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SYNOPSIS

Three kinds of isotactic polypropylenes ( PP) with different melt flow indexes ( MFIs) were
melt-blended with three kinds of high-density polyethylenes (HDPE) with different MFI
using a screw extruder, and the morphologies and capillary flow properties such as flow
curve, entrance effect, Barus effect, and melt fracture were studied. When HDPE contents
were 70 wt % or above and PP particles formed the disperse phase, the size of the particles
decreased with decreasing viscosity of PP. When HDPE contents were 30 wt % or below
and HDPE particles formed the disperse phase, the size of the particles was minimum
when the viscosities of PP and HDPE were similar. The die swell ratios of the blends were
higher than those of the components. On the other hand, the entrance correction coefficients
of the blends were intermediate between those of the components. There was no correlation
between the die swell ratio and the entrance correction coefficient. Therefore, it is not
always appropriate to regard the entrance correction coeflicient as a measure of melt elas-

ticity in the case of inhomogeneous polymer systems such as PP/HDPE blend.

INTRODUCTION

Blends of isotactic polypropylene (PP) and high-
density polyethylene (HDPE) are industrially
widely used for the purpose of improving the impact
strength and processability of PP and improving the
environmental stress cracking resistance and pro-
cessability of HDPE. Many studies have so far been
done on the rheological properties of PP/HDPE
blends.*” They include flow curve,589131617 die
swell, "111%717 melt fracture,®'® recoverable shear
strain,®'* normal stress,'>'* stress-optical coeffi-
cient,'® relaxation time, * relaxation spectrum,’ dy-
namic viscoelasticity, > and morphology formation.'°

The present article concerns systematic studies
on morphologies and the capillary flow properties
such as flow curve, entrance effect, Barus effect, and
melt fracture for the blends composed of the com-
bination of three kinds of PPs with different melt
flow indexes (MFIs) and three kinds of HDPEs with
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different MFI. In the following article, the dynamic
viscoelastic properties will be reported.

EXPERIMENTAL

Samples

The characteristics of the raw resins used in this
experiment are shown in Table I. MFI was measured
using a counter method at 230°C under a load of
2160 g according to the ASTM D 1238-86T and was
converted on PP volume. Molecular weights were
measured at 135°C with a gel permeation chro-
matograph GPC 150-C manufactured by Waters
Ltd. The column system used was 103, 104, 10°,
108, and 107 A and solvent used was o-dichloroben-
zene. The last letters H, M, and L in the sample
code indicate high, medium, and low MFI. PPH,
PPM, PPL, PEH, and PEM have similar molecular
weight distributions and PEL has a very broad dis-
tribution.

For the combination of PPM and three PEs and
the combination of PEM and three PPs, both com-
ponents were mixed with a tumbler to achieve com-
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Table I Characteristics of Base Resins

Sample MF1 M, M, M, M, M.
Code Grade Manufacturer (dg/min) (X 10%) (X 10%) (X 10%) M, M,
PPH MdJ160 Tokuyama Soda 27.3 22.5 18.4 8.6 8.2 4.7
PPM YE130 Tokuyama Soda 4.6 35.9 29.6 12.3 8.3 4.1
PPL RB110 Tokuyama Soda 0.51 75.0 57.3 174 7.6 3.0
PEH JX-10 Mitsubishi Yuka 31.7 6.9 5.1 3.0 7.3 59
PEM JX-20 Mitsubishi Yuka 7.6 9.2 7.6 4.0 8.3 5.2
PEL 52028 Mitsui Petrochemical 0.26 10.3 15.2 9.8 14.8 6.4
positions of 0, 10, 30, 50, 70, 90, and 100 wt %. They , PR
were extruded and pelletized using a 40-mm ¢ single- Tw™= oL (1)
screw extruder with an L/D of 22 and a compression
ratio of 23 under conditions of cylinder and die tem- N = ﬂ (2)
Y zR3

peratures of C, = 180°C, C, = 200°C, C; = 220°C,
and D = 220°C and a screw revolution speed of 58
rpm. The same procedure was used for the samples
of compositions of 0 and 100 wt %.

Morphology Observation

A few pellets were melted between two slide glasses
on a hot plate whose temperature was 230°C, pressed
gently to coalesce them to a thin sheet, held for 3
min, and cooled in air. The sheet crystallized about
40 s after it left the hot plate for all samples. A sheet
about 0.5 mm thick was obtained. This sheet was
cooled in liquid nitrogen and fractured. The fracture
surface, onto which gold was vapor-deposited, was
observed with a scanning electron microscope
(SEM) JSM-T220 manufactured by JEOL Ltd.

Capillary Flow Properties

MF1I was measured using a counter method with a
melt indexer manufactured by Takara Kogyo Co.,
Ltd. at 230°C under a load of 2160 g according to
the ASTM D 1238-86T and was converted on PP
volume. After the extrudate solidified, its diameter
D was measured with a micrometer, and the die swell
ratio was evaluated by D /D, where D, was the cap-
illary diameter.

The relation between pressure P and volumetric
flow rate @ was measured at 230°C with a capillary
rheometer, Koka Flow Tester manufactured by Shi-
mazu Seisakusho Co., Ltd. using straight dies of a
diameter 2R = 0.5 mm, lengths L = 1, 2.5, and 5
mm, and L/R = 4, 10, and 20.

The apparent shear stress 7, and the apparent
shear rate v, at the wall in capillary flow are given
by Eqgs. (1) and (2), respectively:

If the entrance effect is corrected, the effective shear

stress 7 is given by Eq. (3)8:
PR

S L - 3

" T 2(L+R) (3)

where v is the end correction coefficient. If the non-
Newtonianity of flow is corrected, the true shear
rate ¥ is given by eq. (4)°:

C Yw dlog v,
=—\{3+ —— 4
YT (3 dlog T ) )
The shear viscosity 7 is given by Eq. (5):
T
n=- (5)
Y

After the extrudate solidified, its diameter D at
the part 5 mm from the front was measured with
the micrometer and the ratio D /D, where D, is the
capillary diameter was called die swell ratio and used
as a measure of die well.

The appearance of the extrudate was observed
with the naked eye and the occurrence of melt frac-
ture was checked.

RESULTS AND DISCUSSION

Morphology

Figure 1(a) shows the variations, with PE content,
of the SEM photographs of the fracture surfaces of
PPM/PEH, PPM/PEM, and PPM/PEL blends.



It seems that particles observed in the blends with
PE contents of 10 and 30 wt % are PE component,
and particles observed in the blends with PE con-
tents of 70 and 90 wt % are PP component. Inter-
penetrating inversion structures are observed in the
blends with a PE content of 50 wt %. The size of
the particles increases with increasing PE content,
shows maxima at a PE content of 50 wt %, and after
that, decreases with increasing PE content. Close
inspection of the photographs shows that when PE
contents are 50 wt % or above the size of the PP
particles decreases with decreasing MFI (or in-
creasing viscosity) of PE component, which is the
disperse medium, and that when PE contents are
30 wt % or below the size of PE particles is the
smallest for PPM /PEM blend whose components
have similar MFIs. Figure 1(b) shows the SEM
photographs of the fracture surfaces of PPH/PEM,
PPM/PEM, and PPL/PEM blends. When PE
contents are 70 wt % or above, the size of PP par-
ticles decreases with increasing MFI of PP. When
PE contents are 30 wt % or below, the size of PE
particles is the smallest for PPM /PEM blend whose
components have similar MFIs.

Summarizing these results, when PE contents are
70 wt % or above and the PP particles form the
disperse phase, the particle size decreases with de-
creasing viscosity of PP. When PE contents are 30
wt % or below and the PE particles form the disperse
phase, the particle size is minimum when the vis-
cosities of PP and PE are similar. Two cases have
so far been reported on the particle size in various
polymer blends. In one case the particle size is min-
imum when the viscosity ratio of both components
is around unity.?>"?’ In the other case the particle
size decreases with decreasing viscosity of the dis-
perse phase.?®3! In the present experiment of PP/
HDPE blends, the former behavior is observed when
HDPE contents are 30 wt % or below and HDPE
particles form the disperse phase, and the latter be-
havior is observed when HDPE contents are 70 wt
% or above and PP particles form the disperse phase.

Melt Flow Index

Figure 2 shows the dependence of the MFIs of the
blends on PE content. MFIs show positive devia-
tions from logarithmic additivity and hence viscos-
ities show negative deviations from logarithmic ad-
ditivity. Many researchers'®®!® have already re-
ported that the viscosities of PP/HDPE blends
show negative deviations from logarithmic addi-
tivity.
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Figure 3 shows the dependence of the die swell
ratios at MFI measurement on PE content. The die
swell ratio shows abnormally high values except for
the case where either component has very low MFI
(PPM/PEL and PPL/PEM). PPM/PEH and
PPM/PEM show peaks at a PE content of 30 wt
% and PPH /PEM shows two peaks at PE contents
of 30 and 70 wt %. Shumskii® reported that the die
swell ratio of PP/HDPE blend showed a positive
deviation from additivity and showed a maximum
at an HDPE content of around 50 wt %. Kasajima
and Ito!® found a maximum of the die swell ratio of
PP /HDPE blend at an HDPE content of around
25 wt %.

Flow Curve

Figure 4 shows, as an example, the apparent flow
curves (v, — 7., of PPM70/PEM30 obtained di-
rectly from the measured P and @ using Egs. (1)
and (2). Due to the entrance pressure loss, the ap-
parent flow curve obtained with a die of smaller
L/R locates at higher shear stress side.

Arranging eq. (3),

P=27(L/R) + 2»r (6)

a straight line should be obtained if pressure P re-
quired to produce a definite shear stress 7, and hence
a definite shear rate v, is plotted against L /R (Bag-
ley plot’®), and the end correction coefficient » is
obtained as an intercept of L/R axis.

An example of the Bagley plot is shown in Figure
5 for PPM70/PEMS30. Fine Bagley plots were ob-
tained for all samples. The flow curve (v, — 7) ob-
tained by correcting the apparent shear stress 7., to
the effective shear stress 7 using Eq. (3) is also
shown in Figure 4. Each flow curve with different
L /R unites into one curve independent of L/R. The
true flow curve (¥ — 7) obtained by correcting the
apparent shear rate v, to the true shear rate v using
Eq. (4) is shown in the left side of Figure 4. In this
manner the true flow curves of all samples were ob-
tained.

The variations of the true flow curves with PE
content are shown in Figures 6(a)-(e). The flow
curves of the blends locate between those of the
components and gradually change from the char-
acter of PP to that of PE with increasing PE content.
In the case where the MFI of PP is higher than that
of PE (PPM/PEL and PPH/PEM), the slope of
the flow curve scarcely depends on the composition,
and the flow curve shifts in parallel with increasing
PE content. In the case where the MFI of PP is
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Figure 1 SEM photographs of cryogenic temperature-fractured surfaces of PP/HDPE
blends. (a) PPM/PEH, PPM/PEM, and PPM/PEL systems. (b) PPH/PEM, PPM/
PEM, and PPL/PEM systems.
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Figure 1 (Continued from the previous page)
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Figure 2 Dependence of MFI on PE content.

nearly equal to or lower than that of PE, the slope
of the flow curve decreases with increasing PE con-
tent. Similar tendencies were reported by Hayashida
et al.,’ Plochocki,? Maciejewski and Griskey,? and
Noel and Carley.® From these facts it can be said
that the non-Newtonianity of HDPE is weaker than
that of PP when compared on the same viscosity
level. Discontinuities on the flow curves of PPM10/
PEL90 and PPMO/PEL100 at high shear rate re-
gion in Figure 6(c) are due to the stick-slip phe-
nomenon.
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Figure 3 Dependence of die swell ratio on PE content.
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Figure 4 Flow curves for PPM70/PEM30 blend cor-
rected at each stage.

Figure 7 shows the dependence of viscosities 7 at
definite shear rates on PE content. The difference
of 7 of each sample decreases with increasing shear
rate. n’s of the blends show negative deviations from
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Figure 5 Bagley plots for PPM70/PEM30 blend.



logarithmic additivity except for PPM /PEH system,
and the degree of the deviation increases with in-
creasing shear rate. The deviation is especially large
in the range of high PE content. The fact that the
viscosities of blends show negative deviations from
logarithmic additivity has been reported by many
researchers, 6813

Entrance Effect

Figures 8(a)-(e) show the variations of the end
correction coeflicient v with apparent shear rate
v, using PE content as a parameter. v increases with
increasing ... v's of the blends locate between those
of the components and gradually change from the
character of PP to that of PE with increasing PE
content. The fact that the end correction coefficients
of polymer blends locate between those of the com-
ponents and gradually change from the character of
one component to that of the other component, with
increasing the other component has been reported
on HDPE /low-density polyethylene (LDPE) blends
by Curto et al.®? and LDPE/linear low-density
polyethylene (LLDPE) blends by Acierno et al.®
Except for PPM/PEL, v of HDPE is lower than
that of PP, and v of the blend decreases with in-
creasing PE content. Since the end correction coef-
ficient is a measure of melt elasticity, it can be said
that the melt elasticity of HDPE is lower than that
of PP. The fact that v of PEL is similar to or slightly
higher than that of PPM as shown in Figure 8(c)
is considered to be because the molecular weight
distribution of PEL is very broad as shown in Table
I. Discontinuities on the » vs. v}, curves of PPM10/
PEL90 and PPMO/PEL100 at high shear rate re-
gion in Figure 8(c) are due to the stick-slip phe-
nomenon.

Barus Effect

Figures 9(a)-(e) show the variations of die swell
ratio D/ D, with apparent shear rate v}, using PE
content as a parameter. In general, the die swell ra-
tios of thermoplastic resins increase monotonously
with increasing shear rate except for poly(vinyl
chloride) whose variation of die swell ratio with
shear rate sometimes shows a maximum or a min-
imum. The die swell ratio vs. shear rate curves of
PP/HDPE blends in this experiment show very
complex features where maxima and/or minima
appear according to the combination of the com-
ponents. A tendency is obvious where the blends
show higher die swell ratios than the components.
Although this tendency is weak in PPM /PEL and
PPL/PEM systems where the viscosity of either
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component is very high (below 1 decigram /min in
MFI), it is notable in other blend systems. In par-
ticular, there are cases in PPH/PEM where the
die swell ratio reaches an abnormally high value of
about 5.

Figures 10(a) and (b) show the dependence of
the die swell ratios at a definite shear rate v/, = 102
s~ ! and at a definite shear stress + = 3 X 10° dyn/
cm? on PE content, respectively. Both figures show
a similar tendency. In the case where the viscosity
of either component is very high (below 1 dg/min
in MFI), to be concrete, in PPM/PEL and PPL/
PEM systems, the die swell ratios of the blends
scarcely differ from those of the components. In the
case where the viscosities of the components are not
so high, the die swell ratio shows one or two peaks
at PE contents of 30 and 70 wt %. In both cases the
highest peak appears when the content of lower vis-
cosity component is 30 wt % and forms the disperse
phase. Maxima in the dependence of the die swell
ratios of polymer blends on the composition have
been reported on, in addition to PP/HDPE,®'® ion-
omer/ethylene-vinyl acetate copolymer (EVA),3
HDPE/EVA,* polystyrene (PS)/HDPE,* PS/
poly (methylmethacrylate),> HDPE/LDPE,* PP/
LDPE,*® and HDPE/ethylene-methacrylic acid
copolymer.*® Fujimura and Iwakura® found that the
die swell ratios of ionomer/EVA blends showed two
peaks at compositions of 30 and 70 wt % and con-
jectured that the abnormal behavior originated from
the partial compatibility of the components. Partial
compatibility of PP and HDPE has been proved by
Kryszewski et al.*! Han and Kim*? found that, for
HDPE/PS blends, HDPE particles were dispersed
in PS medium at compositions of HDPE/PS = 25/
75 and 50/50, and in these cases the viscosity was
minimum and the first normal stress difference was
maximum. They explained these phenomena by as-
suming that HDPE particles were deformed during
flow and stored recoverable elastic energy. According
to the theory of Han and Kim, elasticity should be
more notable as the deformability of suspended par-
ticles is higher or the viscosity of suspended particles
is lower. The present experimental results as shown
in Figure 10 show that the die swell ratio is the high-
est at a composition of a lower viscosity component
content of 30 wt %, supporting the theory of Han
and Kim.

Bagley and Duffey*® applied the rubber elasticity
theory to polymer melt and showed that the die swell
ratio D / Dy is related to the recoverable shear strain
v through Eq. (7):

Ye = [(D/Do)* — (D/Do) *]*? (7)
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Mendelson et al.** showed that Eq. (7) applied well
to HDPE melts. On the other hand, Philippoff and
Gaskins® related the end correction coefficient v to
the recoverable shear strain vy, by Eq. (8):

v=n.+ v./2 (8)

where n, is the Couette correction term and has a
value of about 0.44.%® The die swell ratio D /D, and
the entrance correction coefficient v is related
through the recoverable shear strain v, using Eqgs.
(7) and (8) by Eq. (9):

v=n.+3[(D/Do)* — (D/Do) *1'*  (9)

According to Eq. (9), there should exist a positive
correlation between D /D, and v. Actually, positive
correlations have been reported on PP by Kamide
and Fuyjii*” and Fujiyama and Awaya,*® on PS, PP,
LDPE, and HDPE by Kishi and Iizuka,*® and on
concentrated dibutyl phthalate solution of PS by
Shishido and Ito.5°

In the case of PP/HDPE blends in the present
experiment, the end correction coefficients » of the
blends locate between those of the components and
gradually change with the composition as shown in
Figure 8. On the other hand, the die swell ratios
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D /D, of the blends are higher than those of the
components as shown in Figures 9 and 10. There is
no correlation between D /D, and ». Although in the
case of homogeneous polymer melt both the die swell
ratio D/ D, and the end correction coefficient » are
measures of melt elasticity in capillary flow, it is not
always appropriate to regard the end correction coef-
ficient as a measure of melt elasticity in the case of
inhomogeneous systems such as PP/HDPE blend.

Melt Fracture

Melt fractures occur at the closed points on the flow
curves in Figure 4. The critical shear rate v, and the
critical shear stress 7, at which the melt fracture
begins to occur were averaged over the respective
values obtained with three dies of different L/R.
For highly fluid samples, since the melt fracture did
not occur in the experimental range, v. and 7. could
not be determined. )

Figure 11 shows the dependence of the critical
shear rates v, on PE content. In the case where the
MFTI of either component is very low (MFI < 1 dg/
min), v.’s show negative deviations from logarith-
mic additivity. In other cases, v.’s show positive de-
viations. Valenza et al.'® reported that v.’s of PP/
HDPE blends showed positive deviations from log-
arithmic additivity. Acierno et al.’! reported that
v.’s of HDPE /LDPE blends showed complex vari-
ations with the composition where positive and neg-
ative deviations appeared according to the combi-
nation of MFIs of the components. Acierno et al.**
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Figure 7 Dependence of viscosities n at definite shear
rates.
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reported that v.’s of HDPE / LLDPE blends showed
positive deviations. As already mentioned, no regular
tendency has so far been found on the dependence
of the critical shear rate v. of polymer blend on the
composition.

Figure 12 shows the dependence of the critical
shear stresses 7.on PE content. Except for two points
(PPH10/PEM90 and PPL10/PEM90), 7.’s of the
blends locate between those of the components and
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Figure 11 Dependence of critical shear rate ¥, on PE
content.

show negative deviations from additivity. Noel and
Carley® reported that 7.’s of PP/HDPE blends lo-
cated between those of the components and showed
a negative deviation, agreeing with the present ex-
periment. Acierno et al.®® reported that r.’s of
HDPE/LDPE blends located between those of the
components and showed positive and negative de-
viations according to the combination of MFIs of
the components. Acierno et al.** reported that 7,’s
of LDPE /LLDPE blends located between those of
the components and showed a positive deviation.
The results of all researchers agree on the point that
7.’s of blends locate between those of the compo-
nents.
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Figure 12 Dependence of critical shear stress 7, on PE
content.



CONCLUSIONS

Three kinds of isotactic polypropylenes (PP) with
different MFI were melt-blended with three kinds
of high-density polyethylenes (HDPE) with differ-
ent MFI using a screw extruder and the morpholo-
gies and the capillary flow properties were studied.
The following results were obtained:

1. When HDPE contents are 70 wt % or above
and PP particles form the disperse phase, the
particle size decreases with decreasing vis-
cosity of PP. When HDPE contents are 30
wt % or below and HDPE particles form the
disperse phase, the particle size is minimum
when the viscosities of PP and HDPE are
similar.

2. The flow curves of blends locate between
those of the components and gradually
change from that of one component to that
of the other component with increasing the
other component. Compared on the same
viscosity level, the non-Newtonianity of
HDPE is weaker than that of PP. The shear
viscosities 7 of the blends show negative de-
viations from logarithmic additivity, and the
deviations are more notable as the shear rate
is higher.

3. The end correction coeflicients » of the blends
locate between those of the components and
change gradually from that of one component
to that of the other component with increas-
ing the other component.

4. The die swell ratios D/D, of the blends
change in complex manners with shear rate
showing maxima and/or minima according
to the combination of the components. The
D/ Dy’s of the blends show higher values than
those of the components, and the dependence
on the composition shows one or two peaks
at HDPE contents of 30 and 70 wt % except
for the cases where either component has very
high viscosity. In both cases the highest peak
appears when the content of lower viscosity
component is 30 wt % and forms the disperse
phase. D/D, reaches an abnormally high
value of about 5 in some cases. Although in
the case of homogeneous polymer melt both
the die swell ratio D/ D, and the end correc-
tion coefficient v are measures of melt elas-
ticity, it is not always appropriate to regard
v as a measure of melt elasticity in the case
of inhomogeneous systems such as PP/

PP/HDPE BLEND MELTS. I 479

HDPE blend since no correlation is observed
between D /D, and .

5. The critical shear rates vy, of the blends at
which melt fractures begin to occur show
negative deviations from logarithmic addi-
tivity when the MFI of either component is
very low (MFI < 1 decigram /min) and pos-
itive deviations in other cases. The critical
shear stresses 7. of the blends locate between
those of the components and show negative
deviations.
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