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Behaviors of Flow Index of Dispersed

Composite Incompatible Polymer Melts
Masayuki KAsAJIMA*™ and Katsuhiko ITO®

Abstract

For dispersed composite imcompatible polymer melts, relationships of the flow index to the
blended [raction and the temperature shift factor were studied. The various flow indices have large
dependency on the shear rate and decrease with increase in the shear rate. None of the combined
samples of polypropylene (PP)-high density polyethylene (HDPE) resins, polycarbonate (PC).
poly(methyle methacrylate) (PMMA) resins and of polystyrene (PS)+low density polyethylene
(I.LDPE) resins had a flow index having the additive property. The flow index had unique beha-
vior in that the flow index (mc;) of the blended sample for the PC-PMMA samples became sma-
Her than the m.; of the monocomponent samples, and which the m¢; of the blended samples for
the PS.LDPE samples became larger than the mi:; of the monocomponent samples. However, such
unique behavior did not occur in the PP-HDPE samples. For the blended sample, the values of
mc; obtained by the diagrammatical differentiation of the flow characteristic curves and of the tem-
perature shift factor curves agree substantially with each other.

1. Introduction

In the studies’~” the relationships between the flow index and property of polymer
processing have been investigated. Such relationships include: the relationship between
the uniformity”® of T-die extrusions and the flow index; the relationship between the
average Auidity®, used in the case where the flow in the mold is investigated, and the
flow indx. In such studies the flow index is a constant; it is not a function of the shear
rate or the shear stress. In other studies®~'", It has been reported that the flow index
depends on the shear rate. Lately composite polymer materials have been become the
center of wide interest. However, the number of studies on the flow characteristics and
the flow index of such materials is less than for mono materials. Information on the flow
index for composite polymer materials is very useful in the choice, operation, design
and development of machines used in the processing of such materials.

In the present work, interrelationships among the flow index, blended fraction, the

shear rate and temperature shift factor were investigated.

2. Relationship between Flow Index and Temperature Shift Factor

When measured under a constant shear stress (z) or at a constant the shear rate (),

103, 13)

the viscosity () has a different value For the dispersed composite incompatible

polymer melt, the 7 is expressed as follows, in the case where the 7 are functions of
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the 7, the temperature (79, the hydrostatic pressure (P,) and the blended fraction

().

p=7n (&, T, P, ©) (1)
Assuming that 7 is a function of #, T, P, and ¢, one obtains,
p=n (5, T, Pn, ©) (2)
The total differentials of Eqs. (1) and (2) are respectively,
() o) o) e )
(17]_( o T-”"ﬂ‘dt-{- oT t-l’n.ch+ OP» t.‘l'.chh+ oc t.T.Pndc (3)
_87)) . (677) (ﬂ_) ) (677) |
(]7?—( a.)', T-l’n.cdr+ aT.' ;’,Pu,ch-I_ aP, ,'-_1'.(:dph+ ———ac f’T’Pth (4)

where subseript of the parenthesis means a case in which quantity indicated by the su.
bscript is fixed. For a flow under constant hydrostatic pressure, constant shear stress and
constant blended fraction, from Eqgs. (3) and (4),

(0'1' r.P..ch oF 1'.1'..c(1r-{ OT /i pac T (5)

The temperature shift factor (ar:) at a constant shear stress and the temperature

shift factor (ar;) at a constant shear rate are expressed'®!? as follows.

=<TT)T R (7)
an (T, (1) (8)
=( = )” fr=ire (9)

wehre subscript © means a value at a reference point. The flow index (n:;) for the -7
flow characteristics is exprssed'!¥ as follows.
dlnzt
mf:?)—lﬁ—f— (10)

From Egs. (5)~(10) and Eq. (11) which express a relationship among the z, » and 7,
one obtains Eq. (12).

(D=7 o
(%:’%)Pnc':("ﬁ)r""'c (12)

The formula of Eq. (12) can be used for the flow characteristics of every kind of fluid.
In the case where the method of time-temperature reduced variables is applicable, the ar:
is cqual to the shift factor (ar). Hence, substituting ar.=ar into Eq. (12), an equa-
tion representing the relationship between the flow index and the temperaturc shift fa-

ctor can be obtained.

It is known®-!®:!® that a relationship between the ;; and the 7 can be expressed
by the formula of Eq. (13).

Moy = éocati) osiInCarapid}? 13)
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where a means a constant, ap means the pressure shift factor, subscript ¢ means a value
under the reference temperature and the reference pressure. In the case where s:; is
expressed by Eq. (13), the flow index (m;) introduced from Kasajima et al.’s non-
Newtonian fluid model” 1919 js as follows.

);tﬁ:é[—(%f—f%j— kEi(){In(a;-a;»)")} =k(In 7"8)"] (14)
where supersucript © mecans a value under standard state. From Egs. (12)~(14), one
obtains,

_1_{ 9 1nap;

21 3lnar:

+ ("tf)v’} =(Meidr.pace (15)

Pae

In addition, Eq. (15) can be expressed with subscript 7° instead of subscript z°.
3. Experimental

Various flow indices (1) were obtained by analyzing the data of the flow character-
istics reported in previous papers!?'!®, Combinations of incompatible resins are used as
follows respectively. Polypropylene resin (PP, NOBLENE S501 of Sumitomo Chemical
Industry) and high density polyethylene resin (HDPE, SUMIKATHENE HARD 2705
of Sumitomo Chemical Industry), polycarbonate resin (PC, PANLITE K-1300 of Teijin
Chemical) and poly(methyl methacrylate) resin (PMMA, ACRYPET MD of Mitsubishi
Rayon), polystyrene resin (PS, STYRON 666 of Asahi Dow) and low density poly-
cthylene resin (LDPE, POLYETHY LENE M 1820 of Asahi Dow).

The blended fraction'™'® (¢) is defined as the weight fraction of the component ha-
ving low fluidity. In this report, the notation for combined sample will be written so
that the resin with the lower fluidity is the first component. The method of obtaining
the various indices m.; and m,; from each of the -7 flow characterististics is abbreviated

here, because such method was reported in the previous papers'®: '™,

4. Results and Discussion

For cach of the combined samples relationships between the mi; and the .o (sub-
script w means a value at the wall), obtained from the Int,-In7. flow characteristic
curves, as a parameter the ¢ are as follows. The results are shown in Figs. 1~3 for
the PP-HDPE, PC-PMMA and PS-LDPE samples respectively. It is seen from Figs.
1~3 that the m.; decrease with increase in the 7. each of the combined samples.
The samples of cach of the blended fractions relationship between the m:; and In fuw
can be approximately shown by the straight linc in the range measurced (the measurement
is restricted because melt fracture occus at higher values of 7,). The straight lines shown
in Figs. 1~3 are cases of Eq. (14) at i=1.

For the PP-HDPE samples the mij-In 7w straight lines having different value of ¢
do not interscct with cach other and lie, in order of value of ¢, between the straight

lines of PP (¢=1.00) and HDPE (¢=0) monocomponent samples. HMHowever, slopes of
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Fig. 1 Relationships between flow index (m:;) and shear rate (fu) for
PP+HDPE samples at various blended fractions (c).
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Fig. 2 Relationships low indices (mc;) and (my;) relative to shear rate
(#w) for PC-PMMA samples at various blended fractions (c).



Masayuki KASAJIMA and Katsuhiko ITo  EEBCKFTESPFFREH GFLI7%) 15

0.60
~ PS:LDPE
el T=200C
TN yr=1X10%s?
\0 \.\. ¢ ‘\
N ~

050r \'Q S

c
* 1.00(PS) \\\
| v 075 .. .
s 0.50 \ \,\
o.40f 4025

+ 0 (LDPE) e,

ey
L ]
f

(i — i
Yo (s)

Fig. 3 Relationships between flow index (m:;) and shear rate (#.) for
PS:LDPE samples at various blended fractions (¢).

the mic;=In 7w straight lines of each ¢ are not in order of value of the ¢. The slopes of
straight lines of ¢=1.00, 0.75 and 0 are substantially similar to each other. The slopes of
straight lines of ¢=0.50 and 0. 25 are somewhat larger than ¢=1.00, 0.75 and 0. For the
PC-PMMA samples the m.;~In 7. relations can also be indicated by the straight lines. The
#w dependency of #; for the PC-PMMA samples in larger than that for the PP-HDPE
samples. When the value of 7. changes from one figure for the PC-PMMA sample,
the value of m:; changes approximately 0.2. The slopes of m:;-In 7. straight lines, that
is, the 7w« dependency of the m.; of the various blended fractions are not much dilferent
from each other. However, those lines do not be situation in order of the value of c.
And the lines of ¢=1.00 (PC monocomponent sample), ¢=0 (PMMA monocomponcnt
sample), ¢=0.25 and 0.75 run from the upward to downward. Namely, some lines of
blended samples go beyond the line of monocomponent. The relationships between the
nici—In 7y straight lines of the PS:LDPE samples and the blended fraction therefor is
not clear. Those lines of the various blended fractions have different slopes, and some
lines intersect. In the range of 7, =3~18s"! the mi;-In Fw straight lines lic in order
of the value ¢, but in the other range such lines do not. The slope of m:;-In 7w, that
is, the 7w dependency of the my; is the largest for the PS monocomponent sample (c=
1.00) and the second largest is for the LDPE monocomponent sample (¢=0); the slope
is on the order of ¢=0.75, 0.25 and 0.50. It is scen that behavior of the ;-7 differs
with blended fraction.

The profiles of the i;-In fw lines for PP- HDPE, PC-PMMA and PS« LDPE samples
are in contrast to each other. The largest 7., dependency of the m.; is for the PC+PM
MA samples. The ni4~In 7y lines for the PP+ HDPE samples are arranged in order of
value of the blended fraction, but for the PC- PMMA and PS:LDPE samples, it is not.
Intervals of the m;-In 7. straight lines of the various blended fractions are considerably
broad for the PP-HDPE samples, and become narrower for the PC-PMMA and PS-L
DPE samples than for the PP+ HDPE samples. Hence, influence of the blended fraction
on the m¢; is largest for the PP-HDPE samples. In the range measured and the comb.-



16 (FRs6. 3) Behaviors of Flow Index of Dispersed Composite Incompatible Polymer Mells

ined samples uscd in this study, the mi;-In#w reclationships are straight! However, if
the kind of combined sample is different, it may be that the such relationships are app-
roximated more suitably by curvilinear (using Eq. (14) at further i=2).

For the PC-PMMA samples relationships between the m;; obtained from the Inzw-In
7w flow characteristic curves and the 7. are plotted in Fig. 2 by using the marks of O,
V, 0, A and . The my,; has a minus value, and decreases with increase in the 7.
Relationship between m1,; and m; is expressed'™®'? Ly Eq. (16).

0.70¢ My =i —1 (16)
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Fig. 4 Flow index(m¢;)-blended [raction (¢) curves 0‘500 035050 075 100
as parameter shear rate (#.) for PP-HDPE c
samples. Fig. 5 Flow index (m.;)-blended fraction (¢) curves
0,60 as parameter shear rate (7») for PC-PMMA
samples.
O
\\\\ O, . .
~X The m,; is obtained from Eq. (16) and the

Mei~In 7y straight lines shown by the solid
lines in Fig. 2. The results are indicated
by the broken lines in Fig. 2. It is scen
that those broken lines agrec substantially
with the marks of O, V, [, A and .

For the various combined samples rela-

tionships between the m;; and the ¢ are

3 . g ~ ? . 3 - .
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e T=200C = .
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[

Fig. 6 Flow index (m.;)-blended fraction (c) curves .
as parameter shear rate (7.) for PS-LDPE Curves are situated downward along the

samples. m:; ordinate axis with increase in the

of the m.; is substantially large. The mi-c
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Fw. However, in such case shapes of the curves at the various 7, are substantially
similar to each other. Slopes of the proportional ailotment lines at various 7. are
also generally similar to each other. At ¢=0.25 and 7,=5X10 s the m.-c curve keeps
off somewhat upward from the proportional allotment line. In the vicinity of 7.,=2X%X10*
s7! keeps off somewhat downward from that line. Hence, it is seen that the m.; of the
blended sample is influenced more strongly by the property of PP component than of
the HDPE component. At ¢=0.50 the 7u:;-c curve separates upwardly from the propor-
tional allotment line. Such phenomenon occurs remarkably in the vicinity of ¢=0.75.
These things mean that the »u; of the blended sample dependé strongly on the HDPE
component. Additive property of the s.; does not hold except in the vicinity of ¢=0. 25.

For the PC-PMMA samples the m.; increases with increase in the c¢. Such thing is
the inverse of the behavior of the PP-HDPE samples. When the 7, changes, slopes of
the proportional allotment lines change very little. With increasing of the 7w the lines
are situated downward along the m.; ordinate axis. The mi;-c curves keep off largely
downward from the proportional allotment lines. The minimum value of the m; occurs
in the vicinity of ¢=0.75. Unique behavior of the Aow index, is noted in the value of
me; of the blended sample, which within the range of ¢=0~0.90, becomes smaller
than that of the PMMA monocomponent sample. The additive property for the PC-
PMMA samples does not hold. At ¢=0.25 degree the mi:;—c curve deviation from the
proportional allotment line decreases somewhat with increase in the f,. At 7,=2X10
s™' the degree of such deviation converted into absolute values of the m; is as fol-
lows; 0.076 at ¢=0.25, 0.14 at ¢=0.50, 0.246 at ¢=0.75. Thinking that the flow
index of the pscudoplastic fluid is usually 0<m;<1, it is seen that such values are
relatively large. That the mi;-c curves deviate downward from the proportional allot-
ment line rising to the right, means that the m of the blended samples depend
strongly on the m.; of the PMMA sample. Hence, from the property of the mono-
component, it can not simply be analogized that the m¢; value of the blended sample
becomes smaller than the m.; value of the cach combined samples. Such unique behavior
of the flow index is a new behavior which results from the operation of blending.

For PS-LDPE samples the proportional allotment lines fall to the right and the .,
decreases with increasc in the ¢. Such behavior is analogous to the case of the PP+HD
PE samples. The slopes of the proportional allotment lines increase with increase in the
7w. Also, those lines are situated like those in which the mi; decreases with increase in
the 7w. The shapes of the m-¢ curves for the PS: LDPE samples are changed largely
by the 7w. Under #,=5X10° s™* the m-¢ curve at ¢=0.25 is situated upward side from
the proportional allotment line, but at ¢=0.50 and 0.75 the curve is situated downward
from that line. Hence, in the range of the small ¢, the n; of the blended sample is
influenced by the m;; of the LDPE component. With increase in ¢ it comes to be
influenced inversely by the PS component. under 7,=3X10! s™! the m.;-c curves at c=
0.25 and 0.50 deviate largely upward from the proportional allotment line and the curve
at ¢=0.75 approaches the line. Under .=2X10* s™! the m-¢ curves throughout the
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whole range of ¢ arc situated upward from the proportional allotment line. As described
above, it is seen that the additive property of the flow index does not hold for the PS-
LDPE samples. The unique behavior of the flow index in which the »e.; of the blended
sample has a larger value than the mi;; of the PS and LDPE monocomponent samples,
occurs at ¢=0.25 and 0.50. Such unique behavior of the flow index is different from
the case of the PC:-PMMA samples. That is, the unique behavior of the PC:-PMMA
samples is that the m.; of the blended sample becomes smaller than the m.; of each
of the mono- componets. This unique behavior of the flow index is difficult to estimate
from the property of each monocomponent samples.

The patterns of the uig-c curves for the PP+-HDPE, PC-PMMA and PS:LDPE sa-
mples are in fair contrast. For the PP+ HDPE and the PS:LDPE samples slopes of the
proportional allotment lines drop to the right, that is, the m.; decreases with increase
in the ¢. For the PC- PMMA samples the slope rises to the right. Looking minutely
at the me¢;-c curves for the PP-HDPE samples the m:; is a decreasing function to c.
For the PC:-PMMA samples the m; at c=0~0.75 is a decreasing function to ¢, but at
¢=0.75 the m.; is a increasing function. The shapes of the m;~c curves for the PP-
HDPE and the PC:PMMA samples are not changed much by the f,, but for the PS-
LDPE samples the curve change is substantial with changing of the #.. That is, with
in the lower range of 7., the m; of the blended samples decreases with increase in the
c; with increase in 7w, the m; becomes an increasing function with respect to ¢ and
reaches a maximum value; after the m.; becomes a decreasing function with respect to
¢. The unique behavior of the flow index occurs without relation to the 7., for the PC-
PMMA samples, and does not occur within the lower range of ¥, but does occur within
the higher range of 7, for the PS:LDPE samples. The unique behavior does not occur

0.50 1.00
PC- PMMA PC- PMMA
T=250C
0.40r )':___1 s lo:bq 0.90 _
030} ¥ s
/ ,,‘3‘%4
R D, i~
' e S
0.20F 0.70%. - -
T~ \o
~ .
0.10F 0.60}-
T2 =94x10"kel/cm®
7,.=15<10's"
0 L 2 2 0.50 2 " X
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
[+4 [
Fig. 7 Flow index (my;)-blended fraction (¢) Fig. 8 Flow index (mcj)-blended [raction (c)
curves as parameter shear rate (§») for curves as parameter temperature (7" for

PC-PMMA samples. PC+-PMMA samples.
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in the PP+ HDPE samples.

Relationships between i,y and ¢ are shown in Fig. 7. In this figure the my,; ord-
inatc axis has a minus value. The my; decreases with increase in the fw. The my-¢
curves deviate largely from the proportional allotment line. The additive property of
the my,; does not hold in the same manner as the m.;.. The unique bechavior of the flow
index, that is, the ni,; of thc blended samples becoming smaller than the m,; of both PC
and PMMA monocomponent samples, occurs for the PC:PMMA samples. The degree
to which the my;-c curves deviate from the proportional allotment lines increases with
increase in ¢, and becomes maximum in the vicinity of ¢=0.75. However, the shapes of
the mi,-c curves are not changed by the 7.

It has been reported!®: 1929 that the m1; depends not only on the 7w but also on the
temperature (7). For the PC:PMMA samples relationships between the m.; and the
¢ are shown in Fig. 8 using T as a paramecter. The m-c curves at various T deviate
largely from the proportional allotment line in the same manner as a case of the m—c
curves taking a paramecter jw, and do not have the additive property. Slopes of the
proportional allotment lines increase with increase in 7. Amount of the m ¢ curves
deviating from the proportional allotment lines change with changing of the 7 in the
vicinity of ¢=0.25, and are not changed by T at ¢=0.75. Differences in values of #ic;
at T=220°C and 250°C are as follows. Those values are 0.156 at ¢=0, 0.170 at
¢=0.75 and 0.180 at ¢=1.00. Hence, it is seen that the i is influenced strongly by
temperature. Within the temperature range measured the ni:; of the blended samples is
smaller than the .+ of both monocomponent samples, and has minimum value in the
vicinty of ¢=0.75.

The unqiue behavior of the flow index can not be presumed simply from the properties
of the respective monocomponent samples, and is a new behavior which occurs upon blend-
ing incompatible resins. Such unique behavior is a phenomenon of interest in the field
of engincering. Phenomena similar to the unique bebavior of the flow index bayve been
reported as the unique fAow behavior'® ' in flow characteristics and the unique knead-

21, 2

ing behavior®"* in kncading characteristics. lMowever, the mecanism of and correlation

of these unique behaviors are not clear as yel.

The monocomponent sample relationships among the ar;, ar: and the sy were reported
in the previous paper'®. However, such relationships for the blended samples have not
been reported. Relationships between at ar; and arc at ¢=0.50 and the reference tempera-
ture (T,)=220°C for the PC-PMMA samples are shown in Fig. 9 using the shear rate
(fwo) as a parameter. Values of the ar; and ar. decrease with rise in temperature.
The Inarj~Inar: curves are upwardly convex, and drop to the right. With increase in
the 7wo, the Inari-Inar. curves move upward having a center at the point of ar;j=ar:
=1. The m.; are obtained from the Inarj-Inar. curves shown in Fig. 9, Eq. (12) and
Eq. (15). The results are indicated by the marks of ¥V, [] and A in Fig. 10. Also,
the m-; obtained from the r.~7. flow characteristic curves at various temperatures are
indicated by the marks of @, V¥, B and A in Fig. 10. For the blended samples it is
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shear stress for PC-PMMA samples. at various temperatures (7°).

seen that the m; obtained by various methods of calculation agree substantially with
one another. Solid lines shown in Fig. 10 indicate a case in which relationships between
the m:; and the 7. are approximated by a straight line, that is, Eq. (14) at {=1. With
rise in temperature, the m.-7w» line shifts toward increasing of the 7uw.

5. Conclusion

The following points have been brought to light as a result of investigation of flow
index of dispersed incompatible polymer melts.

(1) The flow index depends largely on the shear rate. The m:-InFw and my-In
fw relationships are represented by straight lines. Dependency of the ni; on shear rate is
larger for the PC+PMMA samples than for the PP+ HDPE and PS:LDPE sampls. The
nep=Infw lines are aligned in order of value of the blended fraction for the PP+-HDPE
samples but not for PC-PMMA and PS:LDPE samples. None of PP-HDPE, PC:PM
MA and PS:LDPE have the additive property.

(2) There are two patterns of flow index unique bechavior. For the PC:PMMA
samples the 7i;; of the blended sample becomes smaller than the m. of each of the
monocomponents. For the PS:LDPE samples the 7i;; of the blended sample bocomes
larger than of each of the monocomponents. For the PC-PMMA samples the occurrence
of such unique behavior has no relation to the shear rate, and it occurs remarkably in
the vicinity of ¢=0.75. For the PS:LDPE samples such unique behavior do not occur
within the lower range of the shear rate, but occurs with increase in the shear rate.
For the PP+ HDPE samples the unique behavior of the flow index does not occur.

(8) For the blended sample the values of m; obtained by the diagrammatical
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differentiation of the flow characteristic curves and of the temperature shift factor

curves agree substantially with each other.
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