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1. Introduction

The rheological behavior of concentrated
suspensions in polymer melts has recently
been a subject of large interest owing to the
increasing use of composite materials. To search
for the application of “silas balloons” (glassy
micro balloons developed by National In-
dustrial Research Institute of Kyushu (1)) to
composite materials, we made, several years
ago, studies (2,3) on viscous properties of
silas balloon filled polystyrene. It was concluded
that the flow curves could be superimposed
with respect to temperature (2) and concentra-
tion of filler (3). However, viscosity-concentra-
tion relationship was treated only qualitatively
and was not determined as a unique function.

The shear rate dependence of the viscosity
of a suspension of particles in a non-Newtonian
medium is complicated because the non-New-
tonian property of the medium is superimposed
on the non-Newtonian effect due to the sus-
pended particles. While many studies (4-8)
have been made on rheological properties of
such suspensions and succeeded in clarifying
some behaviors characteristic of the systems,

Table 1. Fillers
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there remained some uncertainty about the
relative  viscosity-concentration relationship,
because the relative viscosity is not constant
but decrcases with shear rate.

This paper presents experimental results of
the viscosity of particles filled-polymer melts.
Main object of this study is to correlate relative
viscosity with concentration of filler and to
test the applicability of equations (9, 10) which
proved to be successful for predicting the
relative viscosity-concentration relationship of
suspensions of particles in a Newtonian liquid,
to the present results.

2. Experimental
2.1. Polymers

A low density polyethylene powder (“Flowthene”
G 701 N, Seitetsu Kagaku Ind. Co. Ltd., MFR (190°C,
2.16 kg) = 7.8) and a polystyrene powder (*Styron” 666,
Asahi Dow Co. Ltd., MFR (200°C, 5.0 kg)=9.4) were
used.

2.2. Fillers

Fillers used were glass beads, glass balloons and
silas balloons listed in table 1. Glass beads and glass
balloons were sieved and silas balloons were, used

fraction
. Symbol Average
Type ][)72;1% Code in figs. diameter (Sigr.ldtgri
& 11,12,13  [u] 1atio

Glass bead 2.520 BES o 360 547

BEM A 68.2 6.13

BEL v 99.8 7.86
Glass balloon 0.2782 BAS O 52.9 7.70

BAM A 73.8 8.66
Silas balloon 0.36 SLB \v4 124.3 344

423

10*



150

Rheologica Acta, Vol. 17, No. 2 (1978)

without sieving. Fractions listed in table 1 were chosen
in this study. The glass beads and glass balloons were
spherical but silas balloon deviated slightly from
spherical shape. Estimations of particle size distribution
were made by measuring the size of particles on
enlarged photographs. Results are shown in table 1
and figure 1. The size distribution was somewhat
broader for glass balloons than for glass beads. This
was attributed to the light sieving to avoid the break
of balloons.
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Fig. 1. Histogram of particle size of glass beads (BE),
glass balloons (BA), and silas balloons (SLB)

2.3. Samples

Weighed amounts of filler and polymer powder
were mixed thoroughly, and then this dry blend was
moulded into a plate (150 x 150 x 0.5 mm), from
which test pieces were cut. The content of filler was
determined by ignition of the sample after having
been tested. The volume fraction ¢ of the filler in the
sample was calculated from densities of both com-
ponents. By suspending the ignition-residue in water,
it was found that the balloons in the test piece did
not break during test as long as ¢ was smaller than
about 0.4.

24. Viscometry

A cone-plate viscometer (Rheometer RM-1, Shimazu
Seisakusho Co. Ltd.) was used. The cone had a radius
of 2.5 ¢cm and an angle of 4°, and was truncated at the
tip by 175p. Viscosity measurements were carried
out at 2004+ 0.2°C. The rate of shear ranged from
0.007557" to 30 s~ L. The range was, however, limited
to the lower region for polystyrene series and highly
filled-samples. The reproducibility of results was good
in the middle but poor in the lower region of shear rate.
One data point in the flow curve such as in figure 2
was obtained by averaging three points determined
on separate test pieces. The corresponding value of ¢
was also the averaged one.

3. Results and discussion

3.1. Superposition of flow curves

Figures 2 and 3 are doubly logarithmic
plots of viscosity () vs. shear rate (y) for some
of BEM/PE and BAS/PE series, respectively
(for codes see table 2). Smooth curves are drawn
in these figures. Figures 2 and 3 show typical
features characteristic of suspensions in which
a non-Newtonianliquid is the medium. A sharp
increase in viscosity with decreasing 7 in the
lowermost region of j is due to the suspended
particles (4,6). This feature is more evident
for balloon filled systems than for bead filled
systems and diminishes with decreasing ¢. The
appearence of an inflection point in a flow curve
is attributed to the superposition of the non-
Newtonian property due to suspended particles
on that of the medium. Figure 4 shows results
of BAS/PS series. In contrast to filled poly-
ethylene, the sharp viscosity increase with
decreasing ¢ is not clear even for the highest
filled sample. This may be attributed to the shear
rate being too high to let this feature appear.
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Fig. 2. Flow curves of BEM/PE series, symbols (@)
represent polyethylene, all others are listed in table 2
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Fig. 3. Flow curves of BAS/PE series, symbols (®)
represent polyethylene, all others are listed in table 2
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Fig. 4. Flow curves of BAS/PS series, symbols (@)
represent polystyrene, all others are listed in table 2

Table 2. Volume fractions of samples

To show all data in a condensed form, the
superposition procedure (3) is applied, i.e.,
logarithm of reduced viscosity (g,/ f 9, ratio of
shear stress to reduced shear rate, f: shift
factor) is plotted against logarithm of reduced
shear rate (f 7). This has been done in figures
5, 6, 7 and 8, where results of all series are
presented. To avoid confusion, data of unfilled-
polymers are not shown. Shift factors are listed
in table 2. The superposition of data in the middle
range of f 9 is fairly good for all series. The
deviation of points from the master curve in the
lower f9 region, which is striking for highly
filled polyethylene, is attributed to the non-
Newtonian effect due to the suspended particles.

Symbol Volume Shift Symbol Volume Shift
(Sian.l ple . i / fraction factor ganpple G irf fraction factor
esignation figs. 210 (%) f esignation figs. 2-10 (%) f
PE series PS series
BES/PE-1 @) 34 1.12 BES/PS-1 O 3.6 1.1
BES/PE-2 AN 6.0 1.2 BES/PE-2 A 8.2 1.25
BES/PE-3 v 11.8 14 BES/PS-3 v 13.0 1.45
BES/PE-4 O 19.2 21 BES/PS-4 O 20.0 2.0
BES/PE-5 & 235 2.2 BES/PS-5 ¢ 30.5 3.6
BES/PS-6 + 35.0 44
BEM/PE-1 O 2.6 1.1 BEM/PS-1 O 43 1.1
BEM/PE-2 A 9.6 145 BEM/PS-2 A 8.1 1.3
BEM/PE-3 4 15.0 1.6 BEM/PS-3 \ 13.0 1.4
BEM/PEA4 O 19.2 2.0 BEM/PS-4 O 22.8 2.7
BEM/PE-5 S 252 2.6 BEM/PS-5 e 30.0 3.2
BEM/PE-6 + 335 4.0 BEM/PS-6 + 42.0 6.2
BEL/PS-1 O 34 1.12
BEL/PS-2 A 7.0 1.3
BEL/PS-3 v 16.0 1.9
BEL/PS4 | 24.0 2.3
BEL/PS-5 ¢ 26.5 33
BEL/PS-6 —+ 37.0 4.0
BAS/PE-1 O 10.8 1.35 BAS/PS-1 O 13.0 1.22
BAS/PE-2 A 250 2.5 BAS/PS-2 AN 26.5 29
BAS/PE-3 v 30.2 36 BAS/PS-3 AV 45.0 5.0
'BAS/PE-4 O 36.0 5.0 BAS/PS-4 | 44.0 6.0
BAS/PE-5 O 452 11.0 BAS/PS-5 &> 50.8 12.0
BAM/PE-1 O 15.0 1.6 BAM/PS-1 @) 8.4 1.6
BAM/PE-2 A 23.0 22 BAM/PS-2 A 275 2.9
BAM/PE-3 v 350 4.0 BAM/PS-3 v 433 6.8
BAM/PE4 O 420 7.0
SLB/PE-1 O 8.4 1.3 SLB/PS-1 @) 3.4 1.1
SLB/PE-2 A 14.0 1.6 SLB/PS-2 A 275 2.4
SLB/PE-3 \4 36.0 32 SLB/PS-3 v 385 4.6
SLB/PE-4 [ 410 4.6 SLB/PS-4 O 47.5 77
SLB/PE-5 ¢ 50.0 7.4
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Fig. 6. Master flow curve of polyethylenes filled with
balloons. See table 2 for symbols
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Fig. 7. Master flow curve of polystyrenes filled with
beads. See table 2 for symbols

3.2. Relative viscosity-concentration relationship

For suspensions in which a Newtonian liquid
is the medium, several equations (9—11) were
successful to represent the relation between

as the ratio of viscosity of filled polymer to that

of unfilled polymer at the

same shear rate.
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Fig. 9. Relations between log #, and log y; #, is defined
as viscosity ratio of filled to unfilled polymer at the
same j.
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Fig. 10. Relations between logy, and logo; #, is
defined as viscosity ratio of filled to unfilled polymer
at the same o,

With increasing 7,#, decreases rapidly in the
lower region of y and gradually in the middle
range of y; an asymptotic value is not obtained
for highly filled samples.

On the other hand, the applicability of super-
position of flow curves such as in figure 5
shows the possibility of the superposition of
the relation of log (viscosity) vs. log (shear
stress) by vertical shift along the viscosity axes.
Therefore, a constant or, at least, an asymptotic
value of relative viscosity will be obtained,
if a relative viscosity is defined as the ratio of
viscosity of filled sample to that of unfilled
sample at the same shear stress. Hereafter, this
definition of #, is used. In figure 10, logarithms
of relative viscosity are plotted against logarithm
of shear stress for the same systems as in figure 9.
Nearly constant or asymptotic values of , are
obtained even for highly filled samples, as
expected. Thus, #, of a sample with a definite ¢
is determined as a unique value. The value 7,
thus obtained is, of course, nearly the same as
the shift factor in table 2.

In figure 11, logarithm of relative viscosity is
plotted against ¢. Data except SLB series can
be roughly approximated by a curve, and there
seems no tendency which reflects the difference
of the particle size, particle rigidity (or mass),
or suspending medium. The low value at each ¢

for the SLB filled-sample may be attributed
to the broad distribution of particle size. The
solid lines and broken lines in this figure are
drawn according to eq. [1] (9) with ¢, = 0.68
and eq. [2] (10) with k= 1.25, respectively,
where ¢, and k are constants relating to packing
geometry:
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Fig. 11. Relations between log#, and log¢; #, is
estimated from plots such as in figure 10. The solid
line represents the relation #, = (1 — ¢/¢) ™2 and the
broken line #, = exp [2.5 ¢/(1 — 1.25 ¢)]

If constants (in those equations) corresponding
to broad size distribution are used, the calculated
lines shift to lower positions than in figure 11.

Thus, we find that eq. [1] or eq. [2] predict
the 5, vs. ¢ relationship fairly well, at least
in the region of ¢ below 0.4 or so. Data at high ¢
are not precise enough to decide which equation
fits better. Both egs. [1] and [2] seem to be
superior to others such as those derived by
Thomas (11) since they include only one con-
stant relating to the packing geometry.

3.3. Yield stress

While there are some uncertainties about the
presence of a true yield stress for suspension in
which the suspended particles are not small
enough for colloidal interaction, an apparent
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yield stress o, is, in most cases, present with
highly filled material, if Casson plots (13) are
made. Figure 12 shows plots according to Cas-
son’s equation for four series of data of filled
polyethylene. Data of BES/PE with ¢ =0.034
give' a line with intercept nearly zero, which
means the yield stress of the sample is nearly
zero. With increasing ¢, g, increases. There were
some series of data in which Casson plots did
not give a straight line. Such data were omitted
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Fig. 12. Casson plots for BES/PE — /(QO), BEM-4 (A),
BAS/PE-5(Q), and BAM/PE-3(A).
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Fig. 13. Dependence of g, on ¢. represent earlier
data (SLB/PS). Other symbols are those in table 2

here without further consideration. Data for
filled polystyrenes were also not treated because
the shear stress was too high to allow a reason-
able extrapolation.

Figure 13 shows the plots of log o, against ¢.
In this figure, earlier data (2) for SLB/PS are
also shown. The line calculated by the least
square method is applied to points in the range
of 0.1 £ ¢ < 0.5. It may be mentioned that o,
increases exponentially with ¢ in the range of
0.1 £ ¢ < 0.5, although the functionality should
break at ¢ =0 and ¢ = ¢,. Approximate
values of o, are 10dynes/cm? at ¢ = 0.2 and
1000 dynes/cm? at ¢ = 0.5. These values seem
to hold for filled polymer melts in which the
particle diameter ranges from several tens up to
a few hundred microns.

4. Conclusion

This paper presents the viscosity of dispersions
of various particles in polyethylene and poly-
styrene melts. To correlate the relative viscosity
#, with the volume fraction ¢ of the particles,
it was suggested to take the relative viscosity
as a ratio of viscosity of filled polymer to that
of unfilled polymer at the same shear stress.
According to this definition, an asymptotic #,
is determined. The #, vs. ¢ relationship for these
dispersions can be predicted well by the equa-
tions derived by Maron and Pierce or by Mooney.
It is mentioned that only the particle size-
distribution had an effect on #,, within a particle
size range from several tens to a few hundreds
microns.

An apparent yield stress o, was estimated
and it could be shown that-o, increased ex-
ponentially with ¢ in the range of 0.1 < ¢ <0.5.

Summary

Viscosities of particle filled polymer melts were meas-
ured at fairly low shear rate. Particles were glass
beads, glass balloons, and silas balloons. Polymers
were polyethylene and polystyrene. Flow curves were
superimposed with respect to concentration of filler.
The relative viscosity defined as the ratio of viscosity
of filled polymer to that of unfilled polymer at the
same shear stress is obtained as an asymptotic value
even for highly filled material. The relation between
relative viscosity and volume fraction of filler was
represented by the equations derived by Maron and
Pierce or Mooney. Only the distribution of particle
size had influence on relative viscosity at a defined
filler concentration. Yield stresses were estimated,
and found to increase exponentially in the range of
volume fraction from 0.1 to 0.5.
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Zusammenfassung

Viskositiiten von Polymerschmelzen, die mit Teil-
chen gefiillt worden waren, wurden bei mittleren
Schergeschwindigkeiten bestimmt. Als Teilchen wur-
den Voll- und Hohlkugein aus Glas, sowie sog. ,.silas
balloons”, als Polymere Polydthylen und Polystyrol
verwendet. Die FlieBkurven fiir verschiedene Fiill-
stoffkonzentrationen wurden iiberlagert. Die relative
Viskositit, definiert als das Verhiltnis der Viskositdten
von gefiilltem und ungefiilltem Polymer bei gleicher
Schubspannung, besitzt einen asymptotischen Wert
selbst fiir hoch gefiilltes Material. Die Beziehung
zwischen relativer Viskositit und Fiillstoff-Volumen-
konzentration 148t sich durch eine von Maron und
Pierce oder eine von Mooney abgeleitete Gleichung
beschreiben. Nur die TeilchengroBenverteilung hat
bei einer definierten Fiillstoffkonzentration einen Ein-
flu auf die relative Viskositdt. FlieBspannungen
werden abgeschétzt und dafiir in einem Konzentrations-
bereich zwischen 0,1 und 0,5 ein exponentieller Anstieg
gefunden.
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