Structural Development of HDPE in Injection Molding
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ABSTRACT: This study investigated some relevant struc-
ture/properties relationships in shear-controlled orientation
in injection molding (SCORIM) of high-density polyethylene
(HDPE). SCORIM was used to deliberately induce a strong
anisotropic character in the HDPE microstructure. Three
grades with different molecular weight characteristics were
molded into tensile test bars, which were subsequently char-
acterized in terms of the mechanical behavior by tensile tests
and microhardness measurements. The structure developed
upon processing was also characterized by polarized light
microscopy (PLM), scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), and wide-angle X-

ray diffraction (WAXD). SCORIM allows the production of
very stiff molded parts, exhibiting a very well-defined lam-
inated morphology. This morphology is associated with
both an M-shaped microhardness profile and a pronounced
mechanical anisotropy. These characteristics are supported
by an analogous variation in the crystallinity and a high
level of molecular orientation, as indicated, respectively, by
calorimetric measurements and X-ray diffraction results.
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INTRODUCTION

The simple molecular configuration of polyethylene (PE)
makes it prone to the development of strong molecular
orientation when adequately processed.'”'* Some exam-
ples of processing techniques that can induce strong
levels of anisotropy in PE include hydrostatic extru-
sion' and processes based on injection molding such as
high-pressure injection molding,*~° elongational flow in-
jection molding,”® and shear-controlled orientation in
injection molding (SCORIM)."*~*?

In hydrostatic extrusion, a billet of material at a
temperature below its melting point is forced against a
die, using a hydrostatic fluid at very high levels of
pressure.' Under these conditions, the molecular re-
arrangement introduced in PE as a result of the cross-
sectional reduction originates in a highly orientated
structure and substantial mechanical performance en-
hancement,'® with values of the modulus and
strength up to 50 GPa and 500 MPa, respectively.
Conversely to solid-state processing methods like hy-
drostatic extrusion, in high-pressure injection mold-
ing, the polymer above its melting temperature is
injected into a mold cavity at very high levels of
pressure (to 500 MPa). Using proper filling rates and
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adequate gate geometries, it is possible to induce high
orientation levels in molded PE using this technique.
Typical values of the modulus and strength reported
for PE molded by this method are, respectively, 12
GPa and 260 MPa.

Earlier work by Keller and Odell'® used the chain-
stretching effect of elongational flow within a capillary
for achieving high-modulus PE fibers. This approach
was used as a technological template for the develop-
ment of elongational flow injection molding.”™ This
latter technique differentiates from high-pressure in-
jection molding by the lower processing pressures and
by the specific mold geometry intended to purposely
induce an axial elongational flow. Values of the
strength to up 160 MPa have been reported for PE
processed by this route.”

Conversely to the previously referred techniques,
shear-controlled orientation in SCORIM is based on
the application of a macroscopic shear stress field to
the melt-solid interface using two hydraulic-actuated
pistons.'®"'>!'* This process, originally designated as
multiple live-feed molding, was developed by Allan
and Bevis'* in 1986. SCORIM processing of PE results
in a strong mechanical performance enhancement
when compared to conventional injection mold-
ing,'%™'? with values of the tensile modulus and tensile
strength above 7.0 and 150 MPa.'' The high mechan-
ical performance of SCORIM-processed PE was
shown to be related to the existence of a shish-kebab-
row nucleated structure as proved by calorimetric and
X-ray diffraction (XRD) studies.'! The high anisotropy
of SCORIM-molded PE is explained by the highly
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anisotropic character of the chain-extended crystal-
lized fiber (shish) and the interlocking effect between
adjacent epitaxially grown platelets (kebab).">'” The
development of these anisotropic entities is itself
strongly dependent on the molecular weight and mo-
lecular weight distribution of the molten polymer,'®'”
which may be of crucial importance when optimizing
the injection molding of PE. Within this perspective,
the aim of the present study was twofold: (i) the
investigation of the mechanical performance of three
different SCORIM-processed high-density polyethyl-
ene (HDPE) grades and (ii) the establishment of the
respective structure/property relationships in the
light of the molecular weight. To accomplish such
objectives, SCORIM was used to mold several HDPE
grades into test bars, which were subsequently char-
acterized in terms of the mechanical behavior by ten-
sile tests and microhardness measurements. The struc-
ture developed upon processing was characterized by
polarized light microscopy (PLM) and scanning elec-
tron microscopy (SEM) together with differential scan-
ning calorimetry (DSC) and XRD.

EXPERIMENTAL
Materials

Three HDPE grades were studied, namely: (i) Vestolen
A 6016, supplied by Vestolen GmbH (Gelsenkirchen,
Germany) with a melt-flow rate (MFR) of 26 mL/10
min (190°C, 49 N), a number-average molecular
weight (M,) of 56,212, a weight-average molecular
weight (M,,) of 58,000, and a polydispersity (M,,/M,,)
of 1.0; (ii) Hostalen GM 9255 F, supplied by Elenac
GmbH (Wesseling, Germany) with an MFR of 0.37
mL/10 min (190°C, 49 N), an M,, of 18,000, an M,, of
282,000, and an M,/M, of 15.7; and (iii) Stamylan
HD8621, supplied by DSM Research BV (Geleen, The
Netherlands) with an MFR of 0.15 mL /10 min (190°C,
49 N), an M,, of 7000, an M,, of 210,000, and an M,/M,,
of 29.

SCORIM

All the studied materials were molded in a Demag
D-150 NCIII-K injection-molding machine equipped
with a SCORIM device into axisymmetric tensile test
bars with a circular cross section of 5 mm of diameter
and 25 mm of gauge length. The SCORIM equipment
employed consists of a device that is attached to the
injection nozzle and is composed of a runner circuit
that divides the melt stream into two channels where
two hydraulically actuated pistons are operated dur-
ing the holding pressure stage.

Conversely to conventional injection molding,
where the molten material solidifies under the influ-
ence of an almost static pressure, in SCORIM, the
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molten polymer is continuously displaced inside the
mold by the action of the hydraulic pistons, which
causes, as the solidification takes place progressively
from the mold wall to the core, the application of a
macroscopic shear field at the melt/solid interface.
This effect is accomplished using the SCORIM mode A
of operation that corresponds to the out-of- phase
oscillation of the pistons. Other possible modes in-
clude mode B (in phase oscillation of the pistons) and
mode C (compression of the pistons at a constant
pressure). These operation modes can be combined
sequentially in several stages during the injection-
molding cycle. In this specific study, all the studied
materials were molded using a similar molding pro-
gram based on two stages: the first based on mode A
and the second based on mode C.

Mechanical characterization

The samples produced were tensile tested under a
controlled environment (23°C and 55% RH) on an
Instron 4505 universal mechanical testing machine. An
Instron 2630 resistive extensometer with 10 mm of
gauge length was used. The crosshead speed was 5
mm/min (8.3 X 10> m/ s) until 1.5% strain, to deter-
mine more accurately the modulus, and then in-
creased to 50 mm/min until fracture (8.3 X 10~ *m/s).
For each tensile test, the tangent modulus (E,), the
ultimate tensile strength (UTS), and the strain-at-break
point (g,) were determined.

The variation in the mechanical performance and
anisotropy along the thickness of the injection-molded
parts was also investigated by microindentation hard-
ness (further abbreviated as microhardness). The ex-
periments were carried out at room temperature in
selected specimens, along the cross-section thickness,
in a Leica VMHT30A equipped with a Vickers dia-
mond indenter, using a load of 2.94 N and a dwell
time of 5 s.

Structural characterization

SEM was performed for fractographic analysis on se-
lected sets on a Leica Cambridge Stereoscan LS360
scanning electron microscope. All the surfaces were
mounted onto a copper stub and coated by ion sput-
tering with a Au/Pd alloy prior to examination.

Samples to be used for optical microscopy were
prepared by cutting the tensile test bars at the gauge-
length region and mounting the obtained sections in
an epoxy resin. After curing, a microtome was used to
cut slices in the longitudinal direction from the ob-
tained specimen with an average thickness of 15 um.
These slices were observed by optical PLM in an
Olympus BH-A microscope.

Calorimetric studies were performed on a differen-
tial scanning calorimeter Perkin—Elmer DSC 7 to as-
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TABLE 1
Tensile Properties Range of SCORIM-processed
HDPE Grades

Grade Et (GPa) UTS (MPa) g, (%)
Vestolen A6016 2.03-3.63 45.9-66.2 17.1-65.6
Hostalen GM 9255F 2.79-5.74 69.9-91.9 12.046.4
Stamylan HD8621 4.87-7.36 102.8-161.3 13.8-45.4

sess the variation in the microstructure induced by the
processing route along the part diameter. This varia-
tion was investigated by calorimetric analysis of lon-
gitudinal samples obtained from the gauge-length re-
gion at different distances from the mold wall. Each
sample was placed in an aluminum pan and heated at
a rate of 10.0°C per minute from 40 to 200°C. The mass
crystallinity was calculated using an enthalpy of fu-
sion for a 100% crystalline PE of 296 J/g.'®

Ni-filtered CuKa radiation was used to obtain XRD
patterns in a Philips microcamera. These patterns
were used to assess the preferred orientation of the
tensile test bar specimens at the gauge-length region.
The X-ray beam was oriented parallel to the thickness
of the sample and perpendicular to the main direction
of flow (MDF). An aperture of 100 um of diameter was
used to define the position and cross section of the
incident X-ray beam. The XRD patterns were obtained
for the moldings at 1.0 mm from the edge of the
moldings.

RESULTS AND DISCUSSION
Mechanical behavior

Table I presents the range of mechanical property
variation of SCORIM-processed HDPE, in terms of the
tangent modulus (Etf), the ultimate tensile strength
(UTS), and the strain at break (eb). Vestolen A6016
moldings presented the lowest stiffness and strength
values, being followed in order of magnitude by Hos-

talen GM 9255F and Stamylan HD8621 moldings. The
large range of mechanical performance variation ob-
served for HD8621 demonstrates the SCORIM ability
in controlling the microstructural development of PE
and thus the respective mechanical behavior. Further-
more, this grade has been a matter of an intensive
processing optimization study, which enabled the
identification of the most relevant processing param-
eters concerning the control of mechanical perfor-
mance.'! In spite of this, it is clear that the SCORIM
application enhances both the stiffness and the
strength for all these materials as compared to con-
ventional injection molding for which typical values of
Et and UTS are in the ranges of 1.2-1.5 GPa and 35-45
MPa, respectively. Although this positive trend is
common to the three polymers investigated, the mag-
nitude of the improvements achieved for each case is
different, being smaller for the lower molecular
weight polymer. As previously mentioned, molecular
weight is a determining factor in the development of
the shish-kebab structure of PE.'®'” This fact is the
outcome of the competing process between chain ex-
tension and chain relaxation as determined by the
strain rate and the relaxation time.'®'” Longer mole-
cules, that is, higher molecular weight materials, ex-
hibit longer relaxation times, which makes them more
prone to chain extension during processing.

Morphology developed upon SCORIM application

Figure 1 presents the typical tensile fracture surface of
SCORIM-processed Vestolen A 6016 moldings as ob-
served by SEM. SCORIM induces the formation of a
clear-layered morphology. Figure 1(b) suggests the
existence of alternate layers with dissimilar mechani-
cal behavior. A previous study'? showed that the in-
terruption of shear between piston strokes results in a
sandwichlike microstructure featuring alternating
spherulitic and shish-kebab zones corresponding, re-

(a)

Figure 1 (a) Typical tensile fracture surface of SCORIM-processed Vestolen A 6016 and (b) respective detail.

(b)
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spectively, to almost isotropic and anisotropic regions.
This layered morphology is again observed in Figure 2
for the tensile fracture surface of GM 9255 F moldings.
The discontinuous morphology results from the melt
flow in consecutive alternating directions that is im-
posed by the SCORIM mode A of operation. In spite of
the morphological similarity between the two materi-
als, the GM 9255 F grade appears to exhibit very
strong induced orientation in the MDF as suggested
by the lack of adhesion between consecutive layers
[see Fig. 2(b)].

Figure 3 presents PLM photographs of the longitu-
dinal cross section of SCORIM-processed Vestolen A
6016. The laminated morphology developed is also
evident in Figure 3(a). This morphology comprises
three different zones: a main spherulitic core [Fig.
3(b)], a highly birefringent layered region [observable
in both Fig. 3(b) and (c)], and a skin zone close to the
mold wall [observable at bottom right of Fig. 3(d)].
Earlier works'** evidenced the high birefringence of
PE crystallized from an orientated melt. This birefrin-
gence disappears upon melting of the isotropic matrix
but remains at higher temperatures, being associated,
at this melting stage, to unmelted orientated fibrils.
Measurements in injection-molded bars also indicated
high birefringence of PE as a result of strong molecu-
lar orientation, which was observed to be higher at the
thin shear zone close to the mold wall.” In SCORIM
moldings, the layered region is highly birefringent,
which constitutes a manifestation of strong molecular
orientation and thus evidence of the SCORIM ability
in controlling the bulk structure development of PE.

Microhardness along part thickness

Microhardness measurements have been recognized
as adequate for measuring the anisotropy of orien-
tated PE.2"?? In fact, for orientated PE, the Vickers
indentations are considerably anisotropic, showing
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(b)

Figure 2 (a) Typical tensile fracture surface of SCORIM-processed Hostalen GM 9255 F and (b) respective detail.

smaller diagonal lengths parallel to the predominant
direction of molecular orientation.”"** The indentation
anisotropy is explained by the highest stiffness of PE
in this direction as a result of the fibril-dominated
microstructure, which results in considerable elastic
recovery upon load release. This variation in micro-
hardness between orthogonal directions was observed
in orientated PE processed by elongational flow injec-
tion molding.? In this case, the indentation anisotropy
along the part thickness varied consistently with the
birefringence, indicating a relationship between me-
chanical and optical anisotropies.

Figure 4 presents the variation of microhardness
along the molding diameter for the three HDPE
grades investigated measured in two different direc-
tions: parallel and perpendicular to the MDF. Please
note that these two directions are defined as the direc-
tions of application of load during the microhardness
testing and do not correspond to the orientation of the
indentation diagonals. So, the microhardness profiles
presented here are based on the averaged values of the
two indentation diagonals. As a result, each micro-
hardness profile (parallel or perpendicular to MDF)
presented in Figure 4 translates, in a different manner,
the mechanical behavior of the polymer.

The microhardness profiles along the part diameter,
for all the grades and for both directions, exhibit a
typical M-pattern, with maximum values at interme-
diate distances from the mold wall and lowest micro-
hardness values at both the core and the skin regions.
The lower hardness at the skin is the result of the very
rapid cooling of the polymer adjacent to the mold
wall, which causes freezing of the melt orientation but
hinders crystallization. Below the skin zone, in the
so-called layered region, which makes the transition to
the molding core, the higher hardness is associated
with a highly anisotropic crystalline structure arising
as a consequence of the shear field applied. From the
three grades investigated, Vestolen A 6016 presents
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Figure 3 PLM photographs of the longitudinal cross section of SCORIM-processed Vestolen A 6016: (a) overview; (b) central

core; (c) transition layer; (d) skin.

the higher average microhardness, which suggests a
higher degree of crystallinity for this grade.

The apparent anisotropy of the moldings can be
inferred from the difference observed between the
microhardness profiles in the parallel and the perpen-

dicular directions. In the parallel direction (for which
the direction of load application is parallel to the
MDF), both indentation diagonals are perpendicular
to the MDF. Conversely, in the perpendicular direc-
tion (for which the direction of load application is
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Figure 4 Variation of microhardness along the sample diameter for SCORIM-processed Vestolen A 6016, Hostalen GM 9255
F, and Stamylan HD8621 moldings as calculated from both indentation diagonals after application of load (<) parallel and

(#) perpendicular to the MDF.

perpendicular to the MDEF), one indentation diagonal
is perpendicular to the MDF while the other remains
parallel to the MDEF. As a consequence, the microhard-
ness in the perpendicular direction tends to be higher
due to the larger contribution of the molding anisot-
ropy in this direction. This is particularly evident at
the layered region of both high molecular weight PE
grades (Hostalen GM 9255 F and Stamylan HD8621),
which suggests a higher degree of anisotropy at this
region for these grades as compared with Vestolen A
6016. The molding core, especially for Hostalen GM
9255 F and Stamylan HD8621, are considerably less
anisotropic.

Semicrystalline structure

Figure 5 presents the variation of mass crystallinity
along the sample diameter as determined by DSC for
SCORIM-processed Vestolen A 6016 [Fig. 5(a)] and
Hostalen GM 9255 F [Fig. 5(b)] moldings together with
the respective plot of microhardness as a function of
mass crystallinity. The crystallinity variation along the
part diameter profile exhibits the typical M-shaped
curve characteristic of the SCORIM process, which is
in agreement with the microhardness profiles previ-
ously presented. It is possible to confirm the existence
of (i) a low-crystallinity layer corresponding to a rap-
idly cooled region, (ii) a highly crystalline laminated
region developed under shear, and (iii) a highly crys-
talline core. This morphology differs from the typical
one found in conventionally injection-molded parts
that feature a thin skin and a large core.** The appli-
cation of SCORIM induces the formation of an addi-
tional intermediate region featuring high crystallinity
and high anisotropy. These findings corroborate a pre-
vious study involving calorimetric characterization of
PE injection-molded under an oscillating stress field,

which showed a similar variation in the enthalpy of
fusion of PE along the part thickness.”

The Vestolen A 6016 moldings are considerably
more crystalline than are the Hostalen GM 9255 F
moldings, which is interpreted in the light of the re-
spective molecular weight data. Baltd Calleja et al.*®
reported the inverse dependence of microhardness on
the molecular weight for both low-density PE and
HDPE as an indirect consequence of the molecular
weight parameters on structural factors affecting the
microhardness. In the study, the diminution in the
microhardness upon the molecular weight increase
was attributed to the increase in the thickness of the
interlamellar layers. As expected, the variation in
mass crystallinity along the part diameter supports the
microhardness profiles, making clear the dependence
of the microhardness on the microstructure developed
and on the molecular parameters.

Vestolen A 6016 moldings exhibit higher mass crys-
tallinity and, consequently, higher average hardness
values. Nevertheless, when comparing the depen-
dence of the hardness on the mass crystallinity, Hos-
talen GM 9255 F displays a higher dependence of
hardness on the mass crystallinity. Between the glass
transition and the melting temperature, the hardness
of semicrystalline polymers is dependent mostly on
the plastic deformation of the crystalline fraction.””
However, the molecular weight plays an important
role on the development of shish-kebab structures in
HDPE.'*?® Although Hostalen GM 9255 F is less crys-
talline, the stepped increase in the hardness with the
crystallinity for this case is associated with the higher
anisotropy of the crystalline phase—the shish-kebab
structure. The great dependence of the mechanical
behavior on the molding orientation was shown by
the study of Ania et al.*’ concerning the investigation
of the structure formation and respective properties of
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Figure 5 Variation of mass crystallinity along the sample diameter as determined by DSC for SCORIM-processed (a)
Vestolen A 6016 and (b) Hostalen GM 9255 F moldings and the respective relationship with the hardness.

orientated HDPE. The increase in orientation of HDPE
through the development of the shish-kebab structure
contributes to a fivefold increase in tensile strength.
Figure 6 presents WAXD patterns for the three
HDPE grades. All the grades exhibit strong (110) and
(200) reflections with higher intensities at the equator

regions, which indicates pronounced molecular orien-
tation parallel to the MDF. The strong c-axis orienta-
tion supports the mechanical anisotropy previously
observed and is the result of the polymer crystalliza-
tion under shear. In spite of this pronounced molecu-
lar orientation, the Vestolen A 6016 moldings are, for
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(b)

Figure 6 WAXD patterns for SCORIM-processed (a) Vesto-
len A 6016, (b) Hostalen GM 9255 F, and (c) Stamylan
HDB8621 moldings.

the three grades investigated, the more isotropic, as
suggested by the minor intensity at the equator. On
the contrary, both the Hostalen GM 9255 F and the
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Stamylan HD8621 grades exhibit very strong arching
of the rings at the (110) and the (200) reflections, which
indicates improved orientation as compared to the
former case. The higher orientation reported for these
two grades (which are simultaneously less crystalline)
is a consequence of the extensive shish kebab present
in the molded part that sustains the superior mechan-
ical performance and observed mechanical anisot-

ropy.

CONCLUSIONS

SCORIM is an effective processing tool for the struc-
ture development control of semicrystalline polymers
such as HDPE. The moldings obtained by this process-
ing route exhibit a typical laminated morphology
composed of a main spherulitic core, a skin zone, and
a highly birefringent layered region that makes the
transition between the two former regions. For all the
grades, the microhardness profile along the respective
part diameter displays a typical M-pattern, with max-
imum values at intermediate distances from the mold
wall and lowest values at both the core and the skin
regions. This variation in microhardness is supported
by a similar variation in mass crystallinity as mea-
sured by calorimetric studies. Additionally to this
variation profile, the difference in microhardness mea-
sured between the parallel and the perpendicular di-
rections indicates a high level of anisotropy at the
layered region. This molding anisotropy is particu-
larly more evident for the higher molecular weight
grades, namely, Hostalen GM 9255 F and Stamylan
HDB8621. Although microhardness is not directly in-
fluenced by the molecular weight, molecular dimen-
sions play a crucial role on the structure development
and molding anisotropy and, consequently, on the
final mechanical performance. The higher anisotropy
of higher molecular weight materials was confirmed
by X-ray diffraction and results from the extensive
shish-kebab formation during shear application.

One of the authors (R. A. S.) acknowledges the financial
support by the Subprograma Ciéncia e Tecnologia do 2°
Quadro Comunitério de Apoio, Ministério da Ciéncia e Tec-
nologia (Portugal).
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