pattern recorded in MD-TD showed a two-point
pattern. Also, the WAXS 2D scattering pattern recorded in
MD-TD changed, where the 4 maxima merged to 2 maxima
along the vertical plane for the (110) crystal plane, while the
two maxima of the (200) crystal plane shifted from the
horizontal plane to the vertical plane (see enlarged pattern in
Figure SS). The shift in the (200) signal could clearly be
identified in the orientation and asymmetric intensity plot,
changing color from blue to orange, i.e., an orientation angle of
about 90° moving from layer 1 to 2. Despite the absence of the
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streak, the crystal structure in this layer is believed to be the
Keller—Machin Type II structure,'** ie., a shish-kebab with
untwisted/regular lamellae. The reason for the absence of the
two-point pattern in the SAXS 2D scattering pattern recorded
in CD-TD is believed to arise from the untwisted/regular
lamellae, not causing constructive interference scattering when
viewed in the CD-TD plane, where the growth direction of the
lamellae is facing the viewing angle.

In the layer designated 3, the orientation images in Figure 2
(right) indicate significantly reduced asymmetric intensity in
the WAXS (200) diffraction but are characterized by a striking
increase in asymmetry in the SAXS signal observed in CD-TD
(red layer). The scattering from the lamellae spacing in the
MD-TD SAXS pattern appears now as a ring, but with higher
intensity in the horizontal plane, while in CD-TD, SAXS
scattering with lower intensity is observed mainly in two
maxima along the vertical plane. In WAXS, the scattering
patterns in layer 3 showed significantly less orientation in all
diffraction peaks than in layers 1 and 2. The 2D scattering
pattern in WAXS and MD-TD SAXS would suggest the
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Figure 3. Birefringence microscopy angle of fast axis (left), retardance (middle) presented on two different scales, and polarized LOM microscopy
images (right) on samples produced with process setting High 85% in the MD-TD plane (top) and CD-TD plane (bottom).

presence of highly elongated spherulites, with a structure
described by Katti et al.”® With such a structure, however, the
2D scattering pattern in SAXS CD-TD is expected to be more
symmetrical over all the azimuthal angles,"” whereas here we
observe in the SAXS 2D scattering pattern in CD-TD a clear
anisotropy of the scattering from the lamellae spacing in the
vertical direction. This is also visible in the 45 1 direction
(Figure S4), whereas the 45_2 direction in SAXS reveals even
more complex orientation phenomena. Therefore, the
structure present in this layer is most likely a highly oriented
crystalline morphology, more complex in crystalline structure
than an elongated spherulite oriented in the flow direction.
While our results cannot be used to fully confirm the nature of
this highly oriented crystalline morphology, we hypothesize
that the orientation/geometry of this crystalline morphology is
affected by both the direction of the flow in MD and the
thermal gradient in TD.

The layer designated 4 is characterized by a significantly
reduced asymmetric intensity in the CD-TD SAXS compared
to layer 3 (Figure 2 right). The scattering pattern in SAXS
reveals a ring from the lamellae spacing in both MD-TD and
CD-TD, with somewhat higher intensity along the horizontal
plane for MD-TD and along the vertical plane for CD-TD. In
the WAXS scattering patterns, the scattering was rather
isotropic, but with a tendency for higher scattering along the
vertical plane in the MD-TD sample. These scattering patterns
suggest the presence of somewhat elongated spherulites with a
preferred orientation in the direction of flow in this layer. The
transition from layer 4 to layer S appears rather gradual, mainly
visible in the orientation images presented in Supporting
Information and Figure S6.

In the layer designated S, the appearance of the SAXS and
WAXS patterns was isotropic, with no preferred orientation,
suggesting the presence of symmetrical spherulites.

The layers in the second half (lower part) of the plate
through the thickness presented scattering patterns reflecting
those on the first half of the plate and will not be further
discussed. SAXS and WAXS 2D scattering patterns from the
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second half can be found in Supporting Information and
Figure S4.

In summary, Figure 2 shows that highly oriented shish-kebab
layers can easily be identified by a significantly higher
asymmetric intensity than the other layers, except for the
SAXS CD-TD plane. The shift between shish-kebab with
twisted lamellae and the shish-kebab with untwisted lamellae
can easily be identified by reviewing the WAXS (200) signal in
the MD-TD plane. The (200) WAXS signal shifts 90° in
orientation angle upon the shift between twisted and untwisted
lamellae, which is clearly seen in the transition of color in the
WAXS MD orientation + asymmetric intensity plot. The
presence of the highly oriented crystalline morphology can be
identified by the higher asymmetric intensity in the SAXS CD-
TD plane.

Polarized LOM and birefringence microscopy were
performed on consecutive cross sections in both the MD-TD
plane and CD-TD plane from plates produced with High 85%
process settings (Figure 3). The layer identified as shish-kebab
with twisted lamellae (Layer 1) appears as an outer lighter
layer and an inner darker layer in MD-TD and an outer darker
layer and an inner lighter layer in CD-TD with polarized LOM,
while the layer identified as shish-kebab with untwisted
lamellae (Layer 2) appears as a lighter layer in MD-TD,
while being less defined in CD-TD. With birefringence
microscopy, the two layers with shish-kebab could be
distinguish from each other using the retardance, where the
shish-kebab with twisted lamellae had a lower retardance
compared to the shish-kebab with untwisted lamellae, in both
MD-TD and CD-TD. The layer identified as highly oriented
crystalline morphology (Layer 3) appears as a distinct layer in
birefringence, with a very low retardance value as well as a
slight shift in angle (presented in turquoise) in MD-TD and
with an angle perpendicular (presented in red/pink) to the
surrounding layers in CD-TD. With polarized LOM, however,
this layer could only indicatively be identified as a darker layer
in CD, while not discernible in MD-TD.
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The layers identified as elongated spherulites and sym-
metrical spherulites (Layers 4 and S) were more difficult to
distinguish compared to the other layers. In birefringence
microscopy images, there was a tendency toward a gradual
change in both the retardance and the angle of the fast axis
from the elongated spherulites to the symmetrical spherulites,
more visible in MD-TD. With polarized LOM, the distinction
between the layers was even more difficult, with the
symmetrical spherulites giving rise to an indicatively lighter
color in MD-TD, but not distinguishable at all in CD-TD.

The layered morphology found in birefringence and
polarized LOM highly agrees with the scattering data from
scanning SAXS/WAXS, in terms of both layer distribution and
orientation seen by the angle of the fast axis in birefringence.
This is of high industrial interest because, first, birefringence
microscopy and polarized LOM are more readily available and
can be used to further investigate the changes in morphology
of semicrystalline polymers with varying processing conditions,
and second, it provides higher spatial resolution compared to
scanning SAXS/WAXS and can more easily be used to quantify
the thickness and distribution of layers. Scanning SAXS/WAXS
on the other hand reveals the nanostructural features and
diffraction pattern that can be used as fingerprints to identify
the different morphologies. Therefore, scattering techniques
and optical microscopy complement each other.

The peak position and peak width at half-maximum were
obtained from peak fitting of WAXS and SAXS in MD-TD
plane and are presented in Supporting Information Section S4
and Figure S8. d-spacing in WAXS ranged between 0.4125 to
0.4132 nm, with the shish-kebab with twisted lamellae (layer
1) having the largest d-spacing. We hypothesize that the
twisting of the lamellae introduces strain into the crystal unit
cell, resulting in a longer d-spacing. In the SAXS regime, the
main scattering peak corresponds to the distance between
crystalline lamellae, i.e., the distance of one crystalline and one
amorphous layer. The largest distance between crystalline
lamellae was found in the layer consisting of shish-kebab with
untwisted lamellae. The broadest peak width in both SAXS and
WAXS was identified in the layer consisting of highly oriented
crystalline structure. In the SAXS regime, this indicates that we
have a high variation in the lamellae spacing. In the WAXS
regime, we hypothesize that the broadening of the peak could
be caused by smaller crystallite sizes, strains within the
crystallite structure, or a combination of the two.

Part 2: Investigating the Influence of Process
Settings. In the second part of the study, injection-molded
samples produced with varying process settings were
investigated using the same approach to further link process
conditions with structural morphology. The orientation
analyses from the WAXS (200) MD-TD and SAXS CD-TD
were chosen based on part 1, which revealed that the different
layers can be identified best in this combination.

The samples were produced using four different process
settings by adjusting two process parameters, ie., injection
speed and V/P switch-over point, as defined in Table 1. The
parameter injection speed was chosen to vary the injection
shear rates, while the parameter V/P switch-over was chosen to
vary the injection time and holding pressure level. A schematic
representation of the phases and parameters during the
injection molding process is shown in Figure 1, and a more
in-depth description is presented in Supporting Information,
Section S1. The measured volume flow rate during the
injection molding cycle for the four different process settings is
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presented in Figure 4a. The flow rates in the injection phase
were approximately 22 cm®/s for the process settings with high
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Figure 4. Flow rate (a) and pressure (b) as a function of time, as
measured during the injection molding process. The positions of the
V/P switch-over point and transition from holding to cooling phase,
respectively, are indicated by full lines (high flow rate) and dotted
lines (low flow rate).

injection speed, and the measured flow rate of approximately
17 cm®/s for the process settings with low injection speed.
Expectedly, a higher level of flow rate in the initial parts of the
hold pressure phase was identified for the settings using 85%
V/P switch-over point than for 99%, since not only does
shrinkage need to be compensated for but also filling the cavity
from 85% to 100%. The apparent drop in flow rate registered
at about 1.5 s occurred at the point when the hold pressure was
released and the cooling phase started and could most likely be
explained by a slight reversing movement by the reciprocal
screw at the release of the hold pressure.

The measured pressures during the injection molding cycle
for the four different process settings are presented in Figure
4b. Notably, the injection pressure for the process settings
using a 99% V/P switch-over point ended at a higher level than
for 85%, which can be explained by the higher filling ratio of
the mold at the end of the injection phase, resulting in a higher
pressure needed to keep the constant flow rate. Notably, as
defined in Table 1, the hold pressure level for the settings using
an 85% V/P switch-over point was higher than the settings
using 99%, since it was required to obtain plates with an even
thickness of 0.6 mm when filling of the mold continued after
the initiation of the hold pressure phase, as compared with the
99% settings, where the mold was virtually filled already at the
V/P switch-over point.
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Figure S. Scanning SAXS and WAXS (200) orientation + asymmetric intensity through the thickness of cross sections from samples produced with
varying process settings. Cross sections to the left of each pair (a, ¢, e, and g) represent WAXS (200) MD-TD, and cross sections to the right of

each pair (b, d, f, and h) represent SAXS CD-TD.

To investigate how the V/P switch-over point and injection
speed influenced the multilayered structure, cross sections of
the through thickness layers were studied by means of scanning
SAXS and scanning WAXS, viewed in 2 different directions for
samples produced with the four different process settings. Plots
representing orientation and asymmetric intensity for the
(200) crystal plane WAXS scattering peak in MD-TD and
SAXS main scattering peak in CD-TD are presented in Figure
S. The asymmetric intensity profiles are also shown as 1D plots
in Supporting Information and in Figure S7. The orientation
angle and asymmetric intensity of the shish-kebab layers
(previously described as layers 1 and 2) showed similar
characteristics for all four process settings, but there was an
indication of thicker shish-kebab with untwisted lamellae (layer
2) for the settings using a V/P switch-over point of Low 85%
than with 99%, seen with the yellow/orange (upper) and
purple (lower) color in the WAXS (200) asymmetric intensity
in MD-TD (Figure Sa and e in comparison with Figure Sc and
g). Another visible difference between process settings was the
presence of the thick layer of highly oriented crystalline
morphology, described previously in layer 3, seen as red layers
in the SAXS CD-TD, in the samples produced with 85% V/P
switch-over point (Figure Sb and f), while not being present at
all in the samples produced with 99% switch-over point
(Figure 5d and h). The thickness of this highly oriented
crystalline morphology layer was different in the upper and
lower parts of the sample, which most likely originated from
the different mold materials in the two mold halves, giving rise
to different cooling rates on the two sides of the cavity. The
samples produced with 99% V/P switch-over point instead
showed in this region an outer layer with significantly lower
intensity in SAXS CD-TD but same orientation (Figure 5d and
h), indicated by the red color. The same layering type was
observed for the low and high flow settings with a slightly
increased degree of orientation in the high flow setting (higher
color saturation in Figure Sd compared to that in Figure Sh).

The spatially resolved d-spacing obtained from the peak
fitting of Lorentz corrected SAXS radially integrated curves for
different process settings is presented in Figure 6. The main
scattering peak represents the lamellae spacing, i.e. the
repeating distance of d,, which is the sum of the thickness
of the lamellae, d, and the surrounding amorphous layer, d,,
i.e,, the repeating distance between kebabs for the shish-kebab
morphology. Comparing the samples produced with varying
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Figure 6. Peak fitting from SAXS data in MD-TD plane of a sample
produced with process setting High 85% (a), Low 85% (b), High 99%
(c), and Low 99% (d), where the d-spacing from the 277/peak position
is shown. Note that High 85% and Low 99% are measured with
higher resolution. Figure 6e shows how the peak position that was
found through peak fitting varied through the thickness for the high-

resolution measurements.

process settings, more specifically when comparing the d-
spacing profiles through the thickness of the two high-
resolution cross sections (High 85% and Low 99%), it can be
observed that layer 2, consisting of shish-kebab with untwisted
lamellae, as well as the bulk region (layer S5) present
significantly larger lamellae spacing for low injection speed
compared with high setting speed, as well as larger lamellae
spacing for 99% V/P switch-over point than for 85% V/P-
switch-over point.

Birefringence microscopy and polarized LOM was per-
formed on the cross sections next to those investigated with
SAXS and WAXS for all four process settings. Images from
those are presented and discussed in Supporting Information
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Figure 7. Selected results from finite element simulations: shear rate (left), pressure (center), and temperature (right), in five different layers
through the thickness, where layers 1 to S represent different depth from the mold wall, i.e., 0.00, 0.03, 0.06, 0.15, and 0.27 mm. These depths were
chosen to represent the same layers reported in Figure 2. Note that the x-axis, i.e., the time, was chosen differently for the three parameters.
Horizontal purple dotted lines represent the quiescent crystallization temperature of 117 °C. The vertical black lines indicate the transition between
injection phase and the hold phase (~0.5 s) and the transition between the hold phase and cooling phase (~1.5 s).

and Figure S9. The results agreed with the observations from
scanning SAXS/WAXS, and the results can be used as a
complement to the scanning SAXS/WAXS measurements.
Part 3: Connecting Scattering Data to Computational
Simulations. To further correlate the multilayered structure
created during injection molding to processing conditions,
finite element simulations were used, where some selected
results from finite element simulations are presented in Figure
7. The results are presented in a collection of graphs, where the
columns report the shear rate in the flow direction, pressure,
and temperature, respectively. The time evolution of shear rate,
pressure, and temperature is shown within the five different
layers through the thickness identified in the SAXS data.
Layers 1 and 2 present similar results for pressure and shear
rate, whereas in the temperature history for layer 1, being
closest to the cold mold wall, the cooling rate is extremely high,
resulting in temperatures below the quiescent crystallization
temperature (117 °C, as indicated with a purple horizontal
pointed line), almost instantaneously. Thus, crystallization is
expected to occur in the flow front and may therefore occur
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under the influence of the fountain flow and with limited
relaxation time during cooling.”””** In layer 2, the time at
which the temperature becomes lower than the quiescent
crystallization was reached at about 1.3 s, where the shear rate
dropped significantly. However, flow-induced crystallization
occurs at higher temperature,” and more specifically, the
creation of shish precursors occurs well above the quiescent
crystallization temperature.’®™>* Therefore, it is expected that
most of the flow-induced crystallization was initiated already
during the injection phase, followed by crystallization of the
kebabs at a lower temperature in the holding phase. With a
longer time in the melt state above the transition temperature,
it is expected to give better conditions for the creation of shish-
kebab crystallization morphology. Further, with longer time at
high shear rate, while still under high cooling, the conditions
are more favorable for creation of higher amounts of shish,
resulting in more beneficial conditions to form untwisted
lamellae as compared with the twisted lamella® in layer 1.
The simulation shows that the shear rate has dropped in the
holding phase and occurs under significantly different pressure
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when comparing the samples with 99% and 85% V/P switch-
over, as expected according to the process settings shown in
Table 1. It has previously been shown that an increased
pressure during processing is linked with a higher formation of
the shish-kebab morphology.33 Thus, we hypothesize that the
pressure history is the main contributor for the thicker layer 2
in samples produced with the 85% V/P switch-over point in
comparison with the 99% V/P switch-over point, as shown in
orientation and asymmetric intensity in SAXS and WAXS
(Figure S).

Furthermore, the simulations show that the shear rate is
lower and the time duration under shear is longer for a low
injection speed in comparison with a high speed (Figure 7).
This could possibly give fewer nucleation sites for kebabs on
the shish precursors, which could explain the longer d-spacing
between the kebabs for samples produced with low injection
speed in comparison with high speed, as shown in Figure 6. d-
spacing was also shown to be longer for the 99% V/P
switchover point than with 85%. The kebabs formed under
lower pressure, and hence lower temperature when using the
99% V/P switch-over point could be a possible explanation for
the longer d-spacing between the kebabs, as shown in Figure 6.

In layer 3, cooling occurred more slowly, and the quiescent
crystallization temperature was reached at a later stage
compared to layers 1 and 2. When the quiescent crystallization
temperature was reached at about 1.5 s, the shear rate dropped
significantly. Since this layer still presents a high shear (similar
to layers 1 and 2) during the injection phase, one can expect a
high orientation of the melt prior to crystallization, which
could increase the likelihood of creating fibrillar nucleation
cores for spherulites, which consequently could result in more
anisotropic crystals, i.e., highly oriented crystalline morpholo-
gies. The pressure was significantly higher for the settings with
a V/P switch-over point of 85% in comparison with 99%, and
crystallization was therefore expected to occur under higher
pressure for the samples produced with the 85% switch-over
point. This result agrees with the differences identified in
SAXS/WAXS (Figure 6) and polarized LOM (Figure S9),
where the highly oriented crystalline morphology was present
only when using the 85% V/P switch-over point.

In layer 4, the shear rates were further decreased in
comparison with those of layers 1—3. Also, the cooling speed
was more uniform as opposed to the layers closer to the mold
wall. Similar to layer 3, the quiescent crystallization temper-
ature was reached after about 1.5 s but proceeded by a history
of longer time under higher temperature compared to layer 3,
which enabled the polymer molecules to relax. Thereby, the
probability for creating fibrillar nucleation cores is decreased,
which consequently would result in a less anisotropic
morphology than in layer 3.

In layer S, the time when the quiescent crystallization
temperature was reached was after 1.8 s, with low or almost no
history of shear rate, indicating crystallization under nearly
quiescent conditions at 117 °C, which occurred after the
pressure approached ambient. Under these circumstances, no
shear, slow cooling, and low pressure, nearly symmetrical
spherulites were expected to develop.

As concluded in previous paragraphs, the difference
identified between layers cannot be described in a unique
parameter such as only shear or cooling rate, but indeed, the
history of several conditions needs to be observed, as
exemplified in the summary table reported in Supporting
Information (Table S1).
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Part 4: Evaluation of the Crystallization from an
Energy Perspective. Previous work from experimental
observations reported by Mykhaylyk et al.**** have shown
that there are two factors responsible for the formation of
shish-kebab morphology by flow-induced crystallization: the
critical shear rate y, which has been reported extensively over
the years,””*° and a critical amount of specific work, w,
applied. The critical shear rate is estimated by y =& 1/4g,
where /g is the longest Rouse relaxation time of the molecules,
proportional to the square of the molecular weight.

With the presence of shish-kebab morphology in the outer
layers of the samples produced with all four process settings,
the critical shear rate is obviously exceeded independent of the
injection speed and V/P switch-over point. The higher degree
of orientation and the thicker layer of shish-kebab with
untwisted lamellae for the samples produced with 85% V/P
switch-over point must consequently originate from another
factor, i.e., the specific work. The specific work, w, is given by
the integral of the product of the viscosity, #, and the square
root of the strain rate during the shearing time, f,, as given by
the hypothesis and equation stated by Janeschitz-Kriegl et al.*’

tS

w= [l

0 (9)
The specific work combines all of the factors included in the
simulation graphs reported in Figure 7. The shear rate y is a
factor as is, as well as being a contributing factor to viscosity 7.
Similarly, temperature is a factor affecting viscosity 7. Pressure
is a factor affecting the equilibrium melting temperature T,
and hence affects the temperature range in which crystal-
lization occurs, which consequently affects the viscosity as the
presence and amounts of crystals affect the viscosity.

While the majority of previous studies have been performed
under isothermal conditions, and under constant shear rates,
modeling of the specific work under the highly nonisothermal
and varying shear rate conditions prevalent during the injection
molding process is significantly less studied, reported by
Liparoti et al,*® Pantani et al,*” and Du et al.*®

To account for the highly nonisothermal and nonconstant
conditions of the injection molding process, an alternative
approach is employed to calculate the specific work, by limiting
the integration time interval to the time when the equilibrium
melting temperature T, is reached and the time at which 117
°C is reached, ie, in the temperature interval where
crystallization, flow-induced or quiescent, could occur. The
equilibrium melting temperature is pressure-dependent, and
can be expressed as a polynomial function, as reported by
Fulchiron et al."' following:

To(p) = Tp(0) + ap + ap’ (10)

The factors T, a;, and a, were obtained from linear regression
analysis from pressure—volume—temperature (PVT) data and
were determined to be 135.6, 0.069, and 0.051, respectively for
the polymer used in this study. The pressure, shear rate in the
flow direction, and viscosity were obtained from the finite
element analysis. The calculated specific work is presented in
Figure 8 with clear differences between the V/P switch-over
points. In the ranges 0—0.1 and 0.9—1.0 nominal thickness,
corresponding to layers 1 and 2 with shish-kebab morphology,
the specific work was significantly higher for the samples with
85% V/P switch-over point than in those with 99% V/P
switch-over point. The higher specific work could explain the
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Figure 8. Calculated specific work as a function of the nominal
thickness for four different process settings, i.e., high and low flow rate
and V/P switch over at 85% and 99%, respectively.

difference in layer thickness of shish-kebab identified by
polarized LOM and the different asymmetric intensity from
SAXS/WAXS. The highest levels of specific work were
identified for High 85% and Low 85% in the approximate
ranges of the thickness where highly oriented crystalline
morphologies were identified by SAXS/WAXS for the samples
produced with these process settings. The maximum shear
rates in layers 2 and 3, as presented in Figure 7, were on a
rather similar level, while only shish-kebab structure was
identified in layer 2. However, in layer 3, the highest shear rates
occurred during the time when the temperature was higher
than that at the corresponding shear rates in layer 2. At this
higher temperature, despite a shear rate likely above the critical
level, temperature was likely too high for oriented nuclei to
form and for shish to grow. However, the high level of specific
work in layer 3 using the process setting with 85% V/P switch-
over resulted in a highly oriented crystalline morphology with
significantly higher anisotropy than the elongated spherulites in
layer 4.

B CONCLUSION

The first part of this study showed how high-resolution full
azimuthal scanning SAXS and WAXS can be used to reveal a
complex multilayered structure in injection-molded HDPE.
Due to the microfocused X-ray beam, high resolution was
achieved, giving more in-depth details on the layered structure
identifying 5 main layers. Highly oriented shish-kebab
structures could easily be identified, where the WAXS signal
was used to differentiate between twisted and untwisted
lamellae in shish-kebab structures. Comparing the scattering
data with polarized LOM and birefringence microscopy
measurements, the distribution of the morphology was
confirmed, demonstrating that once the structure of the layers
is understood by X-ray scattering, easy accessible visible light
microscopy techniques can be used to compare between more
variation of process settings.

The second part of this study investigated how the V/P
switch-over point and injection speed influenced the layered
morphology. The scattering data revealed similar degrees of
orientation profiles through the thickness for samples
produced with the same V/P switch-over point. In samples
produced with 85% V/P switch-over point a thick layer of
highly oriented crystalline morphology was identified, which
could not be identified in samples produced with 99% switch-
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over point. This agreed with experimental data from both
birefringence microscopy and polarized LOM, confirming that
the V/P switch-over point has a large influence on
morphology, larger than the flow rate. Peak fitting of the
scanning SAXS data further revealed that the low injection
speed results in shish-kebab with untwisted lamellae (layer 2)
with a significantly larger lamellae spacing compared to the
high injection speed and 85% V/P switch-over point.

The third part of the study used computational simulations
to correlate process conditions to the resulting polymer
morphologies by evaluating shear rate, pressure, and temper-
ature through the thickness of the injection-molded plate. The
formation of shish-kebab structures was associated with high
shear rates, and it was established that when the polymer was
subjected to high shear rates for a longer time, shish-kebab
with untwisted lamellae is more likely to be formed compared
to shish-kebab with twisted lamellae. However, by only looking
at the simulated shear rate, pressure, and temperature, the
conditions that drive the different morphologies seem to be
more complex than just evaluating the shear history.

In the fourth part, in order to better understand what drives
the morphology after the different process settings, the specific
work was calculated for the different process settings,
combining several factors, i.e., shear rate, time, temperature,
and pressure, which resulted in high agreement with
experimental data. In particular, the highest levels of specific
work were identified for High 85% and Low 85% in the
approximate ranges of the thickness where highly oriented
crystalline morphology was identified by SAXS/WAXS.

In summary, this study shows that experimental data from
high-resolution scanning SAXS/WAXS agree well with FEM
simulations, proving that computational simulations can be
used to predict hierarchical anisotropic structures of the
polymer during injection molding. The holding pressure
applied introduced a significant influence in the morphology,
detectable by both experiments and specific works calculations.
Thereby, this study brings us one step closer to being able to
reliably predict the polymer microstructures after injection
molding and further predict material properties of injection
molded parts.
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