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Synopsis

The addition of acrylate polymers with low molecular weight, such as poly(isobutyl
methacrylate) PIBM and poly(methyl methacrylate) PMMA, effectively enhances the force
required to stretch a molten polypropylene (PP) at the non-isothermal condition without the
enhancement of shear viscosity in the molten state. The mechanism of this phenomenon is
found to be attributed to prompt solidification of PIBM and PMMA droplets, which deform
greatly to the flow direction in the die land and near the die exit during the extrusion and
stretching processes. After the die exit, the deformed droplets show the glassification prior to
the crystallization of PP matrix because of the rapid cooling at stretching. Consequently, they
behave like rigid fibers in a molten PP, which provide the excess stress by large shear

deformation of the matrix between the dispersed glassy fibers during stretching.
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I. INTRODUCTION

Since the pioneering work was carried out by Meissner [1], elongational viscosity has
been recognized as one of the most important rheological properties to decide the
processability at various processing operations, in which free surface of a polymer melt is
deformed. Along with the basic understanding by the theoretical approaches and the
advanced experimental set-ups for the measurements [2-7], various techniques to enhance the
elongational viscosity have been proposed.

One of the most well-known methods to enhance the elongational viscosity of a polymer
melt is the addition of high molecular weight fraction [8,9]. Another well-known method is to
incorporate long-chain branches by either in-reactor polymerization or postreactor operation.
Low-density polyethylene (LDPE) produced by a radical polymerization process is the most
well-known polymer having long-chain branches. The branch structure, which is decided by
the polymerization method and the reactor type, greatly affects the rheological response
under elongational flow [10,11]. In the last two decades, isotactic polypropylene (PP) having
long-chain branches has been also developed by copolymerization of propylene and
nonconjugated dienes by metallocene catalyst [12,13] and chemical reaction by peroxide
and/or radiation [14-22]. According to them, PP with long-chain branches provides marked
strain-hardening behavior in elongational viscosity, although the number of long-chain
branches is much fewer than that in LDPE. Moreover, because the localized deformation is
prohibited by the rapid increase in the stress by the deformation, they show good
processability at thermoforming and extrusion foaming [17,18,21,23]. The marked strain-
hardening in elongational viscosity is also responsible for the small level of neck-in at T-die
film processing including extrusion-coating. Such types of PP have been already
commercialized and known as HMS-PP (high-melt-strength PP) [14,24]. In contrast,

polymers containing long-chain branches show extrudate distortion even at a low out-put rate
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owing to the unsteady contraction flow at the reservoir-to-die area, which can be improved by
the applied shear history, called shear modification [22,25-27].

In addition, mixing of rigid fibers with a large aspect ratio has been known to enhance
the elongational viscosity of a molten polymer without an increase in the strain-hardening
behavior, meaning that a composite shows high transient elongational viscosity in the whole
time/strain region [28-33]. During uniaxial elongational deformation with a constant volume,
excess localized shear deformation between neighboring fibers occurs, which is responsible
for the stress increase. Therefore, the enhancement of elongational viscosity is pronounced
especially for a dispersion containing long and thin fibers, which was theoretically derived by
Batchelor [34].

Not only rigid fibers but also flexible fine fibers have the capability to affect the
rheological response under elongational flow greatly for a polymer melt. The network
structure composed of flexible fibers in a polymer melt can be deformed to the flow direction
without losing the topological interaction between fibers because of their flexibility.
Consequently, the frictional force between fibers and bending force of a part of fibers provide
the excess stress, which is responsible for the strain-hardening in elongational viscosity [35-
38].

Since the drawdown force, i.e., the force required to stretch a melt uniaxially, has a close
relationship with elongational viscosity, the drawdown force measurement is one good
approach to evaluate the rheological responses of a molten polymer under uniaxial
elongational flow [39-44]. Moreover, the processability is often predicted directly from the
drawdown force, because the measurement is performed at the non-isothermal condition as
similar to actual processing operations [3,18,40,44-46]. According to previous studies on the
rheological properties for an immiscible polymer blend with sea-island structure, in which the

dispersion has lower viscosity, the interfacial tension is known to barely affect the
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elongational viscosity including the strain-hardening behavior [47-52]. To the best of our
knowledge, moreover, it has been never reported that the drawdown force for a polymer is
enhanced by an immiscible polymeric material with low molecular weight.

Here, a new method to enhance the drawdown force of PP at capillary extrusion is
proposed; the addition of acrylate polymers with low molecular weight such as poly(isobutyl
methacrylate) PIBM and poly(methyl methacrylate) PMMA. Since it is firstly reported that
an immiscible linear polymer with low shear viscosity in the molten state can be used as a
rheological modifier to enhance the drawdown force, this method would possess strong

impact on industry.

I1. EXPERIMENTAL
A. Materials and sample preparation

Two types of commercially available propylene homopolymer (PP) having different
molecular weight (Japan Polypropylene, Japan), denoted as PP-H (M, = 4.5 x10%, M,, = 2.6 x
10°, and M,,/M,=5.8) and PP-M (M, = 4.3 x 10*, My, = 2.1 x 10°, and M,,/M,=4.9), were
employed in this study. Melt flow rates (MFR) of PP-H and PP-M are 5 and 10 g/10 min,
respectively. In addition, a random polymer of polypropylene having 3 wt.% of ethylene
content with 10 g/10 min of MFR (Prime Polymer, Japan), denoted as PP-random, was also
used. Poly(isobuthyl methacrylate) PIBM and poly(methyl methacrylate) PMMA, kindly
provided by Mitsubishi Rayon Co., Ltd., Japan, were used as the rheological modifiers. Both
PIBM and PMMA are fully amorphous with linear structure. The number- and weight-
average molecular weights are as follows: M, = 1.6 x 10*, M,, = 2.9 x 10* and M,/M, = 1.8
for PIBM and M,, = 1.8 x 10*, My, = 3.1 x 10* and M,,/M, = 1.7 for PMMA, as a polystyrene

standard.
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The sample was prepared by melt-mixing of PP with 5 wt.% of either PIBM or PMMA
using an internal batch mixer (Labo-Plastmill, Toyoseiki, Japan) with a blade rotational speed
of 30 rpm at 200 °C for 3 minutes with the presence of 5,000 ppm of thermal stabilizers, such
as tris(2,4-di-tert-butylphenyl)phosphate (Irgafos168, Ciba, Switzerland) and pentaerythritol
tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) (Irganox1010, Ciba, Switzerland).
Then the mixed sample was compressed into a flat sheet at 230 °C for 3 minutes using a
compression-molding machine (IMC-180C, Imoto, Japan) and subsequently quenched in the
cooling unit. Some of the compressed sheets were cut into small pieces to evaluate the

rheological properties by a capillary rheometer.

B. Measurements

A dynamic mechanical analyzer (E4000, UBM, Japan) was used to investigate the
temperature dependence of oscillatory tensile moduli such as storage modulus E’ and loss
modulus E”. The measurement was performed in the temperature range between -80 and 170
°C at a heating rate of 2 °C/min. The applied frequency was 10 Hz. The measurements were
performed twice without changing the sample to confirm that the samples are thermally
stable.

A cone-and-plate rheometer (AR2000, TA Instruments, USA) was used to evaluate the
frequency dependence of oscillatory shear moduli such as storage modulus G’ and loss
modulus G”. The measurements were performed at various temperatures such as 190, 210,
230 and 250 °C. The angle of a cone was 4° and the diameter was 25 mm. Furthermore, the
rheometer was used to evaluate the steady-state shear stress and primary normal stress
difference at 190 °C. To confirm the accuracy of the data, the measurements were performed

twice without changing the sample.
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The growth curves of uniaxial elongational viscosity were obtained by the rotational
rheometer equipped with a universal testing platform (SER2-G, Xpansion Instruments, USA)
at 190 °C. Rectangular samples with 10 mm wide, 15 mm long, and 0.5 mm thick were used.

The drawdown force, defined as the force required to stretch a polymer melt uniaxially,
was measured using a capillary rheometer (140 SAS-2002, Yasuda Seiki Seisakusyo, Japan)
equipped with dies having L/D ratios of 10/1 and 40/1. An entrance angle of the dies was
180°. A set of rotating wheels and a tension detector were attached to the capillary rheometer
in order to evaluate the drawdown force at a constant draw ratio, i.e., the ratio of the average
flow velocity at the die exit to that at the rotating wheels. The draw ratio, i.e., 2.4, was chosen
to evaluate the value precisely. The apparatus was shown in our previous paper [45]. The
applied shear rate and temperature in the die and reservoir were controlled at 124 s and 190
°C, respectively. The distance between the die exit and the tension detector was 235 mm.
Flow curve was investigated at various shear rates by the capillary rheometer at 190 °C using
a die with an L/D of 10/1. In the case of the flow curve measurements, the diameter of an
extruded strand was evaluated online without stretching a strand by means of a laser detector
fixed 50 mm below the die.

Thermal properties were evaluated by a differential scanning calorimeter (DSC 820,
Mettler-Toledo, USA). The sample was heated from 25 to 190 °C with a heating rate of 30
°C/min. Then, it was cooled down to 25 °C with various cooling rates, i.e., 1, 3, 10, 30, 100
and 300 °C/min. We used a small amount of the sample, i.e., approximately 2 mg, to avoid
the effect of the thermal conductivity and heat capacity at the high cooling rate.

An X-ray diffractometer (R-AXIS llc, Rigaku, Japan) was employed to investigate the
molecular orientation of the extruded samples. The strands extruded from the dies with
various lengths, i.e., 10 and 40 mm, at a draw ratio of 4 were irradiated using a graphite

monochromatized CuKa. radiation beam focused via a 0.3 mm pinhole collimator with a flat
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20 x 20 cm? imaging plate (IP) detector of 1,900 x 1,900 pixels. The sample was exposed to
the X-ray beam perpendicular to the strand axis in the through view direction for 7 min.
Morphology of the dispersed phase in PP matrix was observed using a scanning electron
microscope (SEM) (S400, Hitachi, Japan). The fractured surface in liquid nitrogen of a
compressed film was used for the SEM observation after sputter-coating. Moreover, the
deformation of the dispersed acrylate polymers in an extrudate was characterized by SEM.
The strand extruded from the die with an L/D ratio of 40/1 or 10/1 without stretching was cut
in the cross-section (end-view) and along the flow direction (side-view) using a razor blade.
Then, the cut sample was soaked into acetone for overnight to dissolve the acrylate polymer.
After sputter-coating of the dried sample, the cut surface was observed by SEM. Deformation
of the dispersed phase was further confirmed by the measurement of lateral expansion of a

strand after dipping into a silicone oil bath at 170 °C for 10 seconds.

I11. RESULTS AND DISCUSSION

Fig. 1 shows the temperature dependence of oscillatory tensile moduli at 10 Hz with the
SEM image of the fractured surface for a compressed film of PP-H/PIBM (95/5). In the
figure, the E” curves of the pure components, i.e., PP-H and PIBM, are plotted together in the
figure by the open symbols, which are shifted in the vertical direction to see the peaks clearly.
The peak temperatures in the E” curves ascribed to the glass-to-rubber transition for
individual pure polymers, i.e., B-relaxation for PP-H and a-relaxation for PIBM, are 10 and
62 °C for PP-H and PIBM, respectively. As seen in the figure, there are double peaks in the
E” curve for the blend, which correspond with the individual peaks of the pure components,
i.e.,, PP-H and PIBM. This result demonstrates that PP-H and PIBM are immiscible, as

demonstrated by the SEM picture. The diameter of the dispersed PIBM droplets is found to
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be 0.5-3 um. A similar result is obtained for the PP-H/PMMA blend. The diameter of PMMA
droplets is 2-10 um.
[FIG. 1]

Fig. 2 exemplifies the master curves of frequency dependence of oscillatory shear moduli
for PP-H/PIBM (95/5), PP-H and PIBM at the reference temperature of 190 °C. The time-
temperature superposition principle is applicable to all samples including the blends with
acrylate polymers. Both moduli of PP-H/PIBM (95/5) are almost the same with those of the
neat PP-H even though the blend shows phase-separated structure. Since the amount of the
dispersed phase is only 5 wt.%, the contribution of interfacial tension to the moduli is
negligible. The zero-shear viscosities 7o at 190 °C obtained from the master curves are
shown in Table I. As seen in the table, the viscosities of both PIBM and PMMA are much
lower than those of PP samples at the extrusion temperature.

[FIG. 2]

Table | Zero-shear viscosity at 190 °C of the materials

Samples no at 190 °C

PP-H 9,850

PP-M 3,930

PP-random 4,930
PIBM 45
PMMA 280

PP-H/PIBM (95/5) 9,300

PP-H/PMMA (95/5) 9,500

Fig. 3 shows the shear stress and primary normal stress difference at the steady-state
shear flow, evaluated by the cone-and-plate rheometer at 190 °C. As seen in the figure, both
shear stress and normal stress difference for the blend are slightly lower than those of pure

PP-H, although the difference is not so obvious. The slight decrease in the shear viscosity is
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reasonable because of the low shear viscosity of PIBM at 190 °C (Table 1). Furthermore, the
result corresponds with the oscillatory data.
[FIG. 3]

The flow curves at 190 °C for PP-H and PP-H/PIBM (95/5) are also evaluated by the
capillary rheometer, as shown in Fig. 4. As similar to the result in Fig. 3, the shear viscosity
of the blend is slightly lower than that of the neat PP-H at low shear rates. This is reasonable
because PIBM has significantly lower shear viscosity than PP-H. Moreover, it is almost the
same at high shear rates. The extrudate swell is also evaluated at this measurement (without
stretching). It is found that there is no difference in the swell ratio. These results indicate that
blending PIBM hardly affects the rheological responses of PP-H under shear flow at 190 °C.

[FIG. 4]

Fig. 5 shows the transient elongational viscosity as a function of time at various Hencky
strain rates for PP-H/PIBM (95/5) at 190 °C. The solid line in the figure represents three
times of the growth curve of shear viscosity in the linear region, i.e., 37", which was
calculated by the following equation proposed by Osaki et al. [53].

n'(t)=t[G"(w)+1.12G'(w/2)- 0.200G'(®)], . )

The upturn departure of elongational viscosity from the predicted values is not clearly
detected for the blend, as similar to the neat PP-H (data not shown). In other words, the
addition of the acrylate polymers does not provide strain-hardening behavior in the
elongational viscosity.

It is concluded from Figs. 2-5 that the rheological responses of PP-H are barely affected
by the addition of PIBM at least at 190 °C, which corresponds with previous reports [47-52].

[FIG. 5]
The drawdown force evaluated using two types of dies is shown in Fig. 6. It should be

noted that the blend with an acrylate polymer exhibits a high value of the drawdown force,



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

SEEMORK et al., 11

which is more pronounced for the blend with PIBM. The enhancement is obvious when using
the long die. This is a surprising result because the acrylate polymers with linear structure
show much lower shear viscosity than PP, which will be discussed later.
[FIG. 6]
The enhancement of the drawdown force for crystalline polymers such as PP and HDPE
is pronounced when using a long die as discussed in our previous works [45,46]. Because a
flow history in a long die reduces the number of entanglement couplings with marked
molecular orientation due to the prolonged exposure to high shear stress in a laminar flow in
the die land, the crystallization takes place rapidly as the melt leaves the die, resulting in the
steep increase in the elongational stress and thus, the drawdown force. Such phenomenon is
pronounced for a system with long relaxation time. This behavior was confirmed by 2D X-
ray diffraction (2D-XRD) patterns. Since the same phenomenon, i.e., enhancement of the
drawdown force, is detected for the present blends, the orientation of PP chains is examined.
Fig. 7 shows the 2D-XRD patterns for the strand of PP-H and the blend extruded from the die
with an L/D of 40/1. The strong peaks in equator, ascribed to the (040) plane of a-form
monoclinic crystals, demonstrate that PP chains orient to the flow direction for both PP-H
and the blend. Furthermore, the (110) plane of B-form crystals is detected near the (040) of a-
form, which also shows the orientation in the flow direction. Moreover, it should be noted
that the azimuthal intensity distribution becomes narrow for the strand of the blend,
suggesting the high level of molecular orientation. The same XRD pattern was obtained for
the blend with PMMA (but not present here).
[FIG. 7]
As the great enhancement of the drawdown force is observed for the blends with the
acrylate polymers, further experiments were performed to clarify the mechanism. Since the

marked molecular orientation of PP is detected for the blends, the nucleating ability of the
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acrylate polymers was, then, studied by the DSC cooling curve as shown in Fig. 8. It is found
that the crystallization temperatures T.’s of the blends are almost the same as that of the neat
PP-H. This result indicates that the acrylate polymers have no nucleating ability at the
crystallization of PP-H.

[FIG. 8]

Furthermore, the solidification behavior was studied at various cooling rates, because the
drawdown force is measured at the rapid cooling condition. It has been well known that the
cooling rate has strong impact on the T and glass transition temperature T4 of a polymer [54-
58]. In general, both T and T4 decrease with increasing the cooling rate. Fig. 9 shows the
effect of cooling rate on T, of PP-H and T4’s of PIBM and PMMA, evaluated by DSC. As
seen in the figure, T, of PP-H is significantly sensitive to the cooling rate, because it
drastically decreases with the cooling rate. The T values, including those obtained at the high
cooling rates, well correspond with those reported previously, suggesting that the
measurements were performed correctly [58,59]. In the case of PIBM and PMMA, in
contrast, Ty’s are found to be less sensitive to the cooling rate. Further, T, of PMMA is
located at a higher temperature than T, of PP-H at a high cooling rate, e.g., 300 °C/min,
indicating that the solidification, i.e., glassification, of PMMA takes place prior to the
crystallization of PP-H at this condition. The actual cooling rate near the die exit at the
capillary extrusion with melt stretching is considerably high. At the present experiment using
PP-H, the freeze line was detected around at 10 mm below the die exit, suggesting that the
cooling rate is higher than 100 °C/s, i.e., > 6,000 °C/min. As a result, the steep increase in the
viscosity of the acrylate polymers due to the glassification cannot be ignored. In fact, it has
been reported that T, of PP is around 60 °C in this range of the cooling rate [58-60].
Regarding the cooling rate at the non-isothermal melt spinning, Joo et al. [61] calculated to

be about 50,000 °C/min by the numerical analysis, in which a similar condition to the present
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study was assumed. Although the effect of the flow field on the crystallization behavior has
to be taken into consideration, it is obvious that the acrylate polymer acts as high viscous or
glassy dispersions in a molten PP at the non-isothermal stretching.

[FIG. 9]

Although the acrylate polymers do not show the nucleating ability for the crystallization
of PP-H, they strongly affect the drawdown force. Since PIBM and PMMA possess low shear
viscosity at the extrusion condition, they exist as dispersed liquid droplets in the PP matrix in
the die. Therefore, the deformation of droplets in a matrix has to be considered to understand
this interesting rheological behavior. In general, the size of droplets is determined by
interfacial tension, viscosity ratio, and mixing conditions including stress, type of flow, and
distributive performance. When the viscosity of droplets is much lower than that of a matrix
with a relatively small interfacial tension, droplets deform into fibrous shape by the
hydrodynamic force [62-66].

As shown in Fig. 10, both PIBM and PMMA deform to the flow direction, which is
pronounced in the strand after passing through the long die. Considering that the strands in
the figure were collected without stretching after the die exit, the result demonstrates that the
deformation of droplets occurs, at least, in the die land by the applied shear stress for a long
residence time in a laminar flow. Furthermore, the volume of a PIBM droplet is smaller than
that of PMMA on average. Since the viscosity ratio between the matrix and dispersion for the
PP/PIBM blend is larger than that for the PP/PMMA blend, this is presumably attributed to
the lower interfacial tension between PP and PIBM. The weak cohesive energy due to low
molecular weight may be also responsible for the fine dispersion of PIBM. Consequently, the
deformed PIBM has higher aspect ratio, whereas PMMA droplets deform into ellipsoidal
shape with low aspect ratio. Then, the deformed droplets will behave like rigid fillers because

of the glassification as discussed previously. Regarding the flow type to produce fibrous
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dispersion, uniaxial flow would be the most effective [66], although other types of flow also
have the capability to deform the droplets to some degree.
[FIG. 10]

Although T4 of PMMA is higher than that of PIBM, the drawdown force enhancement is
pronounced by the PIBM addition. This would be attributed to the number and shape of the
droplets, i.e., fibrous shape with high aspect ratio. The elongational stress in a suspension
containing rigid fibers was discussed by the theoretical and experimental approaches. Among
them, the slender-body theory was successfully developed to predict the elongational stress
considering the excess deformation of a matrix between fibers [34], which was
experimentally proved by Mewis and Metzner [28] and Laun [31]. According to the slender-
body theory, elongational viscosity 7e of a suspension with long slender particles depends on
the aspect ratio as well as the volume fraction of the particulate dispersion as expressed in the

following equation,

l 2
nE=377c+i77c¢d(a7,) (2)
ln( )

Ya

where 7. is the shear viscosity of a continuous phase, ¢y is the volume fraction of the
dispersion, and I/d is the length-to-diameter ratio of fibers.

As indicated by this theory, localized excess stress generated by large shear deformation
of a matrix located between neighboring fibers is responsible for the enhancement of
elongational stress of a suspension. Since the distance between neighboring fibers is
determined by the number of fibers, fine fibers with a high aspect ratio provide high
elongational stress on average at the same volume fraction. Therefore, the blend with PIBM,

which has a lot of fine fibers with a high aspect ratio, exhibits high elongational stress. In
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other words, PIBM has a great ability to enhance the drawdown force, as compared with
PMMA.

Because the solidification temperature of polymers depends on various factors, such as
flow field, size and shape of the extrudate, extrusion temperature, stretch ratio, and molecular
characteristics, the drawdown force must be also sensitive to such conditions and material
characteristics. Here, the proposed mechanism is further confirmed using PP-random, which
has a lower T, than PP homopolymer having a similar shear viscosity, i.e., PP-M. T.’s
evaluated by DSC at a cooling rate of 10 and 100 °C/min are 115.0 °C and 99.0 °C for PP-M
and 92.7 °C and 76.6 °C for PP-random. As seen in Fig. 11, the enhancement of the
drawdown force by blending both PIBM and PMMA is not so obvious when using PP-M. On
the contrary, this phenomenon is clearly detected when using PP-random. Because PP-
random has lower T than PP-M, the crystallization of PP-random after passing through a die
must take place slower than that of PP-M. As a result, the matrix between fibers deforms
greatly prior to the crystallization, resulting in the high level of the drawdown force, which is
enhanced at the extrusion with a long die because of a high aspect ratio of dispersions. This
result indicates that the prompt solidification of the fibrous dispersions of the acrylate
polymer provides localized shear deformation of the PP melt between the neighboring
acrylate fibers during uniaxial stretching, as explained by Laun [31]. As a result, excess stress
is generated owing to the large localized shear deformation, which is responsible for the high
level of drawdown force.

[FIG. 11]

The deformation of the dispersed phase in the non-stretched strand is further confirmed
by measuring the lateral expansion of the strand after dipping into a silicone oil bath at 170
°C. Because the uniaxial stretching was performed, the strand has a cylindrical shape. After

immersion into the bath, PP matrix as well as the dispersed phase is melted immediately.
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Then, the interfacial tension tends to pull the dispersions back to the spherical shape.
Therefore, prolonged dispersions provide high level of the lateral expansion as well as the
vertical shrinkage. Based on this technique, the magnitude of the deformation is estimated
from the lateral expansion of the strands. Since there is no dispersed phase in the pure PP
system, the level of strand expansion for the pure PP is decided by the degree of chain
orientation. It is found that the strand expansion of PP-M (1.52 for L/D=40/1) is slightly
higher than that of PP-random (1.50 for L/D=40/1). Furthermore, the value of PP-
random/PIBM is much larger than that of pure PP-random as shown in Fig. 12. This is
reasonable because the interfacial tension between the matrix and dispersions dominantly
decides the shrinkage of the strands. Moreover, the strand expansion of the blend with PP-
random is found to be significantly larger than that with PP-M, which correlates with the
drawdown force enhancement. Considering that the drawdown force enhancement by the
acrylate polymers is pronounced for PP-random, especially when using a long die, PIBM and
PMMA droplets deform greatly in PP-random rather than in PP-M. This is owing to the slow
solidification of PP-random, demonstrating that the deformation of the dispersions occurs
even after passing through the die, which results in the high level of drawdown force.
[FIG. 12]

At present, we are studying the effect of material characteristics such as blend ratio,
interfacial tension, and molecular weight on the rheological properties and processability at
various processing operations. Furthermore, the effect of the die shape and entrance angle
should be investigated considering the industrial applications. Besides, not only rheological
properties but also mechanical properties in the solid state are interesting for the present
blend system. As well known, the addition of liquid crystalline polymers affects mechanical
properties for flexible polymers greatly [67-69]. Furthermore, oriented polymers obtained by

flow-induced crystallization show marked rigidity [70-72]. Therefore, the mechanical
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properties in the solid state of this blend system, considering the molecular orientation as well

as the orientation of acrylate fibers, are worth for studying.

IV. CONCLUSION

Drawdown force enhancement of PP at capillary extrusion is demonstrated by blending
immiscible acrylate polymers such as PIBM and PMMA, which have significantly low shear
viscosity at the processing temperature of PP. It will be a new method to enhance the
drawdown force for PP without an increase in the shear viscosity in an extruder. The
mechanism of this phenomenon is found to be attributed to the prompt solidification of PIBM
and PMMA at the rapid cooling condition like the drawdown force measurement. The
dispersed droplets of the acrylate polymers deform to the flow direction in and near the die,
which is determined by the die geometry, interfacial tension with PP, and viscosity ratio.
Once their solidification takes place, they will act as rigid fibers. This situation occurs by the
difference in the cooling rate dependence of solidification temperatures; i.e., the
crystallization temperature of PP is more sensitive to the cooling rate than the glass transition
temperature of the acrylate polymers. Consequently, the drawdown force is enhanced by the
excess stress generated by large shear deformation of a matrix between the solidified fibers.
Considering that most processing operations are carried out at rapid cooling conditions, this

phenomenon can be applicable to improve the processability.
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Figure captions

FIG. 1. Temperature dependence of oscillatory tensile moduli such as storage modulus E’
(closed circles) and loss modulus E” (closed diamonds) for PP-H/PIBM (95/5) at 10 Hz. The
E” curves for pure PP-H (open circles) and pure PIBM (open diamonds) are also plotted with
a vertical shift (a = -1). An SEM image of cryogenically fractured surface of the compressed

film is also shown.

FIG. 2. Master curves of frequency dependence of oscillatory shear moduli such as storage
modulus G’ (circles) and loss modulus G” (diamonds) for PP-H/PIBM (95/5) (closed
symbols), PP-H (open symbols), and PIBM (gray symbols) at the reference temperature of

190 °C.

FIG. 3. Steady-state shear stress o (open symbols) and primary normal stress difference Ni;
(closed symbols) for PP-H (circles) and PP-H/PIBM (95/5) (diamonds) at 190 °C. The data

for the blend are plotted with a horizontal shift (a = 1).

FIG. 4 Shear viscosity as a function of shear rate for PP-H (circles) and PP-H/PIBM (95/5)

(diamonds) at 190 °C.

FIG. 5. Transient elongational viscosity as a function of time at various Hencky strain rates at
190 °C for PP-H/PIBM (95/5). The solid line represents 37" (t) calculated from the

oscillatory shear modulus.
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FIG. 6. Drawdown force of PP-H, PP-H/PIBM (95/5), and PP-H/PMMA (95/5) at a draw
ratio of 2.4. The applied shear rate at the die wall was 124 s and the temperature was

controlled at 190 °C.

FIG. 7. 2D-XRD patterns for the strand of PP-H and PP-H/PIBM (95/5) extruded from the
dies having L/D = 40/1 at 190 °C and stretched at a draw ratio of 4. The plot below each
image represents the azimuthal intensity distribution of (040) plane, indicated by the arrows

in the image.

FIG. 8. DSC cooling curves for PP-H, PP-H/PIBM (95/5), and PP-H/PMMA (95/5) at a

cooling rate of 10 °C/min.

FIG. 9. Crystallization temperature T, for PP-H (open circles) and glass transition
temperature T4’s for PIBM (closed squares) and PMMA (closed diamonds) as a function of

cooling rate.

FIG. 10. SEM pictures of the cut surface of the strands for PP-H/PIBM (95/5) and PP-
H/PMMA (95/5) extruded from a die with L/D = 10/1 or 40/1 without stretching; (a) end-
view, (b) center area of side-view, and (c) edge area of side-view. The cut surface was
immersed in acetone to remove the acrylate polymers. The arrows in the images represent the

flow direction.

FIG. 11. Drawdown force for the blends with 5 wt% of PIBM or PMMA stretched at a draw

ratio of 2.4. The temperature was controlled at 190 °C.
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FIG. 12. Ratio of the strand diameter after dipping into silicone oil bath at 170 °C to that of
the original one for the blends of PP-M and PP-random with 5 wt% of PIBM and PMMA.

The strands were not stretched.

Table 1. Zero-shear viscosity at 190 °C of the materials.
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Table 1. Zero-shear viscosity at 190 °C of the materials

Samples Mo (Pas)

PP-H 9,850

PP-M 3,930

PP-random 4,930
PIBM 45
PMMA 280

PP-H/PIBM (95/5) 9,300

PP-H/PMMA (95/5) 9,500

SEEMORK et al., Table |
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