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ABSTRACT: For especially highly concentrated suspen-
sions, slip at the wall is the controlling phenomenon of their
rheological behavior. Upon correction for slip at the wall,
concentrated suspensions were observed to have non-New-
tonian behavior. In this study, to determine the true rheo-
logical behavior of model concentrated suspensions, “mul-
tiple gap separation method” was applied using a parallel-
disk rheometer. The model suspensions studied were
polymethyl methacrylate particles having average particle
sizes, in the range of 37-231 um, in hydroxyl terminated
polybutadiene. The effects of particle size and solid particle
volume fraction on the wall slip and the true viscosity of
model concentrated suspensions were investigated. It is ob-

served that, as the volume fraction of particles increased, the
wall slip velocity and the viscosity corrected for slip effects
also increased. In addition, for model suspensions in which
the solid volume fraction was =81% of the maximum pack-
ing fraction, non-Newtonian behavior was observed upon
wall slip correction. On the other hand, as the particle size
increased, the wall slip velocity was observed to increase
and the true viscosity was observed to decrease. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 98: 439-448, 2005
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INTRODUCTION

The rheological properties of suspensions of solid par-
ticles in polymeric matrices are important in analyzing
the processing of such materials, which are encoun-
tered in several industries. The rheological behavior of
these composite systems depends on the particle
shape, size and size distribution, volume fraction of
particles, particle-particle and particle-matrix interac-
tions, matrix rheology, and measurement conditions
such as the temperature and shear rate. Dilute suspen-
sions of small particles in Newtonian fluids also be-
have as Newtonian fluids in most cases. However,
despite the importance of the problem, few experi-
mental data exist for the effects of solids concentration
and particle size distribution on the rheological prop-
erties of highly concentrated suspensions. The situa-
tion for concentrated suspensions is even more diffi-
cult to analyze from a theoretical perspective com-
pared to dilute suspensions. The methods available to
tackle the problem are to introduce a technique for
averaging the influence of neighboring particles or,
alternatively, to simulate the situation using computer
modeling.

Chong and Christiansen' investigated the depen-
dency of the viscosity of highly concentrated suspen-
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sions on solid concentration and particle size distribu-
tions by using an orifice viscometer. They formulated
an empirical equation that correlates the relative vis-
cosity of suspensions as a function of solid concentration
and particle size distribution of spherical particles. The
determined equation reduces to the well-known Einstein
equation at dilute solid concentrations.

Krieger and Dougherty® investigated the behavior
of concentrated suspensions and obtained an empiri-
cal equation relating the concentration of solids to the
viscosity of the suspensions. The Krieger-Dougherty
equation is

n=n1-¢/p,) M )

where 7, is the suspending medium viscosity, ¢ is the
filler fraction, ¢,, is the maximum packing fraction,
and [7] is intrinsic viscosity.

Nielsen® developed an empirical expression to pre-
dict the concentration dependency of relative viscos-
ity, including the particle shape factor and maximum
volume fraction. According to this equation
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where k; is the Einstein coefficient, which has the
value of 2.5 for spherical particles.

According to Metzner,* in highly concentrated sus-
pensions, there are two mechanisms that might lead to
the importance of variations in particle size. First,
during the flow of a concentrated suspension, the
relative motion of particle layers might be signifi-
cantly affected by modest differences in particle size.
Second, and more important, major changes in the
maximum possible packing density of the particles
will occur with a wide distribution of particle sizes.*
The distribution of particle sizes has little effect on
suspension viscosity when the volumetric concentra-
tion of solids is <20%. At high concentration levels,
the effects are of enormous magnitude. Extraordinar-
ily high solids concentration can be achieved by using
multimodal distributions of particle size.*

Poslinski et al.” studied the influence of particulate
and matrix properties on the shear viscosity. As ex-
pected, shear viscosity was observed to increase with
increasing solid concentration, and some of the com-
posite systems exhibited a yield stress.

Soltani and Yilmazer® studied the effects of the solid
content, particle size, type of solid particle material,
and the temperature on the viscosity of concentrated
suspensions. They observed that the viscosity of sus-
pensions with small particles is greater than the vis-
cosity of the suspensions with larger particles. Above
40% filler content, suspensions were observed to ex-
hibit dilatancy. The viscosity was observed to increase
with filler content and decrease with temperature.

The origins of this shear thickening behavior were
explored in various investigations.”'® Recently,
Bournonville and Nzihou'” investigated the rheologi-
cal behavior of silica-based suspensions by means of a
rotational viscometer. They observed shear thinning
behavior and explained this behavior with the align-
ment and ordering of the particles.

Olhero and Ferreira'® observed both shear thinning
and shear thickening behavior (at higher shear rates)
with suspensions of fly ash. They also proposed an
explanation similar to that of Bournonville and Nzi-
hou' for the shear thinning behavior. They explained
the shear thickening behavior at higher shear rates
with the increase in the average distance between
particles in the flow direction during flow. Thus, the
capillary forces opposing flow cause an increase in the
viscosity.

On the other hand, some have seen thickening as a
result of an order—disorder transition. Hoffman'" con-
cluded that particles ordered in layers will shear
thicken as the result of flow instability. At a certain
critical shear rate, some particles will move out of their
layers and disrupt the flow, resulting in an increase of
the suspension viscosity.

However, in contrast to these studies, in some sus-
pensions with coarse particles, at volume fractions of
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filler close to ¢, dilatancy is not observed.'”®!*
Lack of information on the important particle size
distribution, particle to particle and particle to wall
interactions, and the roughness of the wall do not
permit a generalization for the presence or lack of
dilatancy in such systems. One possible explanation is
that dilatancy may not be observed if the proper cor-
rections for slip at the wall are not carried out.*"”

Yilmazer and Kalyon'” investigated some important
aspects of the rheological properties of highly filled
suspensions such as mat formation and flow instabil-
ities, slip effects, and the shear-induced migration of
particles. They studied various factors in the rheologi-
cal characterization of highly concentrated noncolloi-
dal suspensions that exhibit slip and found that the
slip effects at the wall were very significant and the
slip velocity increased with increasing shear stress at
the wall. Upon slip correction, the suspension was
found to exhibit dilatancy at relatively high shear
stress values.

For highly concentrated suspensions, slip at the wall
of the viscometer is usually a controlling factor. When
the material is sheared, large velocity gradients are
produced in the low-viscosity resin-rich layer near the
wall. This results in “apparent slip” of the bulk fluid.
The decreased concentration of particles near the wall
causes an apparent slip affect, that is, the occurrence of
a relative velocity between the fluid near the wall and
the wall itself. For unfilled polymeric melts, the mech-
anism of slip is referred to as “true slip,” in which case
there exists a discontinuity in the velocity between the
polymer and the wall.'"® The rheological data of a
suspension exhibiting wall slip need to be corrected to
characterize the true rheological behavior of the sus-
pension.'®

The use of torsional flows to determine wall slip
behavior is fairly recent compared with the character-
ization of wall slip behavior in capillary flows. The
parallel-disk geometry has several experimental ad-
vantages over other geometries, such as flow regular-
ity and ease of sample preparation, but it has the
disadvantage of nonuniform shear strain in the sam-
ple. The traditional method of correcting for wall slip
and obtaining the slip velocity versus shear stress
information in parallel-disk torsional flows involves
experiments with multiple gap separations.”” To deter-
mine wall slip velocity and actual shear rate in parallel-
disk experiments, Yoshimura and Prud’homme'® out-
lined a method based on two sets of experiments at
two gap heights and a procedure for correcting the
parallel-disk torsional flow data. They assumed that
the wall-layer thickness is very small compared to the
viscometer dimensions. They treated wall slip as a
discontinuity in velocity (actual slip), where the slip
velocity is defined as the difference between the ve-
locity of the wall and that of the fluid at the wall. They
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TABLE 1
Specifications of PMMA Particles

Average particle

Material ®,, (vol %) size (um) Supplier
PMMA-CMW 71.1 37.2 CMW1 Bone Cement by DePuy Int.
Ltd.
PMMA-X 62.0 83.6 Meliodent by Bayer Dental
PMMA-Y 64.6 121.2 Meliodent by Bayer Dental
PMMA-HU 59.5 188.2 Synthesized by Hacettepe University—
Ankara Chem. Eng. Dept. of
PMMA-Aldrich 64.2 234.6 Aldrich
also assumed that once steady state is achieved, the EXPERIMENTAL
li locity is a f i f ly. .
slip velocity is a function of stress only Materials

Yilmazer and Kalyon'” generalized this method by
using experiments at more than two gap heights,
which provided better accuracy. Upon slip correction,
the highly filled suspensions studied were found to
exhibit dilatancy (shear thickening) at relatively high
shear stress values.?

Kalyon et al.* characterized the rheological behav-
ior of a very concentrated suspension (76.5 vol %) with
parallel-disk and capillary viscometers. The suspen-
sion exhibited shear thinning over the apparent shear
rate range of 30-3000 s~ . Significant slip at the wall
was observed in both torsional and capillary flows,
with the slip velocity increasing sharply with increase
in shear stress. A flow visualization technique was
applied directly for the first time to determine the wall
slip velocities in torsional flow, to also provide the
true deformation rate.

Soltani and Yilmazer'® investigated the rheological
behavior of highly filled suspensions consisting of a
Newtonian matrix mixed with two different sizes of
aluminum powder and two different sizes of glass
beads using a parallel-disk rheometer, with emphasis
on the wall slip phenomenon. In these suspensions,
the slip velocity was observed to increase linearly with
the shear stress. At constant shear stress, the slip ve-
locity was observed to increase with increasing tem-
perature. The slip layer thickness was observed to
increase proportionally with increasing size of the par-
ticles for glass beads up to a certain value of ¢/¢,,.
The slip layer thickness divided by the particle diam-
eter 6/D, was zero at low ¢/¢,, but it suddenly
increased and reached a value that was independent
of ¢/¢,, and the temperature.

The aim of the present study is to investigate the
effects of particle size and particle volume fraction on
the wall slip of concentrated polymeric suspensions
using a wider range of particle sizes than ones used in
Soltani and Yilmazer.'® Another goal is to determine
the “true viscosity” of these model concentrated poly-
meric suspensions. This information has been lacking
in the literature.

The polymer matrix of the concentrated suspensions
hydroxyl-terminated polybutadiene (HTPB), manu-
factured by ARCO (Atlantic Richfield, Los Angeles,
CA), has a specific gravity of 0.786. In the shear rate
range of 0.04 to 0.6 s~ !, the shear viscosity of HTPB
was determined to be 2.4 Pa's at 25°C, independent of
the deformation rate. The suspensions were prepared
with solid particles of polymethyl methacrylate
(PMMA) having various average particle sizes. The
specifications and the maximum volume fractions of
the PMMA particles contained in the suspensions are
given in Table I and the size distributions are shown in
Figures 1-5. The particle size distribution analysis was
done using a Mastersizer X particle size analyzer
(Malvern Instruments, Malvern, UK). The specific
gravity of PMMA particles at 25°C is 1.19. PMMA-X
and -Y type particles were obtained by sieving original
Meliodent ™, manufactured by Bayer Dental (division
of Bayer AG, Leverkusen, Germany) and used in den-
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Figure 1 Particle size distribution of PMMA-CMW.
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Figure 2 Particle size distribution of PMMA-X.

tal applications. By sieving, narrower particle size dis-
tributions and two types of particles with different
average particle sizes were obtained. PMMA-CMW is
known as CMW1 Original Bone Cement ™, manufac-
tured by DePuy International Ltd. (Leeds, UK). It is
used as bone cement in medical applications.

Preparation of the suspension samples

The maximum packing fraction of the PMMA parti-
cles was determined by a sedimentation-in-air
method. In this method, particles are poured into a
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Figure 3 Particle size distribution of PMMA-Y.
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Figure 4 Particle size distribution of PMMA-HU.

container by vibration and the container is tapped at
certain time intervals. Once the apparent volume is
measured, the apparent density can be calculated by
dividing the mass of the sample by its apparent vol-
ume. Then the maximum packing fraction can be de-
termined by the following equation:

_ Puapp

d)m (Pﬂc

3)

where ¢,,, and ¢,. are apparent density and actual
density of particles, respectively.
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Figure 5 Particle size distribution of PMMA-Aldrich.
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Figure 6 Parallel-disk geometry."’

The mixing of HTPB matrix fluid with PMMA par-
ticles was carried out for about 20 min to remove the
air bubbles in the prepared suspension. The procedure
used during the characterization of rheological prop-
erties is very important to achieve reproducible re-
sults.

Setup and procedure

The suspension samples were characterized by means
of a parallel-disk rheometer (Haake, Bersdorff, Ger-
many). The setup contains the Rotovisco RV20 with a
CV20 measuring system that is linked to a computer.
The diameters of the used disks were 19.25 mm. In the
experiments, approximately 1 mL of the suspension
was injected on the lower disk, and then the upper
disk was brought down and the gap height was ad-
justed. The lower disk was rotated at a definite rota-
tional speed by the dc drive motor, whereas the upper
plate was held stationary. The resulting torque was
measured in the steady-state shear mode. The tor-
sional flow behavior of the concentrated suspensions
was characterized at 25°C, using various gap heights
in the range of 1 to 3 mm. Multiple gap heights were
used to determine and incorporate corrections for slip
at the wall."”'? In each experiment, a fresh sample was

Figure 7 Parallel-disk velocity field."”
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Figure 8 Effect of volume fraction of PMMA-X on viscosity
for copper with surface roughness 0.65 um.

injected and the preshearing of the sample was
avoided.

RESULTS AND DISCUSSION
Rheological characterization

The parallel-disk geometry considered is shown in
Figures 6 and 7. The upper disk is rotated at angular

high ¢

log 1

log y

Figure9 Schematic representation of viscosity versus shear
rate for shear thickening systems, with phase volume as
parameter.”
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velocity (), relative to the lower disk. For narrow gap
separations, the stress 7., is nearly constant across the
gap at any particular radial position. This results in a
linear velocity profile as shown in Figure 7, where the
slip velocity U, is the same at the two walls because of
the equal stresses.

The velocity of the top disk is Qr, where r is the
radial distance as shown in Figure 7.'° The slip veloc-
ity is given by’

QI’ = H’i’(’rze) + zus(Tzﬂ) (4)

where 7 is the shear rate experienced by the fluid and
H is the gap height.

In parallel-disk torsional flow, the apparent shear
rate 7y, (not corrected for slip effects) is a linear func-
tion of the radius 7, given by

o Qr
'Yu_ﬁ (5)

At the edge of the disk, the apparent shear rate can
be found from eq. (6) obtained from eq. (5) by substi-
tuting r = R. Thus,

~OR
Yar = ? (6)

The apparent shear rate 7, can be related to the true
shear rate v, and slip velocityU,, by dividing eq. (4) by
H and substituting egs. (5) and (6) in eq. (4):

zus(TZG)

’yu = 7(726) + H (7)

The torque T required to rotate the upper disk is
given by

R
T= wa 2 r,dr (8)
0

Through eq. (5), one can arrange the variable of inte-
gration from r to , to obtain

_ 2R3

=—3
Yar

Yar
J 72729(711)d7a (9)
0

Then, by differentiating eq. (9) with respect to ¥,z the
corrected shear stress at the edge of the disk 73 is
obtained as

dlnT)

T
™= 3R (3 T a0 9 (10)
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Figure 10 Relative viscosity versus volume fraction for
various shear rate values using PMMA-X.

This step is analogous to the differentiation that pro-
duces the Weissenberg—Rabinowitch equation for flow
in a capillary. The function f = (d In T)/(d In y,z) is
dependent on the gap height used. Note that, for a
Newtonian material, the shear stress is given by 7 =
2T/mR> because the second term in parentheses is
equal to one.

Equation (7) also applies at r = R; thus, it can be
written as

2U,
o = Falre) + o (11)

If plots of ¥,z versus 1/H are drawn at constant 5,
then straight lines are obtained according to eq. (11).
The extrapolated intercepts are equal to yz(1z) (i-e., the
true shear rate at the edge), and the slopes are equal to
2U(7g)-

The true viscosity 7, can then be calculated by di-
viding the shear stress at the edge of the disk by the
true shear rate at the edge of the disk:

TR

= (12)

Ms

The slip velocity values in parallel-disk torsional
flow experiments are calculated using the slopes as
implied by eq. (11). In most cases, the graphs of slip
velocity versus 7 behavior follow a power-law rela-
tionship such as

U, = ar! (13)
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Figure 11 Comparison of existing viscosity models in the literature with the experimental values using PMMA-X.

Effect of volume fraction of particles on slip at the
wall and the shear viscosity

In this part, the behavior of PMMA-X-type filler on
copper with 0.65 um surface roughness is reported.
Figure 8 shows that the viscosity calculated from eq.
(12) increases with increasing volume fraction, from 0
through 90% of the maximum packing fraction of
particles. The increase in viscosity for the highly filled
suspensions is observed to be three to four orders of
magnitude. For volume fractions, which are lower
than 81% of the maximum packing fraction, suspen-
sions show Newtonian behavior.

In suspensions containing fillers equal to 81 and
85% of the maximum packing fraction, viscosity de-
creases with increasing shear rate, exhibiting shear-
thinning behavior. This behavior is observed to be
more significant for 85% of the maximum packing
fraction.

On the other hand, for 90% of the maximum pack-
ing fraction, viscosity is found to increase with in-
creasing shear rate, exhibiting shear thickening or di-
latancy. At this volume fraction, although the appar-

ent shear rate range was the same as that used for
other volume fractions, the corrected shear rate values
are observed to be much lower than those at lower
volume fractions as a result of more significant wall
slip effects.

The shear thinning observed at low volume frac-
tions of particles and the shear thickening observed at
high volume fractions can be understood from Figure
9, which describes the rheological behavior of concen-
trated suspensions.”

Concentrated suspensions exhibit shear thinning at
low shear rates and shear thickening at high shear
rates. Basically, at low shear rates the particles may
easily slide over each other and exhibit shear thinning,
whereas at high shear rates the particle-particle inter-
actions are higher and particles cannot slide over each
other, resulting in shear thickening. There is a critical
shear rate 7., above which shear thickening starts.
However, ¥, is a function of filler content and particle
size. It is lower for a high volume fraction of particles,
as seen from Figure 9. Thus, one may observe shear
thickening at high volume fractions and shear thin-
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Figure 12 Effect of volume fraction on slip velocity for copper with surface roughness 0.65 um using PMMA-X.

ning at lower volume fractions in the region of the
shear rates from vy, to ..

The interparticle distance H can be calculated from
eq. (14) given by Chander® as

H = D[(,/¢$)"* - 1] (14)
in which D is the diameter of the spheres.

Using the data presented here, it is observed that
when H/D is >0.3 the suspensions are Newtonian.
However, if H/D decreases to a value between 0.15
and 0.30, then shear-thinning takes place. If H/D is
<0.15, shear thickening behavior is encountered.

An explanation for the non-Newtonian behavior of
the concentrated suspensions could be given accord-
ing to Olhero and Ferreira,'® who stated that concen-
trated suspensions show shear thinning behavior as a
result of the decrease in their viscosity, caused by the
alignment and the ordering of the particles at low
shear rates. However, at high shear rates the interpar-
ticle spacing in the flow direction increases as a result
of flow. Thus, the capillary forces opposing the flow
cause an increase in the viscosity, resulting in shear
thickening.

One can see from Figure 10 that the relative viscos-
ity determined for the suspensions studied in this
report depends on the shear rate. This shear rate de-
pendency is observed to be more significant at 81, 85,
and 90% of the maximum packing fractions arising
from the shear thickening and/or shear thinning be-
havior explained earlier. Thus, to formulate a better

viscosity model for the viscosity of concentrated sus-
pensions, one must take into account the slip at the
wall and the shear rate effect.

Comparing the experimental data obtained in this
study with the existing viscosity models, it can be seen
from Figure 11 that Nielsen’s model is found to be the
most suitable model for the experimental values ob-
served here, although the determined maximum pack-
ing fraction (¢,, = 0.646) is higher in our experiments
than that determined using the assumption of Nielsen
(¢, = 0.601-0.637).

On the other hand, slip velocity versus corrected
shear stress graphs at 81, 85, and 90% of maximum
packing fractions are shown in Figure 12. As the vol-
ume fraction increases, the m values in eq. (13) also
increase, although a values are observed to abruptly
decrease at 90% of the maximum packing fraction.

However, the slip velocity values are found to be
very close to each other at 85 and 90% of maximum
volume fractions at a shear stress of approximately
450 Pa. Another observation is that the slip velocity
values are approximately zero at 81% of maximum
volume fraction, indicating that at lower volume frac-
tions, the slip velocities could be insignificant.

Effects of particle size on slip at the wall and the
shear viscosity

To investigate the effect of particle size on viscosity
and wall slip velocity, copper disks with surface
roughness of 0.65 um were used and the volume
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Figure 13 Effect of particle size on true viscosity on copper with surface roughness 0.65 um.

fraction was kept constant at 85% of the maximum
volume fraction during the experiments.

As seen from Figure 13, as the average particle
size increases, the “true” viscosity values are ob-

served to decrease. Moreover, shear-thinning be-
havior is observed for all the particle sizes studied.
The factors for obtaining shear-thinning behavior
are unaffected by the average particle size of the
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Figure 14 Effect of particle size on slip velocity on copper with surface roughness 0.65 um.
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fillers in the size range studied, the polymer matrix,
and test conditions.

The shear-thinning behavior of the suspensions is
also independent of the slightly changing particle size
distribution of the PMMA particles at different parti-
cle sizes. The reason for the change in slopes in Figure
13 could be the slight difference in the particle size
distribution of particles.

On the other hand, the slip velocity values are ob-
served to decrease with decreasing average particle
size of the fillers. At constant shear stress, this behav-
ior can be seen from Figure 14. The reason for this
behavior is the steric hindrance effect of the particles.
That is, as the particle size increases, the particles
cannot approach very close to the wall and this causes
the slip layer thickness to increase. As a result, the slip
velocity is observed to increase.

CONCLUSIONS

The effects of particle size and volume fraction on the
wall slip and viscosity of the concentrated suspensions
of PMMA (polymethyl methacrylate) particles in
HTPB (hydroxyl-terminated polybutadiene) were in-
vestigated. The main conclusions of the study are as
follows:

1. For volume fractions that are lower than 81% of
the maximum packing fraction, the model sus-
pensions show Newtonian behavior. For vol-
ume fractions between 81 and 90% of the max-
imum packing fraction, the model suspensions
show shear-thinning behavior. On the other
hand, at 90% of the maximum packing fraction,
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the model suspensions exhibit shear thinning
followed by shear-thickening behavior.

2. As the volume fraction of particles in the sus-
pension increases, the wall slip velocity in-
creases. At low volume fractions of particles, the
wall slip could be insignificant.

3. As the particle size increases, the wall slip ve-
locity also increases as the result of the steric
hindrance effect.
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