Interlocking Shish-Kebab Morphology in Polybutene-1
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ABSTRACT: The aim of this research was to explore the effect of shear-controlled
orientation injection molding (SCORIM) on polybutene-1 (PB-1). This article describes
the methods and processing conditions used for injection molding and discusses the
properties of the moldings. Both conventional and SCORIM have been used for the
production of moldings. SCORIM is based on the application of specific macroscopic
shears to a solidifying melt that facilitates enhanced molecular alignment. The effect of
the process was investigated by performing mechanical tests, X-ray studies, differential
scanning calorimetric studies, polarized light microscopy, and atomic force microscopy
(AFM). Moldings exhibited an improved mechanical performance as compared with
conventional moldings. Young’s modulus was increased over twofold, and the impact
energy was enhanced by 60%. The improvement in mechanical performance was com-
bined with an increase in crystallinity and enhanced molecular orientation. The appli-
cation of SCORIM also favored the formation of the stable Form I' in PB-1. The
formation of interlocking shish-kebab morphology following the application of SCORIM
was observed in the AFM studies. Relationships between the mechanical properties of
PB-1 and the micromorphologies formed during processing are demonstrated. © 2002
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INTRODUCTION

Shear-controlled orientation in injection molding
(SCORIM) has been reported to be effective in the
enhancement of physical properties of semicrys-
talline polymers by morphology management.'~®
The application of macroscopic shears to a solid-
ifying semicrystalline melt produces more pro-
nounced molecular alignment that leads to in-
creased orientation in the resulting microstruc-
ture. As a result, the solidified polymer exhibits
enhanced crystallinity accompanied by enhanced
stiffness. Furthermore, SCORIM allows this in-
crease in stiffness to be achieved without loss of
impact strength for some of the materials inves-
tigated.'~* The microstructure of SCORIM mold-
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ings may exhibit shish-kebab morphology®®” de-
pending on the processing conditions applied. A
detailed account of the appearance of the shish-
kebab morphology in SCORIM moldings has been
given for isotactic polypropylene.?

Polybutene-1 (PB-1) is a semicrystalline isotac-
tic thermoplastic polyolefin with high molecular
weight synthesized from butene-1 monomer with
Ziegler—Natta-type catalyst. PB-1 has a singular
crystallization behavior. The crystallization be-
havior has been extensively researched.®—24
Natta et al.® discovered that on crystallizing from
the melt, PB first assumes an 11/3 helical confor-
mation with a tetragonal unit cell. This crystal-
line structure (known as Form II) is unstable and,
at room temperature and atmospheric pressure, it
transforms into a stable 3/1 helix conformation
(Form I) with a hexagonal (rhombohedral) unit
cell. This process is called aging, which pro-
foundly changes the properties of the material. In



addition to the increase of the crystalline melting
point (120 °C for Form II and 135 °C for Form I),
the material becomes more rigid and displays
higher strength after this transformation.®

Nakafuku and Miyaki'® investigated the effect
of pressure on the crystallization behavior of iso-
tactic PB-1 and reported that the melt crystalliza-
tion of PB under high pressure produces a stable
form (Form I') that shows the same X-ray diffrac-
tion pattern as Form I but has a much lower
melting temperature (96 vs 130 °C) at atmo-
spheric pressure.

The aim of this research is to demonstrate the
effect of SCORIM on a particular PB grade and to
investigate the relationship between microstruc-
ture and mechanical performance. It was of par-
ticular interest to examine the formation of shish-
kebab morphology following SCORIM.

PROCESSING AND EXPERIMENTAL
PROCEDURE

Materials

The material investigated was an unfilled PB-1
polymer supplied by Shell Research SA (Louvain-la-
Neuve, Belgium). The material exhibits a melt flow
index (MFI) of 0.4 g/10 min and a density of 0.93
g/cm?®. It has a melting range of 122-128 °C and a
Vicat softening temperature of 113 °C. The investi-
gated PB-1 grade was developed especially for use
in hot water pipes.

Injection Molding

Both conventional injection molding and SCO-
RIM were used in processing. Width-waisted
round tensile test bars with a 5-mm diameter and
a 15-mm gauge length were molded. A Demag 150
injection-molding machine equipped with a dou-
ble live-feed molding device was used for the pro-
duction of bars.? One set of conventional moldings
(CMPB) and one set of SCORIM moldings (SCPB)
were produced. The general processing conditions
for these moldings are summarized in Table 1.
The maximum cavity pressure recorded during
the production of conventionally molded samples
(CMPB) was 288 bars. SCORIM moldings were
produced with repeated shear actions under an
average cavity pressure of 329 bars.

The samples were stored under room condi-
tions after molding. All of the tests were per-
formed on 3-week-old samples unless otherwise
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Table 1. Processing Conditions for the Conventional
(CM-) and SCORIM (SC-) PB Moldings

CMPB SCPB
Injection pressure (bar) 76 100
Holding pressure (bar) 50 50
Injection time (s) 5 0.53
Holding pressure time (s) 30 53
Cycle time (s) 90 84
Mold temperature (°C) 40 40
Melt temperature (°C) 200 200
Cavity pressure (bar) 288 329

stated. The differential scanning calorimetric
(DSC) scans were obtained when reinvestigating
the samples after 3 years.

Mechanical Testing

An Instron 4500 Series tensile-testing machine at
a crosshead speed of 25 mm/min and a test tem-
perature of 23 °C was used in tensile testing.
Stress-strain curves and Young’s modulus were
measured with a clip-on strain gauge.

An unnotched flexural Charpy impact test was
performed to determine the impact on a Ceast
Charpy flexural impact-testing machine. The ini-
tial span was 22 mm, and the tests were done
after cooling the samples down to —20 °C.

Tensile- and impact-testing results reported in
this article were obtained after 1 month of injec-
tion molding the samples. Five samples were
tested both in tensile and impact testing.

Microtomy and Light Microscopy

Thin sections of approximately 10-um thickness
were prepared with a Leitz rotary microtome. A
tungsten carbide-hardened steel knife of small
included angle was used to cut thin sections. The
knife and the specimen were maintained at room
temperature. Sections were cut from planes par-
allel and transverse to the injection direction. The
thin sections were mounted in immersion oil and
contained between a glass slide and a cover slip. A
soft brush was used to obtain the sections before
they curled. Then the samples were examined
with a Leitz polarized light microscope.

Wide-Angle X-ray Diffraction (WAXD)

Cu Ka radiation was used for both X-ray diffrac-
tometry and the production of Debye patterns.
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The Debye patterns were used to record preferred
orientation. For the conventional and SCORIM
moldings the samples used were 1.5 mm thick
and cut parallel to the injection direction. Debye
patterns were recorded at positions of 1.5 mm
from the edge of the moldings. A 100-um-diame-
ter aperture was used to define the position and
cross section of the incident X-ray beam.

For the diffractometer studies, the incident X-
ray beam was incident on a longitudinal section.
Diffraction profiles were recorded when scanning
at a rate of 0.02° 26/s over an angular range of 7°
< 20 < 50°.

The crystallinities of the samples were deter-
mined from the diffractometer profiles. The sum-
mation of the crystalline peak areas is divided by
the total area under the diffractometer scan and
multiplied by 100. The crystallinity values are
subject to the approximations imposed by the con-
straints of working with anisotropic samples, and
accordingly the results quoted are the relative
crystallinities.

DSC

A Setaram Labsys™ DSC12 was used for measur-
ing the DSC thermograms. Approximately 15 mg of
samples were cut from the middle point of the gauge
length of each molding and sealed in aluminium
pans. A heating rate of 10 °C/min was applied.

Atomic Force Microscopy (AFM)

AFM studies were carried out at Shell Research
and Technology Centre, Amsterdam, by Dr. Con-
stant A. J. Putman. The samples were prepared
by etching for 4 min with a permanganic etchant.
AFM was operated in the tapping mode.

EXPERIMENTAL RESULTS AND DISCUSSION

Mechanical Properties

Table 2 lists the tensile-test and impact-test data
for the conventional (CMPB) and SCORIM

Table 2. Mechanical Test Results from Tensile and
Impact Testing of Conventional (CMPB) and
SCORIM (SCPB) Moldings of the Investigated PB
Grade (Standard Deviation Given in Brackets)

CMPB SCPB
Young’s modulus (MPa) 970 (+x250) 2520 (+280)
Impact energy (J) 1.53 (£0.24) 2.45(*0.13)

Figure 1. Microstructure of the longitudinal cross
section of CMPB.

(SCPB) moldings. CMPB exhibits 970 MPa
Young’s modulus, whereas SCPB exhibits 2500
MPa Young’s modulus. This accounts for more
than a twofold increase following SCORIM. The
flexural Charpy impact testing revealed a 60%
increase in impact strength of PB following SCO-
RIM processing. The impact energy for breaking
conventionally molded PB is 1.53 J, whereas it is
2.45 J for the SCPB moldings.

Polarized Light Micrsocopy Results

Figures 1 and 2 illustrate the longitudinal cross
sections of the CMPB and SCPB moldings. The
contrast in CMPB indicates the flow characteris-
tic in conventional molding. The structure in
SCPB is more homogeneous and does not exhibit
any contrast when viewed between cross polars,
unlike CMPB. Studies done at higher magnifica-
tion reveal a finely grained spherulitic morphol-

Figure 2. Microstructure of the longitudinal cross
section of SCPB.
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Figure 3. WAXD profiles of a SCORIM (SCPB) and a
conventional molding (CMPB) for comparison.

ogy in both types of moldings. The spherulitic
morphology of SCPB exhibits a more homoge-
neous distribution of spherulites, whereas the
morphology of CMPB shows distinctive bands at
an even higher magnification.

X-ray Diffraction Profiles and Debye Patterns

X-ray studies were primarily carried out to deter-
mine the crystallinity and molecular orientation.
Additional information was gained about the
crystal modifications present in the samples. The
analysis of the WAXD profiles (Fig. 3) suggests
that SCPB exhibits greater crystallinity than
CMPB. SCPB is 80% crystalline, whereas CMPB
is 71% crystalline. Both WAXD profiles, the one
from the conventional molding and the one from
the SCORIM molding, exhibit three strong reflec-
tions corresponding to the (110), (300), and (220)
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reflections of the hexagonal unit cell found in
Form I® and Form I'.2° The WAXD profile of the
conventional moldings indicate three more
smaller peaks at a 260 angle of 28, 35.6, and 36.3°.
The peak at 28° corresponds to the (410) reflection
of the hexagonal modification.® The peaks at 35.6
and 36.3° are broader and less clearly determin-
able. They are assumed to belong to the (600) and
(520) reflections of the hexagonal modification,
although the peaks are shifted by about 1.5-2° in
their 26 values as compared with the values listed
by Natta et al.® whose work was used in indexing
the reflections.

The WAXD profile of the SCORIM moldings,
that is, SCPB, exhibit additional smaller peaks at
a 260 angle of 28.4, 36.2, 37.6, and 45.7°. The peak
at 28.4° corresponds to the (410) reflection, which
is also found in the WAXD profile of the conven-
tional molding. The peak at 45.7° is only visible in
the SCORIM profile and can be attributed to the
(440) reflection of the hexagonal modification.®
The peaks at 36.2 and 37.6° represent the (600)
and (520) reflections of that same modification.
The agreement with the literature data is better
in this case than in the case of the WAXD profile
of the conventional molding.

There is no indication of molecular orientation
in the Debye pattern of CMPB (Fig. 4). SCPB is
very highly oriented as evident from the strong
arcing in the Debye pattern [Fig. 5(a)l. The Debye

Figure 4. X-ray Debye pattern of CMPB.
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Injection
Direction

T

Figure 5. (a) X-ray Debye pattern of SCPB and (b)
schematic representation of the Debye pattern shown
in (a).

pattern of SCPB is represented in Figure 5(b).
The rings are identified from the inner to the
outer ring—{110}, {200}, {300}, {220}, {311}, {410},
{321}, {330}, and {600}. All of them, except for
{200}, are reflections of the hexagonal modifica-
tion. The appearance of a weak {200} reflection
indicates traces of the tetragonal Form II,%¢
meaning that after 3 weeks of storage the trans-
formation from Form I to II was still incomplete.
The Debye pattern contains most of the reflec-
tions visible in the WAXD profile. There are two
additional reflections in the smaller-angle range,
{311} and {321}, whereas the {520} and {440} re-
flections cannot be identified from the Debye pat-
tern.

The Debye pattern of the conventional molding
CMPB exhibits all the reflections visible in the
Debye pattern of SCPB with the exception of the
{321} reflection, which is only present in the De-
bye pattern of SCPB. In contrast with the WAXD
profile of CMPB, the Debye pattern of CMPB does
not reveal a ring corresponding to the {520} reflec-
tion. Its outermost ring corresponds to the {440}
reflection, otherwise only identifiable in the
WAXD profile of the SCORIM molding. Like the
Debye pattern of SCPB, the Debye pattern of the
conventional molding also exhibits a {200} reflec-
tion belonging to Form II, which is further indi-
cation of the incomplete transformation from
Form I to II, when the patterns were gained from
samples.

DSC Results

In the published literature Form I and Form I’
show the same X-ray diffraction pattern, while
differing in their melting behavior.?® Therefore,
an additional DSC study was performed to deter-
mine the possible presence of Form I’ in the SCO-
RIM samples. Figure 6 represents the DSC ther-
mograms for CMPB and SCPB. The thermogram
of the conventional molding CMPB exhibits a sin-
gle melting peak at 133.9 °C that corresponds to
the melting of Form I. There is no indication of
Form II melting. The DSC study was carried out
long after the X-ray studies, and by then the
transformation from Form I to Form II was com-
pleted.

SCPB exhibits two melting peaks. The first
melting phenomenon occurs between 75 and 96

Heat Flow [m\ig]

™ 1384°C

o T T T T T T T T T T T T T 1
50 &0 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Temperature [*C]

Figure 6. DSC thermograms for SCORIM (SCPB)
and conventional moldings (CMPB).
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Figure 7. AFM image of the core region of SCPB. The injection direction (I.D.) is

identified by an arrow.

°C, peaking at 88.5 °C, and corresponds to the
melting of Form I'. The main melting peak, re-
lated to Form I melting, is shifted to a higher
temperature as compared with the DSC results of
CMPB; it appears at 138.4 °C. The main melting
peak exhibits a low-temperature shoulder in the
range of 130-135 °C, indicating a small amount of
Form II present in the sample. In the literature®®
Form I' melts and recrystallizes into Form II
above 100 °C. From the DSC result of the conven-
tional molding (CMPB), it is known that the orig-
inal transformation from Form II to Form I is
complete. The appearance of an endothermic
shoulder related to Form II melting in the DSC
thermogram of SCPB is, therefore, a further in-
direct indication of the existence of Form I’ in the
SCORIM-processed SCPB.

AFM Results

The main aim of the AFM studies was to obtain
further structural information about the different
regions in SCORIM-processed samples. AFM
scans were done in the core region of the sample
and in the shish-kebab region. The core region of
the sample is spherulitic. The AFM images sug-
gest that there is no preferred orientation. Figure
7 depicts the growth of crystalline lamellae in a
spherulite. On the other hand, the shear region
close to the edge of the sample clearly exhibits
molecular orientation. The AFM images confirm
the existence of shish-kebab morphology. A major
finding of the AFM studies was the observation of

interlocking shish-kebab morphology in the shear
region. Figure 8 represents a high-resolution im-
age of that region. It clearly demonstrates the
interlocking pattern of kebabs growing from
neighboring shishes. Kebabs engage with each
other that can restrict molecular motion under
the application of load. This morphology further
explains the combined enhanced stiffness and
toughness of SCORIM-molded PB-1.

CONCLUSIONS

This article has examined the effect of enhanced
shearing during injection molding, as applied
during SCORIM processing, on a particular grade
of PB-1. The application of SCORIM leads to im-
provement in mechanical properties combined
with an increase in crystallinity. Most impor-
tantly, the application of SCORIM affects stiff-
ness and thoughness, evident through a more
than twofold increase in Young’s modulus and a
1.6-fold increase in impact energy. The rise in
cavity pressure during SCORIM processing also
favors the formation of the stable Form I'.

The improvement in mechanical properties is
related to changes in the micromorphology, as
SCORIM leads to the formation of interlocking
shish-kebab morphology in shear-influenced re-
gions of the moldings.

The example of PB-1 demonstrates that the
application of specified shears, as it is done in
SCORIM, is effective in inducing micromorpholo-
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Figure 8. AFM image of the shear region of SCPB. The injection direction (I.D.) is

identified by an arrow.

gies in particular regions of molded components
that impart substantial enhancement of mechan-
ical properties. A more detailed study on the pro-
cessing and physical-property relationships of
various grades of PB-1 and ethylene-butene-1 co-
polymer is in progress.?”
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