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Abstract In this study, effects of oscillatory shear with different frequencies (0-2.5 Hz) and amplitudes (0—20 mm) on the
mechanical properties and crystalline morphology of linear low density polyethylene (LLDPE) were investigated. It was
found that the mechanical properties of LLDPE are improved because of the more perfect crystalline structure when LLDPE
crystallizes under low-frequency and small-amplitude (0.2 Hz/4 mm) oscillatory shear. The mechanical properties can be
further improved by increasing either the frequency or the amplitude of oscillatory shear. The Young’s modulus and tensile
strength of LLDPE are improved by 27% and 20%, respectively, when the frequency is increased to 2.5 Hz and the amplitude
is maintained at 4 mm; while the Young’s modulus and tensile strength are improved by 49% and 47%, respectively, when
the amplitude is increased to 20 mm and the frequency is remained as 0.2 Hz. The crystallinity and microstructure of LLDPE
under different oscillatory shear conditions were investigated by using differential scanning calorimetry, wide angle X-ray
diffraction and scanning electron microscopy to shed light on the mechanism for the improvement of mechanical properties.
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INTRODUCTION

In polymer processing operation, such as extrusion, injection and compression, molten polymers are exposed to
shear stress during processing and solidification. The mechanical properties and the crystalline behavior are
significantly affected by the shear conditions. Generally, it is considered that the shear flow has a remarkable
impact on the nucleation and crystal growth of polymers, and then greatly influences the mechanical
properties!' ™. Therefore, improving the mechanical properties of polymers through controlling of shear
conditions has aroused great academic interest.

Compared with conventional shear flow, oscillatory shear flow has a cyclical change in shear rate, shear
strain and shear stress, which leads to a strong, intermittent shear flow of polymer melts. Shear controlled
orientation in injection molding (SCORIM)* and dynamic packing injection molding (DPIM)*"*! has been
used to apply a low-frequency (about 0.3 Hz) oscillatory shear on polymers in injection processing, which
induces the orientation of macromolecular chains along the flow direction and the formation of a new crystal
structure, shish-kebab!'*'7), thereby the polymers achieve a multi-layer structure and better mechanical
properties.
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Kalay et al. studied the mechanical properties and crystalline behavior of isotactic polypropylene (iPP)*™

and high density polyethylene (HDPE)"”! under SCORIM. When HDPE was prepared under SCORIM, the
Young’s modulus is increased by 75%, and the Young’s modulus of iPP is increased by 74%. It has been
confirmed that, under the low frequency oscillatory shear, the macromolecular chains of these polymers orient
along the flow direction and shish-kebab structure forming in the shear layer is the main reason for the
improvement of mechanical properties'™® " These results have attracted great research interests on the
self-reinforcement of polymers under low frequency oscillatory shear condition.

Fu et al. studied the internal hierarchical structure and mechanical properties of polymer blends under
DPIM, in which the polymers are HDPE!: '® 1 jppli0-12. 20. 21 apnq polylactide acid (PLA)"). Xu er al!™!
reported that PLA shows a significantly improved mechanical properties under DPIM, with the tensile strength
and modulus increased to 73.7 MPa and 1888 MPa from the initial values of 64.9 MPa and 1684 MPa,
respectively. Meanwhile, a bamboo-like crystal structure in PLA matrix was found under low-frequency
oscillatory shear. Yang et al.!"” investigated the formation of interlinked shish-kebab in polyethylene under the
coexistence of lightly cross-linked chain network and DPIM. A small amount of slightly cross-linked
polyethylene was added into short-chain polyethylene and then processed under DPIM. It was found that the
oscillatory shear flow promoted the formation of interlinked shish-kebabs in the intermediate layer of DPIM
samples. The interlinked shish-kebab structure led to remarkable enhancement of tensile strength from 27.6 MPa
for conventional injection-molded samples to 42.7 MPa for DPIM samples, and the tensile modulus was
increased from 810.2 MPa to 1091.9 MPa. Gao et al."”) investigated the attapulgite-induced crystallization and
orientation in HDPFE/attapulgite nanocomposites under DPIM. Oscillatory shear induced significant changes in
material structure and properties. Most attapulgite nanorods are embedded in the HDPE lamellae and form a
brush-like hybrid structure due to the oscillatory shear, resulting in the significantly improved mechanical
properties of the composites.

Linear low-density polyethylene (LLDPE), produced by the copolymerization of ethylene with a-olefins
over either Ziegler-Natta or metallocene catalysts, exhibits multimodal short chain branches distribution along
the polymer chains'*?. Due to the heterogeneity of the short chain branches distribution, melting of LLDPEs
continues over a broad temperature range and the crystal size or lamella thickness consists of two or more
overlapping distributions* . Some researches have reported on the crystallization of LLDPE blend under
DPIM. Ning et al.’” have investigated the interfacial crystallization structure of LLDPE/whisker composites
under DPIM. A more perfect shish-kebab structure, with whisker serving as shish, and irregular LLDPE
spherulite as kebab, was formed when the shear was introduced. Liang et al.*® investigated the unique crystal
morphology of LLDPE by adding HDPE with different molecular weights. Shish-kebab morphology was
observed for all the blends obtained, regardless of the molecular weight of the HDPE. Meanwhile, the phase
miscibility between HDPE and LLDPE was found to increase with increasing HDPE molecular weight, which
affects the sensitivity of macromolecular chains for response to external shear.

Previous researches, including both SCORIM and DPIM, focused on the effect of low-frequency (about
0.3 Hz) oscillatory shear on the structure and properties of polymers. To the best of our knowledge, the effect of
oscillatory shear of different frequencies and amplitudes, especially the combination of high-frequency and
small-amplitude or low-frequency and large-amplitude, on the mechanical properties and crystalline morphology
of polymers has not been carefully investigated. Moreover, the LLDPE in previous studies acts as the kebab in
the shish-kebab entity under a low-frequency oscillatory shear. The shish-kebab morphology of LLDPE under
oscillatory shear, to the best of our knowledge, has not been investigated. In this study, we investigated the
mechanical properties and crystalline morphology of LLDPE under various oscillatory shear conditions with the
frequency from 0 to 2.5 Hz and the amplitude from 0 to 20 mm.
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EXPERIMENTAL

Material
LLDPE with a commercial brand of NG5056G used in the experiment was supplied by Dow Chemistry (USA).
It has a density of 0.919 g/cm® and a melt-flow index of 1.1 g/10 min (190 °C, 2.16 kg).

Apparatus

The multi-pass processing device used in this study is a lab-made equipment that integrates the oscillatory shear
action and sample molding, as is schematically shown in Fig. 1. This device can work in a wide range of
oscillatory shear frequency and amplitude. The oscillation frequency can be adjusted from 0 to 200 Hz and the
oscillation amplitude can be adjusted from 0 to 40 mm. The two pistons move back and forth synchronously at
same direction, frequency and amplitude in the experiments.
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Fig. 1 Schematic diagram of the multi-pass processing device: 1-upper piston; 2-mold cavity; 3-upper
transducer; 4-cooling water channel; 5-heat coils; 6-mold; 7-lower transducer; 8-lower piston

Sample Preparation

Samples were prepared on the multi-pass processing device under oscillatory shear with different frequencies
and amplitudes. The dried LLDPE pellets were added into the mold at a temperature of 185 °C. Then, the molten
LLDPE was operated by two pistons according to the given conditions. The pressure of mold cavity was kept at
0.5 MPa and the LLDPE melt was forced to move back and force in the mold by the two pistons, while the
temperature of the mold is decreased by pumping water into the cooling system of the mold so that the LLDPE
melt in the mold cavity is cooled and solidified progressively from the near-wall region to the core. The
oscillation frequency and amplitude for the samples processing are presented in Table 1. For simplicity, the
samples were denoted as S0-0, S0.2-4, S1-4, S1.5-4, S2.5-4, S0.2-10, S0.2-15 and S0.2-20, in which, the two
numbers after S stand for the oscillation frequency and oscillation amplitude, respectively. The samples exhibit a
double-layer structure with the shear layer on the sample surface and the core region when prepared under
oscillatory shear. The schematic diagrams of the samples and its inner structure are shown in Fig. 2.
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Table 1. Processing parameters for various oscillatory shear. In the sample codes, the two numbers
after S stand for the oscillatory frequency and oscillatory amplitude, respectively

Samples Mold temperature (°C) Mold pressure (MPa) Frequency (Hz) Amplitude (mm)
S0-0 185 0.5 0 0
S0.2-4 185 0.5 0.2 4.0
S1-4 185 0.5 1.0 4.0
S1.5-4 185 0.5 1.5 4.0
S2.5-4 185 0.5 2.5 4.0
S0.2-10 185 0.5 0.2 10
S0.2-15 185 0.5 0.2 15
S0.2-20 185 0.5 0.2 20
ND

Cross section

Cross section
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L/ |
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4 T Single structure Bilayer structure
/I S0-0 Samples prepared under various
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Fig. 2 Schematic diagrams of samples and its inner structure

Characterization

The tensile testing was carried out on the Reger 3010 series tensile testing machine (Reger, Shenzhen, China) at
23 °C. A cross-head speed of 5 mm/min was used. The specimens with a thickness of (1 + 0.05) mm were cut
from the shear layer of the samples and used in the tensile testing. In the tensile testing, five specimens were
measured and the average values of the Young’s modulus and tensile strength were presented.

Differential scanning calorimetry (DSC) with a PerkinElmer Pyris instrument DSC-7 (PerkinElmer, USA)
was used to determine the melting behavior of the samples. The experimental specimens (about 7 mg) were cut
from the shear layer of the samples. A heating rate of 10 K/min from 30 °C to 170 °C was applied. The
crystallinity (X;) was calculated according to following equation.

x. =2 100 (1)
AHO
where AH,, is the measured heat of fusion (melting enthalpy), AH, is the theoretical value of the melting
enthalpy of a 100% crystalline LLDPE (289 J/g)®*".
Wide angle X-ray diffraction (WAXD) spectra were recorded on a Rigaku Diffractometer (Rigaku, Japan)
using Cu-Keo radiation (4 = 0.154 nm) at room temperature. The analysis method of WAXD spectra was
described elsewhere by Huo et al'*®!. The crystallinity, Z, was calculated according to the following equation:

Z Acryst
1, = 2
Z Acryst + Z Aamorp

where Agys and Aumorp are the fitted areas of crystal and amorphous regions, respectively.

Scanning electron microscopy (SEM) measurements were conducted by using an S-3400N instrument
(Hitachi, Japan) with an accelerating voltage of 5 kV. The specimens were fractured along the flow direction in
liquid nitrogen after being immersed for 0.5 h, and then the fracture surface were etched by heating in
dimethylbenzene at 80 °C for 8 h. Both the shear layer and core region of the fracture surface were observed.

RESULTS AND DISCUSSION

Mechanical Properties
Figure 3 presents the typical stress-strain curves of S0-0, S0.2-4, S2.5-4 and S0.2-20. For S0-0 solidified under
conditions without any oscillatory shear, obvious plastic deformation (necking) and ductile fracture with a high
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ultimate elongation of about 650% can be observed. As for S0.2-4, S2.5-4 and S0.2-20, obvious increase in
tensile strength and Young’s modulus is observed, resulting from the effect of oscillatory shear. Although, the
samples still exhibit ductile fracture, their ultimate elongation at break is decreased to about 580%, 550% and
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490%, respectively.

Figure 4 summarizes the Young’s modulus and tensile strength of the samples. It was found that even when
a low frequency and small amplitude oscillatory shear is applied, LLDPE exhibits a good self-reinforcing
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Fig. 3 Stress-strain curves of S0-0, S0.2-4, S2.5-4 and S0.2-20
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Fig. 4 Results of tensile tests for the samples prepared under various oscillatory shear conditions: (a)
Young’s modulus of S0-0, S0.2-4, S1-4, S1.5-4 and S2.5-4; (b) Young’s modulus of S0-0, S0.2-4,
S0.2-10, S0.2-15 and S0.2-20; (c) tensile strength of S0-0, S0.2-4, S1-4, S1.5-4 and S2.5-4; (d)
tensile strength of S0-0, S0.2-4, S0.2-10, S0.2-15 and S0.2-20
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performance. Compared with those of S0-0, the Young’s modulus of S0.2-4 is improved by 9%, from
41.63 MPa to 45.53 MPa, and the tensile strength is improved by 5%, from 12.38 MPa to 13.06 MPa.
Furthermore, it was found that, when the oscillatory amplitude is fixed, the mechanical properties increase
proportionally to the increase of frequency. For example, for the oscillatory amplitude of 4 mm, the Young’s
modulus is improved by 10%, 13% and 27%, and the tensile strength is improved by 7%, 10% and 20% when
the frequency is increased from 0.2 Hz (S0.2-4) to 1 Hz (S1-4), 1.5 Hz (S1.5-4), and 2.5 Hz (S2.5-4). On the
other hand, when the oscillatory frequency is fixed, the mechanical properties increase more profoundly with the
increase of amplitude. For example, the Young’s modulus is improved by 39%, 44% and 49%, and the tensile
strength is improved by 38%, 42% and 47%, in the case that the amplitude is increased from 4 mm (S0.2-4) to
10 mm (S0.2-10), 15 mm (S0.2-15), and 20 mm (S0.2-20). It can be concluded that oscillatory shear with either
increased frequency or increased amplitude can improve the mechanical properties of LLDPE and the increase of
mechanical properties of LLDPE under the low-frequency and large-amplitude oscillatory shear is more obvious
than those under high-frequency and small-amplitude oscillatory shear.

DSC

The DSC curves of the samples prepared under various oscillatory shear conditions are presented in Fig. 5. The
data of melting temperature (73,), crystallinity (X;) and melting enthalpy (AH,,) of the samples are summarized in
Table 2. As shown in Fig. 5(a), the DSC melting thermogram of S0-0 displays two small endothermic peaks, in
addition to the main melting peak at about 117.7 °C. Generally, the multiple melting peaks at lower temperatures
are related to the imperfect crystals in the sample due to the non-uniform cooling. This result is in a good
agreement with what has been reported by Ning et al.*®, which showed that two melting peaks become
observable in the DSC curve of LLDPE due to the imperfect crystallization. However, when oscillatory shear is
applied to LLDPE, all the small endothermic peaks at low temperatures disappear, even for the samples prepared
under a low-frequency and small-amplitude oscillatory shear (S0.2-4), indicating that the LLDPE crystals
become more perfect. A plausible explanation to this phenomenon is that, under oscillatory shear, the molten
LLDPE macromolecular chains are forced to move back and forth in the mold, which leads to more uniform heat
transfer during the cooling and solidification process and facilitates the nucleation and crystallization of LLDPE,
leading to the formation of more perfect crystalline structure. This is further demonstrated by the increase of
crystallinity, as summarized in Table 2. Compared with the crystallinity of S0.2-4 (39.2%) prepared under low
frequency, the crystallinity of S0.2-4, S1-4, S1.5-4 and S2.5-4 increases to 40.0%, 40.9% and 42.3%,
respectively, when the frequency of oscillatory shear is increased to 1 Hz (S1-4), 1.5 Hz (S1.5-4), and 2.5 Hz
(S2.5-4). The increased crystallinity is also responsible to the improved mechanical properties as
aforementioned.

Table 2. DSC results of the samples under various oscillatory shear conditions

Samples T,, (°C) AH, (Jg) X; (%)
S0-0 117.7 113.0 £ 0.6 39.1+0.21
S0.2-4 117.9 113.3+0.5 39.2+0.17
S1-4 118.3 115.6 £0.7 40.0 + 0.24
S1.5-4 117.9 118.4£0.6 40.9 +0.21
S2.5-4 118.8 122.3+0.7 423+0.24

S0.2-10 117.9,119.9 113.9+0.5 39.4+0.17

S0.2-15 118.3,120.1 1152 +0.6 39.8+0.21

$0.2-20 118.2,120.2 1154+ 0.6 39.9+0.21

Figure 5(b) shows the DSC curves of the samples prepared under oscillatory shear with various amplitudes.
Compared with S0.2-4, samples S0.2-10, S0.2-15 and S0.2-20 have a small increase in crystallinity, from 39.2%
to 39.4%, 39.8% and 39.9%. Meanwhile, samples S0.2-10, S0.2-15 and S0.2-20 have two melting peaks which
are very close to each other, one of which is at about 118 °C and the other one is at about 120 °C. The double
peaks in the melting curves were also observed in self-reinforced polyethylene prepared by DPIM!™ ¥l The
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higher peak has been ascribed to the melting of shish-kebab formed under low frequency oscillatory shear. In
order to illuminate whether shish-kebab appears in S0.2-10, S0.2-15 and S0.2-20, we observed the crystalline
morphology of the fracture surface of these samples by SEM.

40 50 60 70 80 90 100 110 120 130 140 40 50 60 70 80 90 100 110 120 130 140
Temperature (°C) Temperature (°C)

Fig. 5 DSC curves of LLDPE under various oscillation shear conditions

WAXD

WAXD analysis was further performed to investigate the effect of oscillatory shear on the crystalline structure
and crystallinity of LLDPE. Figure 6(a) and 6(b) show the X-ray diffractograms of the LLDPE prepared under
various oscillatory shear conditions. Two strong peaks at 26 = 21.4° and 23.7° are observed for all samples,
corresponding to the (110) and (200) diffraction planes. In which, the (110) lattice plane of the crystalline
structure indicates the orthorhombic LLDPE crystals. The detailed value of peak width at half height of this
reflection peak is summarized in Table 3. It can be observed that the peak width at half height of S0-0 is much
larger than that of other samples, noting that the crystalline structure of LLDPE becomes more perfect when the
oscillatory shear was applied, which agrees well with the above DSC results.

(1]0) b (110)

1 | 1 1 1 L L L L L

16 18 20 22 24 26 28 16 18 20 22 24 26 28
20 (°) 20(%)
Fig. 6 WAXD curves of LLDPE under various oscillatory shear conditions

The crystallinity of the samples can also be obtained from WAXD diffractograms, as summarized in
Table 3. It can be observed that the crystallinity increased from 52.0% for S0-0 to 54.2% for S0.2-4. This
suggests that the addition of low-frequency and small amplitude oscillatory shear can improve the crystallinity of
LLDPE, which is in accordance with the DSC results. Furthermore, the crystallinity of S1-4, S1.5-4 and S2.5-4
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increases from the initial value of 54.2% for S0.2-4 to 55.7%, 60.0% and 62.1%, respectively, when the
frequency of oscillatory shear is increased to 1 Hz (S1-4), 1.5 Hz (S1.5-4), and 2.5 Hz (S2.5-4); while the
samples S0.2-10, S0.2-15 and S0.2-20 also exhibit an increase in crystallinity, from 54.2% to 55.8%, 58.7% and
59.9%, in case that the amplitude of oscillatory shear raised to 10 mm (S0.2-10), 15 mm (S0.2-15) and 20 mm
(S0.2-15). The enhancement of crystallinity obtained by WAXD agrees well with that obtained by DSC.

Table 3. Crystallinity (/) and peak width at half height of the prepared samples by WAXD

Samples Peak width at half height (°) 1. (%)

S0-0 0.536 52.0

S0.2-4 0.467 54.2

S1-4 0.462 55.7

S1.5-4 0.488 60.0

S2.5-4 0.477 62.1

S0.2-10 0.470 55.8

S0.2-15 0.463 58.7

S0.2-20 0.484 59.9

Crystalline Morphology

Figures 7(a), 7(b), 7(c) and 7(d) show the SEM images of the shear layer and core region of S0-0, S0.2-4, S2.5-4
and S0.2-20, respectively. The direction of oscillatory shear flow is indicated by the arrows. In the core region,
there is no obvious difference among S0-0, S0.2-4, S2.5-4 and S0.2-20. Spherulites are formed in the field where
oscillatory shear is not applied. As the oscillatory shear is applied to the samples (i.e. S0.2-4 and S2.5-4), the
SEM images show that a spherulite-like or random lamellae structure is also observed in the shear layer. In great
contrast, S0.2-20 prepared under the oscillatory shear with low-frequency and large-amplitude shows cylindrical
crystallites parallel to the flow direction, in which an assembly of closely spaced lamellae grows perpendicular to
the flow direction. This architecture is similar to the typical feature of shish-kebab superstructure commonly
observed in polymers prepared under DPIM™!,

Dukovski e al.*”’ demonstrated that the formation of shish-kebab superstructure was related to the coil-
stretch transition of isolated polymer chains induced by shear. The stretched chains could crystallize into shish,
while the coiled ones could transform into kebab and grow perpendicularly to the shish. In the present study,
S0.2-20 exhibits a distinguishable shish-kebab superstructure in the shear layer compared with S0.2-4 and
S2.5-4. This should be due to the fact that oscillatory shear with larger amplitude brings a stronger shear strain
and shear stress to the LLDPE molecules. For S0.2-10, S0.2-15 and S0.2-20, the oscillatory shear with larger
amplitude forces the LLDPE molecule chains to stretch along the flow direction and then crystallize into the
shish structure. The coiled LLDPE molecules crystallize into a highly ordered lamellae, which stacked together
almost paralleling to each other and aligning perpendicular to the shish. However, oscillatory shear of low-
amplitude for S0.2-4, S1-4, S1.5-4 and S2.5-4, failed to stretch the LLDPE molecules along the flow direction
and lead to the development of the shish structure because the shear strain and shear stress are not strong enough
which results in formation of spherulites in their shear layer.

These experimental results show that the crystallinity and microstructure of LLDPE are strongly determined
by the amplitude and frequency of oscillatory shear. Figure 8 schematically shows the crystallization behavior of
LLDPE during the solidification processes under various oscillatory shear conditions. The direction of
oscillatory shear is indicated by an arrow. In the core region, the melt LLDPE molecule chains crystallize to
form spherulites for all the samples, whereas the crystal structure in the shear layer of the samples is determined
by the oscillatory shear conditions. As shown in Fig. 8(a), for S0.2-4 solidified under the low-frequency and
small-amplitude oscillatory shear (0.2 Hz/4 mm), the LLDPE macromolecules do not orient and with the rapid
decrease of temperature near the mold wall, spherulites are formed in the shear layer. The crystals have less
defects and mechanical properties of S0.2-4 is slightly improved, and no shish-kebab superstructure can be
observed. As shown in Fig. 8(b), the molten LLDPE solidifies under the high-frequency and small-amplitude
oscillatory shear, such as 1 Hz/4 mm, 1.5 Hz/4 mm and 2.5 Hz/4 mm, the crystallinity of LLDPE is improved
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compared with that of S0.2-4, which causes the further improved mechanical properties. As shown in Fig. 8(c),
when LLDPE melt solidifies under the low-frequency and large-amplitude oscillatory shear, such as
0.2 Hz/10 mm, 0.2 Hz/15 mm and 0.2 Hz/20 mm, the macromolecules orient along the flow direction and new
crystal structure shish-kebab forms in the shear layer and the tensile strength and Young’s modulus of the
samples are further improved compared with the samples prepared under high-frequency and low-amplitude
oscillation shear.

Surface Shear layer Core
| 500 pm to the surface 2000 pm to the surface

Iﬂmh -ke‘bad

\“i(

Fig. 7 SEM images of the fracture surface of the samples under various oscillatory shear
conditions: (a) S0-0; (b) S0.2-4; (c) S2.5-4 and (d) S0.2-20
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Fig. 8 Crystallization behavior of LLDPE during the solidification processes under various oscillatory shear
conditions: (a) S0.2-4; (b) samples prepared under oscillatory shear with various frequencies, such as S1-4,
S1.5-4 and S2.5-4; (c) samples prepared under oscillatory shear with various amplitudes, such as S0.2-10,
S0.2-15 and S0.2-20

CONCLUSIONS

The mechanical properties and the crystalline morphology of LLDPE under various oscillatory shear conditions
were investigated by using the multi-pass processing device. The results of tensile test, DSC and SEM
observations reveal that the mechanical properties of LLDPE are improved because of the more perfect
crystalline structure when LLDPE solidifies under a low-frequency and small-amplitude (0.2 Hz/4 mm)
oscillatory shear. Moreover, it was found that the frequency and amplitude of oscillatory shear show different
roles on the mechanical properties of LLDPE. For S1-4, S1.5-4 and S2.5-4 under oscillatory shear with
high-frequency, crystallinity is higher and the mechanical properties of LLDPE are improved. However,
oscillatory shear of large-amplitude, such as that for S0.2-10, S0.2-15 and S0.2-20, induces the orientation of the
LLDPE macromolecules along the flow direction and the formation of the new crystal structure, shish-kebabs, so
as to improve the mechanical properties more significantly.
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