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ABSTRACT: The effect of ultrasonic vibration and binary
processing aid in improving the processability of metallo-
cene linear low-density polyethylene (nLLDPE) was investi-
gated. During extrusion, ultrasonic vibration clearly reduced
the die pressure and apparent viscosity of mLLDPE but had
only a slight effect on its melt fracture. The effect of diato-
mite/PEG binary processing aid (BPA) was excellent in
reducing the viscosity and eliminating the sharkskin fracture
of mLLDPE. The effect of ultrasonic vibration and binary

processing aid in improving the processability of mLLDPE
was synergetic. With a combination of ultrasonic vibration
and a small amount of processing aid, the flowability of
mLLDPE was further improved, and the critical shear rate
for the onset of sharkskin fracture was increased. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 1927-1935, 2007

Key words: rheology; polyethylene (PE); processing; viscos-
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INTRODUCTION

Metallocene catalyst for the polymerization of olefins
has enabled materials to be produced that have a nar-
row molecular weight distribution (MWD) and a narrow
comonomer distribution. Metallocene linear low-den-
sity polyethylene (mLLDPE) with narrow MWD pos-
sesses better mechanical and optical properties.'™
However, mLLDPE with such characteristics is more
difficult to be processed than conventional ones.

To improve the processability of mLLDPE, many
researchers blended mLLDPE with LDPE, HDPE,
and PP.”® And mLLDPE with long-chain branching
(LCB) or a bimodal molecular weight distribution
was also produced.>” ' Fluoropolymer polymer
processing aids (PPAs), which are widely used to
improve the processability of LLDPE,'"'* are also
used in mLLDPE."'* Certain fluoropolymers act as
die lubricants, allowing the host polymer melts to
slip along the die wall, thus delaying the onset of
melt flow instability. Boron nitride is also used as a
PPA for mLLDPE. It was found that the addition of a
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small amount of boron nitride eliminated sharkskin
melt fracture and postponed the gross melt fracture
to a higher shear rate.!>-° In our previous work, we
found that the diatomite/PEG hybrid had a syner-
getic effect in improving the processability of
mLLDPE.?’ A small amount of the diatomite/PEG
hybrid dramatically decreased the viscosity of
mLLDPE.

Recently, ultrasonic vibrations have been intro-
duced into polymer processing. Isayev et al.*'??
reported that during extrusion a high-intensity ultra-
sonic vibration could reduce die pressure and extru-
date swelling as well as postpone melt fracture. In
our previous work, ultrasonic vibration technology
was developed to improve the processability of ultra-
high-molecular-weight polyethylene (UHMWPE).®
In the present study, the processing behavior of
mLLDPE resins under ultrasonic vibration was
investigated, and the synergetic effect of ultrasonic
vibration and diatomite/polyethylene glycol binary
processing aid on the processability of mLLDPE is
examined.

EXPERIMENTAL
Materials

The metallocene linear low-density polyethylene
(mLLDPE, Exceed 1018CA) used in this work, which
had a melt flow rate of 1.0 g/10 min (190°C, 2.16 kg),
was supplied by Exxon Mobil (Houston, TX). Ziegler—
Natta linear low-density polyethylene (ZN-LLDPE)
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TABLEI
Molecular Structure Parameters
Densitg/ M w B _ MI (g/10 min,
Resin (g/cm”) (107* g/mol) M,/M, 190°C,2.16 kg)
mLLDPE 0.918 14.30 24 1.0
ZN-LLDPE  0.920 14.12 4.33 2.1

with a melt flow rate of 2.0 g/10 min (190°C, 2.16 kg)
was obtained from QiLu Petrochemical Corporation
(Zibo, China). The molecular structure parameters of
mLLDPE and ZN-LLDPE are listed in Table I. Diato-
mite with a particle size of about 5 nm was supplied by
NaHui Desiccating Agent Company (Shanghai, China).
Polyethylene glycol (PEG) with a molecule weight of
about 6000 was used as additive without further treat-
ment. The diatomite/PEG binary processing aid (BPA)
with a ratio of 2 : 1 (w/w) was prepared on a two-roll
mill for 20 min at 70°C and then pelletized for further
application.

Extrusion under ultrasonic vibration

A special ultrasonic vibration extrusion system devel-
oped in our lab was used for the experiment. Its sche-
matic diagram is shown in Figure 1. The die, which
was constructed of steel, was a special horn capillary
(L/D = 8) attached to a single screw extruder. A probe
of ultrasonic vibrations with a maximum power out-
put of 300 W and a frequency of 20 kHz was inserted
into the polymer melt in the region of the die, and the
direction of ultrasonic vibration coincided with that of
the melt flow during extrusion. A pressure transducer
and a thermal couple at the die entry were installed in
order to continuously record the variation in die pres-
sure and temperature during extrusion.

Apparent shear rate (Y,), wall shear stress (t,) and
apparent viscosity (n,) were obtained using the fol-
lowing formulas:

ApD
K @
~ 320
Yo = D3 )
Ta
a = s 3
n 3 ®3)

where Q is the volumetric flow rate; D and L are the
capillary diameter and length, respectively; and Ap is
the pressure drop along the capillary.

Mechanical testing and characterization

Tensile strength was measured with an Instron 4302
universal testing instrument (Instron Co., UK) at a ten-
sion speed of 500 mm /min according to GB1040-79.
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Capillary rheometer

Rheological measurements were also performed with
a constant rate capillary rheometer (Gottfert Rheo-
graph 2002, Germany) whose capillary diameter, D,
and length-to-diameter ratio, L/D, were 1 mm and 30,
respectively. The flow properties of these specimens
were measured over an apparent shear rate range of
10-3000 s~ ' at different temperatures. Test samples
for capillary rheology analysis were prepared on a
two-roll mill for 10 min at 120°C.

Dynamic rheological properties

The frequency sweep dynamic rheology experiments
of the melt samples were carried out on an Advanced
Rheometrics Expansion System (ARES-9A, Rheomet-
rics Co., USA) using the dynamic oscillatory mode
with a 25-mm parallel plate fixture. The frequency
ranged from 0.25 to 100 Hz. Test samples were molded
into a circular disk 2 mm thick and 25 mm in diameter
at 190°C. Sample response linearity with respect to
temperature was verified, and nitrogen gas was used
to prevent thermal oxidation.

Thermal analysis

Thermal analysis of the materials was carried out in a
Netzsch DSC 204 differential scanning calorimeter
(Netzsch Co., Germany). All samples were first heated
to 150°C and held at that temperature for 5 min. Then
the samplers were cooled at various rates (2.5, 5, 10,
15, or 20°C/min) to 30°C and held at that temperature
for 5 min. They were then scanned from 30°C to 150°C
at a rate of 10°C/min. Crystallization and melting
temperature were obtained from the cooling and sec-
ond-heating thermograms, respectively.

Il i

Figure 1 Scheme of ultrasonic-extrusion system: (1) ex-
truder, (2) ultrasonic generator (3) piezoelectric transducer,
(4) die, (5) melt, (6) electric heaters, P, pressure transducer;
T, thermocouple.
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Figure 2 Complex viscosity of mLLDPE and ZN-LLDPE at
190°C.

X-ray diffraction

The WAXD patterns of samples were taken on a Philip
X'pert prd diffractometer (Japan) with Ni-filtered Cu
Ko radiation at room temperature. The accelerating
voltage and electric current used were 50 kV and
30 mA, respectively. The scanning angular degree
ranged from 10 to 40 (20).

RESULT AND DISCUSSION

Dynamic rheological properties of mLLDPE
and ZN-LLDPE

Figure 2 shows the relationship of complex viscosity,
n%, to frequency, o, for mLLDPE and ZN-LLDPE at
190°C. ZN-LLDPE and mLLDPE have similar weight-
average molecular weights, but ZN-LLDPE, which had
a broader MWD and long chain branching (LCB),
showed greater shear-shinning behavior. Therefore,
ZN-LLDPE had lower viscosity at a higher frequency or
a higher shear rate, whereas, because of its narrow-
molecular-weight distribution, mLLDPE had little
shear-shinning behavior. The viscosity of mLLDPE was
much larger than that of ZN-LLDPE, making mLLDPE
difficult to be processed.

The dependence of storage and loss moduli of
mLLDPE and ZN-LLDPE on frequency, o, at 190°C is
shown in Figure 3. The storage modulus increased with
an increase in frequency. At a low frequency ZN-
LLDPE showed higher storage modulus because of the
presence of LCB, but this behavior changed as the fre-
quency increased. The storage modulus of mLLDPE
was higher than that of ZN-LLDPE at high frequencies.
The loss modulus increased with an increase in fre-
quency, and the loss modulus of mLLDPE was higher
than that of ZN-LLDPE over all frequencies.
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Effect of ultrasonic vibration on extrusion
behavior of mLLDPE

The relative decrease in die pressure, AP, induced by ul-
trasonic vibrations during extrusion was quantified by:

AP% = (PO — Pl)/PQ x 100% (4)

where Py and P; are the die pressures in the absence
and in the presence of ultrasonic vibrations, respec-
tively. Die pressure changes with ultrasonic vibration
intensity were measured at a die temperature of 180°C.

The presence of ultrasonic vibrations increased the
drop in the die pressure of mLLDPE melt during extru-
sion, as shown in Figure 4. AP showed an almost linear
increase with an increase in ultrasonic intensity. When
the ultrasonic intensity was 200 W, the decrease in die
pressure, AP, was 28.94% at a screw rotation speed of
10 rpm. This indicates that the die pressure of mLLDPE
can be decreased in the presence of ultrasonic vibrations.
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Figure 3 Dynamic moduli of mLLDPE and ZN-LLDPE at
190°C.
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Figure 4 Dependence of relative die pressure reduction of
mLLDPE under ultrasonic vibration at various screw rota-
tion speeds at 180°C.

The processing behavior of mLLDPE was greatly
enhanced by the incorporation of ultrasonic vibration. At
the same ultrasonic intensity, AP decreased with the
increase in screw rotation speed, indicating that the
decrease in die pressure in the presence of ultrasonic
vibrations depended on how long the polymer melt was
in the die. The lower the screw rotation speed, the longer
the polymer melt stayed in the die, and the longer the ul-
trasonic irradiation of mLLDPE, the higher was the AP.

Figure 5 shows the mass flow rate of mLLDPE ver-
sus die pressure at different ultrasonic intensities. As
shown in Figure 5, the flow rate curves of mLLDPE
move upward with an increase in ultrasonic intensity.
This means the mass flow rate increased with an
increase in ultrasonic intensity at the same die pres-
sure, indicating ultrasonic vibrations can increase the
productivity of mLLDPE extrusion.
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Figure 5 Flow-pressure characteristics of mLLDPE in the
presence of ultrasonic vibration with various intensities at
180°C.
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Effect of ultrasonic vibration on apparent
viscosity of mLLDPE

Figure 6 shows the apparent viscosity curves of
mLLDPE during extrusion in the presence and ab-
sence of ultrasonic vibrations. As shown in Figure 6,
when ultrasonic vibration was applied to mLLDPE
extrusion, the apparent viscosity of mLLDPE de-
creased with an increase in ultrasonic intensity at the
same screw rotation speed. When mLLDPE was ex-
truded at a low screw rotation speed (low shear rate),
the effect of ultrasonic vibration on reduction in the
viscosity of mLLDPE was more obvious because of
the long duration of the ultrasonic treatment at a low
screw rotation speed. At a shear rate of 46 s~ ', the vis-
cosity of mLLDPE decreased from 5895.6 Pa s without
ultrasonic vibration to 4898.2 Pa s under 250 W of ul-
trasonic vibration. The viscosity of mLLDPE was
reduced by 17%. Ultrasonic vibrations can promote
the motion and disentanglement of polymer chains,
causing a reduction in melt viscosity. Therefore, the
die pressure and apparent viscosity of mLLDPE in
extrusion decreased in the presence of ultrasonic
vibrations, showing greater reductions as the ultra-
sonic intensity increased.

Effect of diatomite/PEG binary processing aid
(BPA) on the improvement in processability
and the crystallization of mLLDPE

In our previous studies,*****® we prepared a new

type of binary processing aid based on a diatomite/
PEG hybrid. This diatomite/PEG binary processing
aid exhibited a synergetic effect on viscosity reduction
and sharkskin fracture elimination of mLLDPE, as
shown in Figures 7 and 8, respectively. The viscosity
of mLLDPE/BPA was reduced to 28.1% of that of the
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Figure 6 Apparent flow curve of mLLDPE under various
ultrasonic intensity.
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Figure 7 Apparent shear stress versus apparent shear rate
for mLLDPE and mLLDPE/additives.

original mLLDPE, and the critical shear rate for the
onset of sharkskin fracture of mLLDPE was increased
from 230.4 to more than 1152 s~ . Figure 7 shows that
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the addition of both PEG and BPA decreased the
apparent viscosity of mLLDPE. PEG is well known for
its low viscosity and lubricating property, which can
promote mLLDPE melt slippage on a die wall. There-
fore, PEG was expected to cause such a reduction in
viscosity for the mLLDPE/PEG blend. However, it is
worth noting that BPA showed a synergetic influence
on the rheological behavior of mLLDPE. The apparent
viscosity of mLLDPE was reduced significantly with
the addition of BPA. In general, the introduction of
inorganic fillers increases the viscosity of a polymer
melt. The incorporation of the diatomite did not
decrease the lubricate efficiency of PEG; on the con-
trary, BPA exhibited a synergetic effect on the reduc-
tion of the viscosity of mLLDPE.

Figure 9 shows the surface morphology of
mLLDPE/BPA and mLLDPE/PEG extrudates. PEG
microdomains were dispersed uniformly on the surface
of the original mLLDPE/BPA extrudate, and some fine
diatomite particles can be seen in Figure 9(a). After
extraction with water for 30 min and then having the
water wiped away, the mLLDPE/BPA extrudate was
immediately coated with gold for observation. It can be

(c)

(d)

Figure 8 Photographs of extrudate samples of mLLDPE and mLLDPE/BPA: (a) virgin resin at y = 230.4 s '; (b) virgin resin
aty =1152s7%; (c) mLLDPE/BPA at y = 230.4 s %; (d) mLLDPE/BPA aty = 1152 s~ %

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Surface morphology of mLLDPE/BPA and mLLDPE/PEG extrudate: (a) mLLDPE/BPA extrudate; (b) mLLDPE/
BPA extrudate coated with gold immediately after extracted with water; (¢) mLLDPE/BPA extrudate (placed in a plastic-film
bag for 20 h after extracted with water and then coated with gold); (d) mLLDPE/PEG extrudate (placed in a plastic-film bag

for 20 h after extracted with water and then coated with gold).

seen from Figure 9(b) that there were still some PEG
microdomains dispersed on the surface. This means
some PEG microdomains were stuck on the surface of
the diatomite fillers because of the strong interaction
between the diatomite and PEG. After being extracted
with water for 30 min and then having the water wiped
away, the mLLDPE/BPA and mLLDPE/PEG extru-
dates were placed in a plastic-film bag for 20 h and
then coated with gold for SEM analysis. For mLLDPE/
BPA, a lot of PEG had migrated outside the extrudate
and formed PEG microdomains that had dispersed
well on the surface of the extrudate. The diameter of
the PEG microdomains was smaller than 100 nm [Fig.
9(c)]. However, no PEG microdomains were observed
on the extrudate surface of the mLLDPE/PEG blend
[Fig. 9(d)].

Journal of Applied Polymer Science DOI 10.1002/app

From the above examination, it can be concluded
that, in the extrusion of mLLDPE/PEG, the trend of
PEG was to migrate to the die wall because of the low
viscosity, that is, most of the PEG was enriched on the
surface of the extrudate and the die wall and pro-
moted mLLDPE melt slippage on the die wall. The
PEG enriched on the surface of the extrudate was
removed after extraction with water. Therefore, no
PEG microdomains were observed on the mLLDPE/
PEG extrudate surface, even after the extrudate had
been placed in a plastic-film bag for 20 h, whereas the
motion of the PEG to the wall was disturbed by the di-
atomite fillers during the extrusion of mLLDPE/BPA
and the migration of PEG to the die wall was retarded
because of the absorption of the diatomite. Most PEG
were coerced to stay in the interior of the extrudates
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Figure 10 WAXD patterns of mLLDPE and mLLDPE/
BPA.

during the extrusion of mLLDPE/BPA. At the same
time, under a shear flow field, some of PEG would
break away from the diatomite surface or orifice,
forming microdomains in the mLLDPE melt. Because
of the immiscibility of PEG with polyethylene, the
interfacial adhesion is weak between PEG microdo-
mains and the mLLDPE matrix. This part of PEG will
act as a flow modifier to promote interfacial slip and
to reduce the viscosity of mLLDPE. After the surface
of mLLDPE/BPA extrudate was extracted with water,
the PEG molecules that stayed inside the extrudate
migrated gradually to the extrudate surface, as shown
in Figure 9(c).

This analysis shows that the reason BPA reduced
the viscosity of mLLDPE melt was not entirely wall
slippage on the PEG slip layer. The diatomite of BPA
would adsorb most of the PEG component and then
suppress the migration of PEG to the interface of the
die wall/melt. Consequently, the interfacial slip of
mLLDPE melt on the surface of PEG microdomains
and the PEG layer coated on diatomite was promoted.
The addition of BPA obviously improved the rheolog-
ical properties of mLLDPE.

In this study, effect of diatomite/PEG binary proc-
essing aid (BPA) on the crystallization morphology
of mLLDPE was explored by WAXD (Fig. 10). The
results are listed in Table II. WAXD analysis showed
that the crystallinity and interplanar distance of
mLLDPE in the mLLDPE/BPA system changed little
compared to pure mLLDPE. DSC analysis also
showed the crystallinity of mLLDPE and mLLDPE/

TABLE II
WAXD Parameters of mLLDPE and mLLDPE/BPA

Di1o Dogo Dpo  Xc (%),  Xc (%),

Sample (nm) (nm) (nm) WAXD DsC
mLLDPE 0.4155 0.3752  0.2488 37.6 31.5
mLLDPE/BPA 0.4158 0.3766 0.2493 38.4 321
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BPA are 31.5% and 32.1%, respectively (Table II). This
result showed no obvious influence of BPA on the
crystallinity of mLLDPE, which accorded well with
the results of WAXD.

Figure 11 reveals the DSC thermograms of mLLDPE
and mLLDPE/BPA at different cooling rates, and the
corresponding parameters of the nonisothermal crys-
tallization for mLLDPE and mLLDPE/BPA are listed
in Table III. It can be seen that the crystallinity peak of
mLLDPE broadened and the crystallinity peak tem-
perature (T,) moved to a lower temperature with an
increase in the cooling rate, which suggests that there
was a retardation effect of cooling rate on crystalliza-
tion for these crystallization processes. These retarda-
tion effects resulted from the rate-dependent induc-
tion time preceding the initiation of crystallization.
Under the same cooling rate, the T, of mLLDPE/BPA
was higher than that of pure mLLDPE. When the
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Figure 11 DSC thermograms of mLLDPE and mLLDPE/
BPA at different cooling rates.
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TABLE III
Nonisothermal Crystallization of mLLDPE and mLLDPE/
BPA at Different Cooling Rates

S . mLLDPE mLLDPE/BPA
ample [cooling
rate (K/min)] T T. T T.
25 122.48 109.97 122.58 111.51
5 121.98 107.77 122.08 108.92
10 121.98 105.05 121.58 105.63
15 121.48 102.92 121.58 103.09
20 — 101.37 — 101.00

hybrid of diatomite/PEG was introduced, the diato-
mite acted as a nucleating agent, helping to promote
the nucleation of mLLDPE; therefore, the T. of
mLLDPE in the mLLDPE/BPA blend increased. At a
high cooling rate (20°C/min), the nucleating effect of
diatomite was eliminated.
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Figure 12 Apparent viscosity versus apparent shear rate of
mLLDPE and mLLDPE/BPA (100 : 0.5) under various ultra-
sonic intensities.
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Synergetic effect of processing aid and ultrasonic
vibration on improvement in processability
of mLLDPE

The rheological properties of mLLDPE with ultrasonic
vibration and binary processing aid applied simultane-
ously were investigated. As shown in Figures 12 and 13,
ultrasonic vibration and binary processing aid exhibited
a synergetic effect on viscosity reduction of mLLDPE.
The combination of ultrasonic vibration and binary
processing aid further improved the processability of
mLLDPE compared to either ultrasonic vibration or bi-
nary processing aid used individually. At a shear rate of
50.08 s~*, the viscosity of mLLDPE extruded with ultra-
sonic intensity of 150 W was reduced to 93% of that with-
out ultrasonic vibration. With the combination of ultra-
sonic vibration and a small amount of binary processing
aid, the viscosity of mLLDPE was reduced to 85.3% of
that without the application of ultrasonic vibration and
binary processing aid. The results indicated that there
was a synergetic effect of processing aid and ultrasonic
vibration in improving the processability of mLLDPE.
Figure 13 shows the effect of ultrasonic vibration and
binary processing aid on the extrudate swell ratio of
mLLDPE. The reduction of the extrudate swell ratio of
mLLDPE increased with an increase in ultrasonic inten-
sity. With the introduction of ultrasonic vibrations, the
mobility and disentanglements of the polymer chain
were activated. The relaxation process of the polymer
chain was shortened, which caused a reduction in melt
viscosity and elasticity. With the combination of ultra-
sonic vibration and a small amount of BPA applied, the
extrudate swell ratio of mLLDPE was reduced further.

Effect of ultrasonic vibration on the mechanical
properties of mLLDPE/BPA

The effect of ultrasonic vibration at different intensities
and BPA on the mechanical properties of mLLDPE was

15

= mLLDPE

e mLLDPE/BPA(100/0.5)
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Extrudate swell ratio
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Figure 13 Effect of ultrasonic vibration and BPA on the
extrudate swell ratio of mLLDPE (rotational speed: 20 rpm).
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TABLEIV
Mechanical Properties of mLLDPE and mLLDPE/BPA
(100 : 0.5) under Various Ultrasonic Intensities

Ultrasonic  Elongation  Strength  Yield
intensity atbreak  atbreak strength

Samples W) (%) (MPa) (MPa)
mLLDPE 0 666 31 11
50 656 31 11
100 655 29 11
150 638 30 11
200 666 32 12
250 641 31 12
mLLDPE/BPA 0 647 29 11
50 653 30 11
100 629 30 11
150 659 32 12
200 640 31 12

studied, as shown in Table IV. The experimental results
showed that ultrasonic vibration had a slight effect on
the mechanical properties of mLLDPE and mLLDPE/
BPA. It was expected that ultrasonic vibration technol-
ogy would be an effective processing method. With the
application of ultrasonic vibrations and BPA, the me-
chanical properties of mLLDPE did not worsen,
whereas the processability of mLLDPE was obviously
enhanced.

CONCLUSIONS

The processability of mLLDPE was studied with the
application of ultrasonic vibration and binary process-
ing aid. The die pressure and apparent viscosity of
mLLDPE were reduced in the presence of ultrasonic
vibration. With the increase in ultrasonic intensity,
there were further reductions in die pressure and
apparent viscosity. The effect of ultrasonic vibration
on sharkskin fracture of mLLDPE was marginal. Diat-
omite/PEG binary processing aid decreased the vis-
cosity and increased the critical shear rate for the onset
of sharkskin fracture, enhancing the processing effi-
ciency of mLLDPE. The combination of ultrasonic
vibration and binary processing aid further improved
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the processability of mLLDPE. In this way, mLLDPE
resins could be processed at a lower processing tem-
perature with low die pressure and energy consump-
tion. The crystallinity and the crystal plane spacing of
mLLDPE in the mLLDPE/BPA system changed
slightly compared to those of pure mLLDPE. The
introduction of BPA promoted the nucleation of
mLLDPE and the growth of the crystal.
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