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FOREWORD

The research reported herein was conducted by the staff of
Monsanto/Washington University Association under the sponsorship of the ¥
Advanced Research Projects Agency, Department of Defense, through a
contract with the Office of Naval Research, N00014-67-C-0218 (formerly
N00014-66-C-0045), ARPA Order No. 87, ONR contract authority
NR 356-484/4-13-66, entitled "Development of High Performance Compcsitn2s”.

The prime contractor is Monsanto Research Corporation. The
Program Manager is Dr. Rolf Buchdahl {(Phone 314-694-4721).

The contract is funded for $7,000,000 and expires 30 June, 1974.




I | Rheology of Concentrated Suspensions of Spheres

1. Effect of the Liquid-Solld Interface

Sheau Van Kao, Lawrence E. Nielsen
: and Christopher T. Hill
Materials Research Laboratory
Washington University {
St. Louis, Missouri 63130
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¥ Abstract

A coaxial cylinder viscometer was used to measure the rheological
behavior of concentrated suspensions of glass spheres in a nonpolar
liquid (1iquid polybutadiene), 1 polar liquid (glycerol), and a liquid

of medium polarity. The glass beads had untreatcd turfaces, surfaces
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with aisorbed octylamine, or hydrophobic surfaces prepared by treating

the surfaces with dimethyldichlorosilane. All the suspensions were
Newtonian, except for the suspension of silane treated beads in glycerol
which was pseudoplastic. Contact angle and sedimentation measurements
indicate that the glycerol-silane treated beads system contained beads

in an agglomerated state. The viscosities of the suspensions obey a
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Mooney type equation. Tn the Newtonian systems all the suspensions con-
taining treated glass su:rfaces had lower relative viscosities than the

analogous systems with untreated surfaces.

N




T — -

Rheology of Concentrated Suspensions of Spheres

1. Effect of the Liquid-Solid Interface

Introduction

Over a hundred papers have been published on the rheology of
suspensions of spheres (1). At low concentrations of rigid spheres,
the suspensions are Newtonian in behavior and agree with the Einstein
prediction (2). At high concentrations, the theories are inadequate
to explain the experiuental results. Experimentally it is found at
high concentrations that the suspensions may be either Newtonian or
non-Newtonian, and two suspensions of the same concentration may
behave entirely differently (3). These differences, for the most
part, are related to the extent of particle agglomeration, which in
turn is related to the nature of the liquid-solid interface. It was
the objcctive of this work to study the effect of the liquid-solid
{nterface on the rheology by systematically changing the chemical

nature of the liquid and tne surface of the spherical particles.

Materials and Methods

Class beads of the size 1-30 microns were used for this study.
These beads, soda-lime type, were obtained from Cataphote Co.
(Jackson, Miss.). Microscopic examinations showed these particles
to be highly regular and perfect spheres. The iron powder which is
normally found in small size glass beads was carefully removed with a
magnetic vod. Afterwards, the beads were cleaned in refluxing
isopropanol and vacuum dried at 150°C for several days to remove
~ssnible adsorbed water. The surface treatments ol glass beads were
conducted in liquid media at room temperature. For the silane coupling

went, direthyldichlorosiltane (GE SC 3002), beads were first stirred
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in carbon tetrachloride, then the agent was introduced into the slurry.

For the surface active agent, octylamine, methyl alcohol was the medium.
After adding thc treating agents, the slurries were further stirred for
two hours. Then the beads were washed several times with fresh liquid
and dried in a vacuum oven.

Three Newtonian liquids of different nature were used as dispersing
media. The first one, glycerol, is a polar liquid with a viscosity
of 920 c.p. and a density of 1.26 g/cc at 25°C. The second one,

Thanol SF-6500 (Jefferson Chemical Co.) is a urethane grade polyol of
6500 molecular weight containing three hydroxyl groups per molecule

with a viscosity of 1310 c.p. and a density of 1.02 g/ce (at 25°C).

This is a medium polar liquid. The third liquid is a low molecular
weight resin (molecular weight = 2000-3000), Lithene PH (Lithium Co.

of America). Chemically, it is a mixture of cis and trans polybutadiene.
The resin is an amber-colored nonpolar liquid. The viscosity of Lithene
1s 2300 c.p. and its density is 0.897 g/cc at 25°C.

Suspensions of particles with different surface treatments in
different liquids were prepared by introducing the liquid into a flask
containing the glass beads under vacuum. Mixing was then conducted
under vacuum for several hours. Vi. sosity measurements were made
immcdiately upon the cessation of mixing to minimize possible error
caused by sedimentation.

A rotational concentric cylinder viscometer, Rotovisco (Haake
Instruments), was nsed to measure the rheological Lohavior of
suspensions. The scparation of the inner cvlinder and the outer
cylinder is 2.75 mm. The outer cylinder is stationary, while the

fnaor cylindor can rotate with 30 different speeds vanglng from

(2]
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0.036 rpm to 583.2 rpm. The shear stress on the inner cylinder can
be read directly from the instrument., The true shear rates were
calzulated using the method suggested by Xrieger and Maron 4).
All the measulenents were taken under a constant temperature of 25°C.
Sedimentation velocity and volume of suspension were measured in
a graduated cylinder. The height of the boundary line between the
suspension and the clear liquid left above was recorded as a function
of time. The initial sedimentation velocity and the maximum packing
volume fraction, om. can be obtained from these expcriments.
Contact angles were obtained by measuring a sessile drop through
a telescope. Since it 1s not possible to measure the contact angle
on glass beads, glass slides were used which were surface treated at

the same time as the glass beads.

Resuits and Discussion

Some of the flow curves are shown in Figs. 1-6. Calculated
relative viscosities are in Table I cedimentation data are shown
in Figs. 7 and 8 and in Table II. Contact angles are listed in Table III.
Bingham yield stresses for the nonwetting system, dimethyldichlorosilane
treated beads in glycerol, are shown in Fig. 9. For the sake of clarity,
many curves haic been omitted “rom these figures, and some of the
experimental points have been omitted from the curves.

Up to volume concentrations of 40 percent, all the systems are
Newtonian except beads trcated with dimethyldichlorosilane suspended in
glycerol. This system has a bingham (5) yield stress which increases
nearly linearly with rate of shear so th:t an appavcrt or Bingham
viscosity may b: calculatcd from the slope of the curves. The viscosity

of all the systems can be represented by the Mooney equaiion (6). The
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Einstein coefficient varies between 2.50 and 2.88 for the Newtonian
systems, but the apparent Einstein coefficient for the Bingham system
is 2.27. The maximum packing fractiénc calculated for the Mooney equation
vary between 0.74 and 0.85. These empirical values are greater than the
values determined from sedimentation measurements, which generally gave
packing volumes less than 0.60 as listed in Table II.

Contact angle measurements indicate that all the liquids wet the

clean glass surface and glass containing adsorbed octylamine. The non-

polar and medium polar liquids poorly wet the glass treated with

dimethyldichlorosilane. Polar glycerol does not wet the glass treated
with the silane (contact argle greater than 90°). Liquids which wet a
solid particle should produce good dispersions without agglomerates
since the liquid can force its way between particles which are in
contact and force them apart. Particles which are not wetted by a
1iquid are expected to form agglomerates when a suspension is made.

Sedimentation measurements substontiate the conclusion that the
silane treated beads are agglomerated in glycer /1 while the other
systems are nct agglomerated. The unagglomerated systems settle
rapidly to a low sedimentation or packing volume. The agglomerated
silane beads in glycerol either settle more rapidly to a large sedimen-
tation volume, or these suspensions develop such a high yield stress
that they do not settle at all.

Agglomeration results in dramatic changes in the flow behavior
by converting the Newtonian flow curves to flow curves which have a

yield point. Silane treated heads in glycerol was the only system

studied which showed a yield point. Theory indic-tes that the yield




stress should increase as the square of the concentration (7). Fig. 9
does indicate an approximate dependence upon the square of the volume

fraction of beads. At first glance, the agglomerated systems appear

l to have definite Bingham yield stresses. However, at very low shear
; rates some data points in Figs. 5 and 6 show that the stresses drop
! down toward the origin. Other experiments, using a modified Stormer
! C viscometer, were made to measure the yield stresses directly. No
true yield stress was found in these experiments carried out at very
! | low rates of shear. Therefore, it is concluded that the flow behavior
{ of the agglomerated suspensions is pseudoplastic rather than truly
plastic.
Suspensions containing the nonpolar polybutadiene liquid and the

medium polar Thanol liquid do show a difference between untreated

beads and beads which have been treated with either octylamine or silane.
The treated beads consistently give a lower relative viscosity than the
untreated ones. lowever, there do not app.ar to be any consistent

trends in either the contact angle measurcaents or the maximum packing
fractions which can explain the viscosity results. Other experiments

(to be reported in another paper (7)) indicate that traces of water may
profoundly modify the flow behavior of suspensions. Probably the
relatively small differences found between treated and untreated beads
in nonpolar or medium polarity liquids are due to traces of water on

the untreated glass bead surfaces.

Conclusions

The nature of the liquid-solid intcrface can have a large effect

on the rheology of comncentrated suspencions. Treatments which produce
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low energy surfaces can reduce the relative viscosity of Newtonian

systems as long as the liquids wet the surface so that gross agglomeration
does not occur. Highly polar liquids.which do not wet low energy

surfaces produce suspensions in which the particles are highly agglomerated.
The agglomerated systems are pseudoplastic in their rheological bechavior,

and they show apparent yield stresses.
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r . Table I

Relative Viscosities of Suspensions

Relative Viscosity
, Volume Fraction Untreated Octylamine Silauna
Liquid of Beads Beads Treated Treat.ed
Glycerol 0.150 1.671 1.463%
0.200 1.967 2.03 1.957%
0.250 2.609 2.391*
0.300 3.391 3.48 3.087*
0.350 5.124 4.022*
0.400 8.152 9.35 5.858%
I
| Thanol 0.150 1.702 1.618
0.200 2.104 ©2.01 1.966
0.250 2.695 2.503
| 0.300 4.110 3.66 3.473
| 0.350 5.788 4.874
0.400 9.591 9.02 7.507
Lithene 0.150 1.687 1.638 ‘
(Polybutadiene) ;
0.200 2,153 2.10 2.012
0.250 2.769 2.594
0.300 3.830 3.70 3.543
0.350 5.354 4.899
0.400 9.591 9.17 7.874 !
1
* Using Bingham plastic viscosity.
0
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‘! Table II
’ Maximum Packing Volume Concentrations of Suspensions
|
|
Volume Fraction Maximum Packing
} “ System of Spheres Fraction ¢-
Untreated Beads - Glycerol 0.15 0.58
2 - - 0.25 0.58
3 " " 0.35 0.58
- - o 0.55 0.62
Untreated Beads - Thanol 0.15 0.53
5 - » 0.25 0.55
- » o 0.35 0.57
= " " 0.60 0.60
Untreated Beads - Polybutadiene 0.15 0.56
- i - 0.25 0.58
= - 2 0.35 0.60
- » = 0.50 0.60
Silane Treated - Glycerol 0.15 0.24
B - T 0.25 0.26
— e . 0.35 0.36
Silane Treated - Thanol 0.15 0.54
4 & = 0.25 0.56
- " s 0.35 0.57
= » 2 0.55 0.59
Silane Treated - Polybutadiene 0.15 0.55
o Ll - 0.25 0.56
= - % 0.35 0.56
v 1 " 0.50 0.59
" " " 0.55 0.61

b




Table IIIX

Contact Angles of Liquids on Different Surfaces

Surface Treatment

(Polybutadiene)

. o cmm—
Liquid Clean Glass Dimethyldichlorosilane | Octylamine
Water < 14° 94° 38°
Glycerol 19° 93° 36°

" Thanol 93¢ 60° < 7°
Lithene PH 17° 64° 12°




Figures

1.

Flow curves of suspensious of glass beads in liquid polybutadiene

(Lithene). ¢ = volume fractio>n of beads.

Effect of surface treatments on the flow curves of suspensions of

glass beads in liquid polybutadiene. Volume fraction of beads 1s 0.400.
Flow curves of suspensions of glass beads in Thanol 1liquid. ¢ = volume
fraction of beads.

Effect of surface treatments on the flow curves of suspcnsiﬁns of glass
beads in Thanol 1iquid. Volume fraction of beads is 0.400.

Flow curves of suspensions of glass beads in glycerol.

Effect of surface treatment on the flow curves of suspension of glass
beads in glycerol. Volume fraction of beads is 0.400.

QO Untreated, [] Amine treated, /\ Silane treated.

Sedimentation cuvves of suspensions of glass beads in Thanol liquid.
Volume fraction of beads is 0.150.

Sedimentation curves of suspensions of glass beads in glycerol.

Bingham yield stresses of cuspensions of dimethyldichlorosilane treated

glass beads in glycerol.
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