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ABSTRACT

In order to better understand the anomalous rheological be-

(2)4' :25) (

havior time-stress-strain relationship) of some industrial
solid-liquid suspensions, the effects of the following properties of
titanium dioxide-soy bean oil suspensions were investigated: (a) volume
concentration, (b) particle size, (c) temperature, (d) milling time,
(e) milling methods, (f) addition of a surface active agent.

These investigations revealed that the structures were formed
after a dispersion operation. The speed of "structure formation" de-
pended upon the strength of the flocculation forces. The shear stress
applied to break the formed structures was called "yield value." When
the shear stress exceeded the "yield value," the structures were broken
down into smaller sizes because of the irregularity in structure shape.
If the volume concentration was comparatively low, the broken structures
would remain a constant size and almost the same shape - a Bingham type
of flow. However, if the volume concentration was comparatively high,
the structures were continually broken up and the viscosity decreased as
the higher shear stress was applied - a Plastic type of flow.

The yield value varied inversely with respect to particle size,
i.e., the yield value increased as the particle size decreased. The
yleld value was also affected by the volume concentration of the pigment

as shown in the following equation:

Ty = K3¢n (23)

In order to explain the effect of particle size and volume

concentration on suspension viscosities, the following equation was

Xiv



derived utilizing the concept of "structure formation" in suspensions.
g

K
n VC> (33)

sp 1 -1+ S
] Vs

Equation (33) has as its variables relative size of the struc-
tures, arrangement of the particles in the structures and the relative
amount of dead volume contained in the structures. These variables are
functions of the particle size, the temperature, and possibly the physi-
cal properties of the liquid medium.

Experimental and published data showed excellent correlation
when used in Equation (33). These results indicated that once the yield
value was exceeded, the nature of Bingham type of flow would be analogous
to that of Newtonian type of flow.

Particle size affected the suspension viscosities. The smaller
the particle size the higher the suspension viscosities at a constant
temperature in volume concentrations ranging from O to 5% if the particle
size was larger than 0.05 microns. However, at a higher volume concen-
tration range, where Plastic type of flow was observed, the critical
particle size was not observed.

The effect of temperature on the viscosity of the Bingham type
of flow was well expressed by Arrhenius type equation. Addition of
l-amino-2-naphthol-k-sulfonic acid as a surface active agent reduced

both the yield value and suspension viscosities at 25 + 0.1°C.



INTRODUCTION

Rheology, being concerned with the flow and deformation of
matter covers a very wide field. In practice, the term has generally
been referred to a somewhat narrower field, namely the study of the
rheological properties of those materials, mainly of industrial im-
portance, which show a behavior intermediate between that of solids
and liquids.

The greater part of what is generally called rheology is
concerned with stress-strain-time relations in materials and the in-
fluence on them of temperature variation. The rheological problem
of a system in which two phases are involved, such as in a gas-liquid
system, a solid-liquid system or a solid-gas system, is much more
complex.

In Figure 1 is shown the Newtonian model of flow. It consists
of two parallel planes A and B, the intervening space being filled with
the fluid under examination. A tangential shearing stress T is applied
uniformly at surface A. The plane A then moves with respect to plane
B carrying with it the innumerable parallel planes of fluid existing
between planes A and B. Each plane, however, is carried to a different
distance. The top plane A goes the farthest with respect to the plane
B. When the point b reached c, the straight line ac marks the distance
traveled in one second, its length gives the velocity of plane A with
respect to plane B. Then bc divided by ab becomes the rate of shear
or velocity gradient. This is customarily written as dv/dr where v

is the velocity in the direction of shearing stress T and r is the



distance between the planes. 1In this type of model, for a given stress, T,

dv/dr is constant throughout the mass of material.

d

T ——

B

Figure 1. The Newtonian Model of Flow

Newton assumed that the rate of shear is directly proportional
to the tangential shearing stress. His idea is expressed mathematically
in the equation

T = no dv/dr (1)

The proportionality constant no is the viscosity and is defined as
the tangential shearing force per unit area that will produce a unit
rate of shear. Equation (l) is applicable only to those liquids whose
molecules are not hampered in their moticn by the formation of structure
cr by molecular alignment under high rates of shear.

For plastic clay suspensions in water, Bingham in 1916 (h)
introduced a modification of the Newton concept. Bingham reasoned that
a plastic flow could not start until the applied shearing stress exceeded

the stress arising from frictional resistance between the clay particles.



He expressed his hypothesis by introducing into the Newtonian equation
a friction factor f, thus,

u(t - £) =av/dr (2)
where f is the tangential force per unit area Jjust required to start
the flow. Bingham replaced l/nO with u, which he called the fluidity.

The letter f has been retained by many rheologists, even though

the name "friction" is no longer employed. It seemed highly probable
that friction might not be the only factor involved in producing the

(&)

intercept which Bingham first recognized on the stress axis in de-
riving his consistency curve for clay and water mixtures. The term
"yield value" was suggested as a temporary expedient until something
more appropriate could be found. The term "yield value" appeared for
the first time in a Jjoint publication by Bingham and Green in 1919(5).

Breyer (37)believed that the yield value is due to orientation
forces which exist between particles so that the particles are held in
a fixed position.

Green(l7) showed experimentally that the force of flocculation
arising, presumably from interfacial tension, plays an important part
in explaining structure formation.

De Wael and Lewis(10) found that there is a field of force
giving cross-linked flocculates which immobilize some of the fluid phase,
thus creating resistance to flow.

(22)

Harvey measured the viscosity of ferromagnetic dispersions
with and without a magnetic field imposed and found that the yield value
is a measure of the flocculating forces between the particles. The

plastic viscosity is but little affected by the presence of the magnetic

field whereas the yield value is greatly increased.



Voet(5h), in order to investigate the behavior of suspended
particles during shear, measured the dielectric constant of quiescent
and sheared suspensions. By means of these measurements it is possible
to measure, to some extent, the build-up of structure upon cessation of
the application of the shearing stress, because the changes of the di-
electric constant on application of a shearing stress are related to
particle agglomeration and orientation.

(2)

Since Arrhenius in 1887 proposed an equation expressing
the relationship between the viscosity of a suspension and the concen-
tration of particles and since Einstein(lh> theoretically derived a
viscosity equation in 1906, hundreds of equations have been published
in the literature.

The Arrhenius viscosity Equation (3)(2) was not theoretically
derived, however, it has been applied, quite often because of its sim-
plicity, to the correlation of experimental data.

The Einstein viscosity Equation (h)(lh) is rather simple and
is useful for a first approximation of the viscosities of suspensions
at an extremely low volume concentration, however, as the concentration
increases it has been observed to deviate from the experimental results

(1)

in most cases Even though the Einstein viscosity Equation (4) does
not adequately explain the viscosity of a suspension, it opened the door
for rheclogists to investigate this subject.

A number of viscosity measurements in colloidal suspension,
as well as in suspension consisting of particles very much larger than

those which occur in colloidal suspensions, were conducted to verify

the Einstein Equation (4) and the Arrhenius Equation (3).



Both the Einstein Equation (4) and the Arrhenius Equation (3)
have been modified to some extent so as to describe the viscosity of
more concentrated suspensions.

Among the published viscosity equations the more significant
equations correlating the viscosity of the suspension and the volume
concentration are summarized in Table I, pages 12 and 13.

Oden(uo) in 1912 observed two important variations from the
theoretical result when measuring the viscosities of sulfur sclutions
having particles of uniform size and of concentrations up to 25% by
volume. He stated that the viscosity above a certain concentration in-
creased more rapidly than the linear ratio, and also that the viscosity
of solutions containing smaller particles was, for equal weights, higher
than that of solutions with larger particles.

To explain the higher viscosity of highly dispersed systems,

(24)

Hatschek assumed that the effective volume was not constant for
different dispersions. He assumed that the particles were surrounded
with an adsorbed envelope of vehicle. If the thickness of the absorbed
envelope 1s constant for a given system, it follows that the effective
volume of the disperse phase increases with the increasing dispersion
as found by Oden *0)

Hess(27) mentioned that the "dead space" existing between the
suspended solid particles must be considered.

(24)

Humphrey and Hatschek first demonstrated a decrease of
viscosity with increasing rate of shear for suspensions of rigid and
approximately spherical particles. This phehomenon was commonly ob-

served in lyophilic solutions.

Hatschek and Jane(25) extended the study of Humphrey and



Hatschek and reported that a marked reduction in viscosity with increas-
ing rate of shear was observed in suspension of 2 to 8 volume per cent
of starch. To explain this anomaly, they assumed either a thick layer
of adsorbed liquid around the particles or Hess's(27) "dead space"
concept.
McDowell and Ueber(38) also tried to explain the anomaly from
a different angle. They found that the electrically neutral particles,
like those of starch or carbon black in an organic liquid did not dis-
tribute themselves uniformly in the medium, but instead formed clusters
or "ramifying aggregates." They concluded that the liquid, which was
no longer free, formed a network with demonstrable rigidity, thus causing
a high viscosity at a low rate of shear; with the progressive destruction
of these structures at increasing rate of shear the viscosity decreased.
By the addition of protective colloids, McDowell and Ueber(38)
found that the formation of clusters or "ramifying aggregates" could be
eliminated, and showed that suspensions thus protected did not exhibit
any anomaly and behaved like normal liquids.

(29)

Lawrence attacked the anomalous phenomenon by measuring
the velocity distribution of flow in a number of anomalous system across
a tube in which a stream of colored liquid was drawn into the liquid in
flow. The profile of the colored liquid was photographed so as to show
any deviation from Newtcnian flow. He found that an anomaly appeared
in systems of isodimensional particles only at high concentration.
Mardles(3l) found that anomalous viscosity was less pronounced
with suspensions in viscous liquids than in those of low viscosities.

These anomalies were attributed to the disturbance of dispersed primary

particles, alone or as aggregates of primary particles. This difference
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between high and low viscosity liquids was attributed to a more sluggish
rotational movement of the particles. He also found that the relative
viscosity decreased with a rise in temperature.

In l9h2, Mardles(3u) mentioned that when the flocculation of
solid particles was considerable there was a tendency for (a) anomalous
and high viscosity with thixotropic behavior because of the three-
dimensional bridgework in the settled solid, and (b) high settling rates
and high sediment volumes.

Critical pigment volume concentration was defined as the volume
concentration of pigment in the suspension under which the stress-rate
of shear relation was linear and no yield value was observed. Mardles(33)
found that the critical pigment volume concentration was a characteristic
of each vehicle-pigment combination. However, there was no simple re-
lation between the specific viscosity and yield value. Sedimentation
experiments showed that the yield value decreased as the viscosity of
the vehicle increased. It was also shown that pigments which have high
sedimentation volumes tended to give higher yield values.

In 1949, Robinson(u6) found that the "packed-sediment volume"
appeared to be the effective volume of the particles at any concentra-
tion.

In 1951, Robinson(h7) studied the effect of particle size by
measuring the viscosities of suspensions of glass spheres in sugar solu-
tions and found that small spheres in a viscous medium had a greater
effective volume than their effective volume in water, and the increase
in effective volume was greater as the size of spheres decreased.

The validity of the Einstein viscosity Equation (h) was again
tested in 1951 by Donnet(11). He found that the relative viscosity did

not vary with temperature or with velocity gradient, and that the Einstein
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shape factor was constant as the volume concentration of the suspension
approached zero. However, contrary to theory, the Einstein shape factor
was 7.8 instead of 2.5. Among the explanation discussed, Donnet con-
sidered the most likely to be the presence of aggregates of primary
particles.

Williams(57) in 1953 studied the flow properties of concen-
trated suspensions by measuring the viscosities of suspensions of glass
spheres in volume concentrations greater than 30 per cent. He found that
the more nearly the particle sizes were equal to each other the lower was
the concentration of spheres required for a given viscosity. It was also
found that for particle sizes less than 1 micron in diameter, the smaller
the size the greater the thixotropy.

Orr, Jr.(ul) qualitatively studied the effect of particle size
distribution on the suspension viscosities. By analysis of previously
reported data, he reported that the viscosities of suspensions of spheres
from the lowest to the highest concentration employed were described in
terms of the viscosity of the pure liquid, the volume fraction of the
soilds, the packed-sediment volume of the solids, and the shape of the
suspended solids.

Zettlemoyer(58) measured the viscosity of suspensions of cal-
cium carbonate in polybutene. He found that the particle size of the
pigment affected the viscosity of the suspension, i.e., the smaller the
particle size, the greater the viscosity at a given loading. This ef-
fect was attributed to an envelope of "immobilized vehicle" on the sur-
face of each pigment particle and in the narrow portions of the inter-
stices of agglomerates. This "immobilized vehicle" increased the effec-

tive pigment volume to an extent proportional to the amount of pigment

surface present.



A review of the literature revealed that the viscosity equa-
tions for suspensions are either the extension of Equation (3) of Einstein
or the modification of Equation (4) of Arrhenius. The resultant equations
take into consideration either the concept of particle population or the
adherence of an immobilized liquid layer on the surface of the primary
solid particles. These equations are not applicable to all suspensions
of the Newtonian type (viscosity - rate of shear'relationship is linear).
Furthermore, the equations failed to explain the Bingham type and the
Plastic type of flow which occur in suspensions of identical components
but at different concentrations. Consequently an equation was derived
which explained the anomalous rheological behavior of suspensions in
general.

Many theoretical studies have been made to evaluate the effect
of temperature on the viscosities of pure liquids, however, the exact
effect of temperature on the suspension viscosities has not been def-
initely determined.

The effects of milling methods and milling time, although sel-
dom studied, play an important role in the explanation of anomalous rheo-
logical behavior, particularly the formation of structions in suspensions.

Based on the concept of structure formation in suspensions a
viscosity equation was derived. In order to explain the anomalous rheo-
logical behavior of suspensions observed in titanium dioxide-soy bean
0il suspensions, a study was made of the effect of milling methods, mill-
ling time, volume concentration, particle size and additions of a surface
active agent. The anomalous rheological behavior of suspensions in ques-

tion has to do with the rate of shear. Thus, for low volume concentrations
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in suspensions the viscosity is independent of rate of shear, while for
high volume concentrations in suspensions the viscosity depends upon

the rate of shear.
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DESCRIPTION OF APPARATUS

Commonly used viscometers are classified as follows:

1. Capillary type viscometer.

Example: Ostwald viscometer, Ubbelohde viscometer,
Redwood viscometer.

2. Falling ball viscometer.

Example: Lawazeck viscometer, Hoppler viscometer.

3. Rotary viscometer.

Example: Macmichael viscometer, Brookfield viscometer,
Stormer viscometer.
L. Vibration viscometer.
Example: Bendix Ultra-viscoson.

For plastic, pseudo-plastic and dilatant flows, the viscosity
is dependent on the rate of shear, and consequently cannot be measured
by a one-point method. A multiple-point method is necessary to obtain
a viscosity curve for a non-Newtonian fluid.

The rotational type of viscometer in which shear stress is
applied to the fluid by the rotation of a cup or of a rotor is useful
for most of the measurements on Newtonian and non-Newtonian fluids. For
certain materials, as clear non-thixotropic liquids of low viscosity,
capillary-tube viscometers are preferable; for others, parallel-plate
instruments are the only kind that give satisfactory results. A vibra-
tion viscometer is often used in the measurement of high viscosities.

In the present research, a commercial model Stormer viscometer
was employed, as it was readily available and met the necessary require-
ments. That is, with the Stormer viscometer, the rotational speed of

the rotor could be varied by changing the driving weights allowing a

-13-



=1k-

multipoint determination of stress and rate of shear. The types of
rotors and the containers were modified depending upon the volume con-
centration of particles in the suspensions. The assembled Stormer vis-
cometer is shown in Figure 2, while paddle and bob-type rotors are shown
in Figures 3 and 4, respectively. The selection of the suspension con-
tainer depended upon the paddle-type rotor and the bob-type rotor em-
ployed. A pyrex-glass beaker (250 ml capacity) was used as the container
of the fluid with the paddle-type rotor. The writer designed the brass
container, shown in Figure 5, which was used with the bob-type rotor
after calibration. To insure equal volumes of suspension samples, the
viscometer container was filled each time to a line marked on the con-

tainer wall.
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Figure 2. Assembly of Stormer Viscometer
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CALIBRATION OF THE APPARATUS

Stormer Viscometer with Paddle-Type Rotor

A paddle-type rotor was used in the low concentration range,
i.e., 0-5% of solids (by volume ) where the fluid flow was typified as
the Bingham type.

Generally speaking, when the paddle-type rotor was used, the
relation between driving weight and rotational speed of the rotor was not
linear. Furthermore, because the theoretical equation showing the rela-
tion between the driving weight and the rate of shear for a paddle-type
rotor was not well established, the calibration of the Stormer visco-
meter (with a paddle-type rotor) was experimentally determined.

Van der Walt(53) calibrated the Stormer viscometer with either
paddle-type or bob-type rotor by correlating Q against a modified
Reynold's number Re'.

Here Q was defined as Wta/sz and the modified Reynold's num-

ber Re' was defined as Bp/nt, where

0 = density of test fluid
N = viscosity of the fluid
t = time in seconds required for 100 revolutions of
a rotor in the test fluid
W = effective driving weight applied to the viscometer
(actual driving weight minus frictional resistance)
B = a constant for a particular rotor, test cup, etc.

Geddes(l6> derived an equation from the energy balance with

respect to the fluid system, thus
Ho

[t (W- t2)]

-17-
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where t,p,W and 1 have the same meaning as in Van der Walt's correla-
tion(53>. H and A in Equation (14) are the characteristic constants for
a particular rotor and test cup, etc., which are determined from experi-
mental data.

Many other published papers contributed to the calibration of
the Stormer viscometer. However, none of them gave a convenient and
satisfactory method of calibration for the Stormer viscometer with a
paddle-type rotor because of the complex characteristics of fluid flow
under observation.

Instead of deriving a theoretical equation or finding an ex-
perimental equation for the calibration of the Stormer viscometer with
a paddle-type rotor, the writer correlated viscosity against the time
required for the rotor to make a fixed number of revolutions with driving
weights as the parameters. This method is not only very simple but is
relatively more accurate than most other methods.

Standard liquids were obtained from the Bureau of Standards
for the present calibration. The calibration curve is shown in Figure Lk,

With this paddle-type rotor the accuracy was in a range of
+ 3% for an ordinary liquid while it was estimated to be within + 5%
for a suspension fluid.

For 0—5% volume concentration of particles in suspension, the
suspension viscosities were measured by reading the time required for
100 revolutions of the paddle rotor at a constant driving weight of 50,
75, 100, 125 and 150 grams; and the viscosities were read from the pre-
pared calibration curve. This method not only indicated whether viscosity
depended upon rate of shear, but also eliminated the erroneous results

which could be introduced by a single-point method.
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Stormer Viscometer with Bob-Type Rotor

When a Stormer viscometer with bob-type rotor was used, an
instrument constant was determined by measuring the driving weight and
rate of shear relationship on standard liquids obtained from the Bureau
of Standards.

Some discussion regarding the rate of shear and its calcula-
tion for a rotational viscometer was necessary. (See Hatschek, E.,

"The Viscosity of Liquids," p. 32, 1928). The rate of shear (or velocity
gradient) S is determined from the rate of rotation, radius of the bob,
and the clearance between cup and the bob. For any angular velocity ,
S is not uniform throughout the annular space between the cup and bob,

but depends upon the distance X from the axis of rotation:

S = ——ﬁgg—j—§§; X §§ X W (lS)

where R, and Ry are the radii of the cup and the bob. The mean value of

S throughout the annular space may be found as follows:
R

c
Rf SdX g
= _ 2 be o (16)
S = =
fRa 5 x ~ R%. - B%
Ry

When the clearance between cup and bob is small, the rate of
shear at any point will not differ significantly from the mean value,
within the limits of experimental error. It may, therefore, be calcu-
lated for the angular velocity ® by multiplying by a factor involving
only the radii of the cup and the bob. Since ® is more conveniently

found in r.p.m. than in radians per second, Equation (16) may be written:

Iy'¢ ReRp

R2 x (r.p.m.) = Ks(r.p.m.) (a7
B )
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For Newtonian fluids the variation in rate of shear at different
rates is not important, since the viscosity is independent of this vari-
able. For non-Newtonian fluids, such as were examined, the effect may
be of considerable importance, because the apparent viscosity, which,
as shown above, may be taken as a reasonable representation of the be-
havior of the material being studied.

There is a second effect that may become significant for mater-
ials showing highly anomalous behavior. In the derivation of Equation (15)
it was assumed that the viscosity is constant throughout the liquid being
sheared. If the apparent viscosity varies rapidly with rate of shear,
then the effect of varying the last quantity from point to point may be
great enough to make the above assumption invalid. Ordinarily this is
a second order effect, however, and would not introduce a significant
error in the interpretation of the experimental data.

It is evident that at constant driving weight, the following
relation is established between driving weight W and shear stress T:

T = KW (18)

From the above discussion, for the calibration of Stormer vis-
cometer with bob-type rotor, the calibration coefficient K' of the par-
ticular rotor and cup combination must be determined. X' is defined by
the following equation:

T wa W
M="5 = K(r.p.m.) ~ K! @) (19)

where W is the driving weight in grams, t 1s the time in seconds re-
quired for 100 revolutions of the bob-type rotor and n is the viscosity

in centipoise. The unit in which K' is expressed, is dependent upon

centipoise
gram seconds’

the units selected to express 7, t and W, thus K' =
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The constant X! (calibration coefficient) was determined by

measuring the viscosities of standard liquids which were obtained from

the Bureau of Standards. The calibration curve is shown in Figure 45.

(XK' = 6.9% x 1072)

With the bob-type rotor, the accuracy was estimated to be

within + 5% for suspensions.






PIGMENTS AND VEHICLE

Throughout the present experiments, titanium dioxide pigments
and commercial soy bean oil were used.

Especially prepared titanium dioxide (anatase) pigments were
supplied from the National Lead Company, Titanium Division, New Jersey.

The particle size and shape of each pigment are listed in
Table II. The mean particle size and shape of the pigments were ob-

tained by electron microscopic studies.

TABLE II

SIZE AND SHAPE OF TITANIUM DIOXIDE PIGMENTS

Pigments Mean Diameter Shape
Batch Identification No. (micron)

Ti0,-MP-TT76-1 0.0581 round
Ti05-MP-776-3 0.171 round
T10,-MP-776-4 0.0k round
Tiog-MP-776-5 0.05 round
T1i0,-MP-776-6 0.25 irregular
Ti0,-MP-1250 0.30 irregular

A commercial soy bean oil was used as the liquid medium.
The viscosities of the soy bean oil at various temperatures as
measured by the Stormer viscometer are tabulated in Table III.

TABLE III
VISCOSITY OF COMMERCIAL SOY BEAN OIL

Temperature (°C) Viscosity (cps.)

20 + 0.1 70.1
25 + 0.1 52.2
30 + 0.1 40.9
35 + 0.1 33.2

-23-
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The pigments employed in this investigation were dried by
heating at 220°F for two hours in a forced draft constant temperature

electric oven.



EXPERIMENTAL PROCEDURE

Plastic Flow

It was known from preliminary experiments that with a volume
concentration of pigment in the range of 5 - 30% the titanium dioxide-
soybean oil suspensions belonged to the class of plastic flow which
showed a yield value and the viscosi:ies of the dispersed systems de-

pended on the rate of shear.

Preparation of Suspension Systems

Suspensions were prepared from soy bean oil and the various
titanium dioxide pigments, TiOy-MP-776-3, TiOp-MP-T76-k, TiOQ-MP-776-5
and Ti0,-MP-1250. The pigments bear the batch identification numbers
of National Lead Company. These pigments were pretreated as mentioned.

The paste was prepared for each pigment-soy bean oil combina-
tion with a definite amount (392.6 g) of pigment and a definite amount of
soy bean oil (132.3 g) by dispersion on a three-roller mill. Lower
volume concentrations of suspensions were prepared by diluting the above
prepared paste with soy bean oil. The ball milling process was not too
adequate for the preparation of paste at such high volume concentration
because the balls in the jar stuck to the paste and did not create the

necessary shear stress to disperse the pigment in the liquid medium.

Measurement of Viscosity

There are two ways in which apparent viscosity may be deter-
mined. The data may be plotted as accurately as possible, and then the
ratio of shear stress/rate of shear at the rate of shear in question is
calculated. The second method is to fit the experimental data to some

empirical equation expressing stress in terms of rate of shear and then

-25=-



to calculate the ratio of shear stress/rate of shear at any point. This
method does not require such accurate draftsmanship as does the first and,
once the empirical equation has been determined, permits immediate cal-
culation of the apparent viscosity at any rate of shear.

In the present investigation, the first method was employed to
evaluate the apparent viscosities of suspensions.

Rheological measurements for suspensions in the volume concen-
tration range of 5 - 30% were made on a modified commercial model Stormer
viscometer. The cup and paddle assembly supplied with the instrument
were replaced by a cylindrical bob and cup machined from brass, with the
dimensions shown in Figures 4 and 5.

The procedure in making these measurements follows. The cup
and bob were aligned carefully by means of adjusting screws on the sup-
port for the bath. The cup was filled with the material to be measured,
and, to hasten the attainment of thermal equilibrium, both bob and ma-
terial were heated to the desired temperature beforehand. A series of
readings was taken with different loads at different times. Most of the
data were obtained in random order of loads; some readings were taken
also at decreasing loads to afford an indication of any change in struc-
ture, while some readings were taken in an increasing load order so as to
check the accuracy of the experiments and note any thixotropic tendency.
The measurements were conducted at a constant temperature (25 + 0.1°C),
since the effect of temperature on the viscosity was not the main pur-
pose in this study.

Experimental results were plotted on ordinary graph paper with
driving weight as the ordinate and rotational speed l/t, where t is the time

in seconds required for 100 revolutions of a rotor, as the abscissa. The
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experimental data are shown in Table IX and are plotted in Figures 11 -
15. The curves are convex to the stress (the driving weight) axis, and
intersect the stress axis at 1/t = 0. This fact implies the existence
of yield values in these suspensions. Viscosities were obtained by
multiplying the ratio of AW/(1/t) at certain value of 1/t by a calibra-
tion coefficient of the viscometer. Viscosity, l/t and volume concen-
tration data are shown in Table X.

Yield values were determined by the method mentioned above.
Readings of yield values are tabulated in Table XI. They are plotted
as ordinate on rectangular graph paper with particle size as parameters

and volume concentrations as abscissa in Figure 2L.

Bingham Flow

Bingham flow is one which shows a linear relation between stress
and rate of shear and possesses a yield value. Bingham did not deduce
by any mathematical process an equation, but introduced the yield value
directly into the Poiseuille equation and obtained, naturally, a linear
equation of flow.

The effects of particle size, volume concentration of pigment
in the suspension, temperature change and ball milling time, were studied.
It was known from the preliminary studies that, in the titanium dioxide-
soy bean oil system, the flow was classifiable as Bingham type when the

volume concentration of the pigment in the suspension was lower than 5%.

Preparation of Suspension Systems

Titanium dioxide pigments labeled by National Lead Company as
Ti05-MP-776-1, TiOp-MP-776-3, TiOy-MP-776-4, Ti0p-MP-776-5 and TiOp-MP-
776-6 and soy bean oil were used throughout the experiments. These pig-

ments were pretreated as previously described.
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Instead of using a three-roller milling process, the suspension
with desired volume concentration was prepared by the ball milling pro-
cess. During the ball milling process, variables involved were kept
constant as possible so as to prevent errors in the interpretation of
the experimental data which might be caused by those variables. The
variables considered were: size of the Jjar, number of the balls, rota-
tional speed of the mill, milling time, etc. In the present experiments

these variables were fixed as follows:

Volume of glass jar . . . 750 cc
Number of balls ... 25 (they were so selected that each
set of 25 balls had the same
weight)
Shape of balls . . . spherical
Rotational speed of
mill . + . 200 revolutions per minute
Milling time . . . 95 hours (determination of milling
time will be discussed
later)

Measurement of Viscosity

Rheological measurements of viscosity of suspensions in the
volume concentration range of O - 5% were made on a commercial model
Stormer viscometer with paddle-type rotor. The dimensions of the paddle
are shown in Figure 3. A cup used with the paddle-type rotor was an
ordinary 250 ml pyrex beaker. The calibration curve for the paddle-type
rotor and cup combination was prepared as previously described. (See
Figure 44 and Appendix F).

The procedure for viscosity measurement was the same as pre-

viously mentioned.
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The driving weights were 50, 75, 100, 125, 150 and 200 grams.
From the driving weight and corresponding readings of the time in sec-
onds required for 100 revolutions of the paddle rotor, the viscosity was
read from the calibration chart, Figure 44. If the viscosity was vari-
able with respect to driving weight (or rate of shear), the viscosity
thus obtained would not be constant. The viscosities of suspensions of
definite volume concentration and particle size at a definite temperature
were constant in the low volume concentration range of O - 5%.

Temperature of the suspensions during the measurements was
varied by 5°C intervals, between the limits of 20°C to 35°C so as to
afford information about the effect of temperature on the viscosity.

The main reason for using this type of paddle rotor was to
reduce the sedimentation effect when the above-mentioned bob-type rotor

was employed for measurement of viscosity at lower volume concentra-

tions(53).






RESULTS AND DISCUSSION

Plastic Flow

The experimental data which show the relationship between the
shear stress and the rate of shear are plotted in Figures 11 - 15. Vis-
cosities of the suspensions, in a volume concentration range of 5 - SO%,
were calculated from these figures. Results are tabulated in Table X
and are shown in Figures 16 - 23.

In the volume concentration range of 5 - 30%, it was evident
from Table X that the viscosities of the suspensions of titanium dioxide
pigments in soy bean oil depended on both rate of shear and volume con-
centration of particles in the suspensions. Furthermore, the suspensions
possessed yield value.

According to the classification suggested by Pryce-Jones(u2>,
see Appendix A, the Plastic flow was dominant in titanium dioxide-soy
bean o0il systems in the volume concentration range of 5 - 30%.

When Bingham(h) first confirmed the existence of an intercept
on the pressure axis while working with clay-water suspensions, he called
it "friction." He thought the intercept gave a measure of the force
necessary to overcome the frictional resistance of the particles before
the flow started. Later, (}reen(17> found that flocculation played an
important part in the formation of structures and the production of the
intercept. Green(S) considered the term "friction" not broad enough to
include all the causes for the production of the intercept, and so the
term "friction" was discarded and "yield value" was used in its place.

(lO) (22) also mentioned in their

De Wael and Lewis and Harvey
papers that "flocculation force" plays an important part in the formation

of structures.

-31-
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The forces of flocculation probably depend upon (a) the force
of electrical origin between particles or (b) the force of the London -
Van der Waals type. The existence of the electrical origin force seems
to be well established. The principles on which they have been treated
are clear. However, the quantitative side of the treatment in the case
of high charge densities still leaves much to be desired. Adequate ex-
perimental data are still lacking in all but the most simple cases. The
London - Van der Waals force, in general, causes attraction and promotes
coagulation. Although they have been incorporated into the present
theories of colloid stability, their actual role is still open to dis-
cussion. Quantitative data are scarce and conflicting.

However, Breyer(37) believed that the force of orientation
existing between particles caused the yield value.

Vand(5o), Robinson(u7) and other investigators confirmed the
principle that the particles were capable of absorbing and swelling in
the liquid, and that the particles were appreciable solvated and would
be surrounded by an envelope of the liquid medium. Zettlemoyer(SB)
designated this envelope of the liquid medium as the "immobilized liquid."

In ideal cases where the particle is rigid and non-attractive,
the envelope of the liquid medium could be very thin and the particles
could exist independently in very dilute concentrations. However, when
the particles are slightly attracted or the concentration of the suspen-
sion is rather high, the boundaries of one particle would merge with
boundaries of adjacent particles. Thus a structure is formed instead of
a suspension of many independent particles. The thickness of the immobil-
ized liquid envelope and the size of the structure would be a function

of characteristics of the particles and the liquid medium.
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Generally the mass of particles is dispersed in a liquid medium
by the application of shear stress, produced by a ball mill or a three
roller mill. The mass of particles is broken into small groups of par-
ticles or into individual particles and the liquid medium penetrates into
the void space between the particles. Thus the solid particles are dis-
persed in the liquid. When the application of shear stress ceases, the

"structure" starts. However, the rate of formation of

formation of
structure and the compactness of the structure should be dependent upon
the characteristics of the particles and the liquid medium.

In suspensions of non-attractive particles, the structure
could not be formed in concentrated suspensions where the mass of the
particles is simply piled up. There is not sufficient force acting be-
tween the particles to bind them tightly to form structures.

Street(AB) suggested "that all bodies possessing a yield value
are also thixotropic; however, if their time of rebuilding structure is
extremely short, then they are not recognized as such. In other words,
those suspensions that have been called thixotropic are those whose time
effect is of medium value; those with very fast or those with very slow
effects have not been recognized as thixotropic."

According to this statement Plastic type of flow could be
thixotropic because the structure is broken down or is rebuilt.

The anomalous phenomenon was explained by the writer as follows:

As the suspension was sheared in a viscometer container, the
structure was pulled in the direction of the shear stress while the
shear stress was lower than the yield value. When the shear stress was

sufficiently high, the structure was broken down into smaller size struc-

tures; hence, causing the dispersed system to flow. This critical shear

stress was called yield wvalue.
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As the shear stress was increased, the structures were further
broken down into smaller sizes, and, as a consequence, the apparent vis-
cosity decreased. This was a Plastic type of flow. If a point was
reached at which no further change in the size of the structures occurred,
then the relationship between stress and rate of shear would become lin-
ear. In other words, the viscosity of the suspension would be independ-
ent of the rate of shear. This was a Bingham type of flow.

A Plastic type of flow was observed when the volume concentra-
tion of titanium dioxide pigment in soy bean oil was between 5 - 30%.
Flow curves are shown in Figures 11 - 15 in which the driving weights
were plotted against 1/t. The time in seconds required for 100 revo-
lutions of a rotor is t. These plots were the same as the ordinary
shear stress vs. rate of shear plot, and they indicate a typical Plastic
type of flow at the volume concentration range of 5 - 30%. In other
words, the structures were still continuously broken down into smaller
sizes as the rate of shear was gradually increased.

Since the dielectric constant of suspensions of spherical
particles is appreciably less than that of non-spherical particles when

(54)

the volume of the suspended phase is constant, Voet measured the

dielectric constant of suspensions. He derived the equation
e = ¢, (1 + 3Fp) (20)

from Bruggeman's(g) equation for the suspension of spherical particles:
€

1-0-= gi?;;:i- (em/e)l/3 (21)

_em

where ¢ is the volume fraction of the dispersed phase, € is the di-
electric constant of the suspension, ep is the dielectric constant of
the solid particles, and € is the dielectric constant of the suspending

medium. The "form factor" F was introduced by Voet(Su) for non-spherical
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particles in dispersions where the dielectric constant of the dispersed
phase is much larger than the dielectric constant of the medium. For
spherical particles, F =1, for non-spherical particles F > 1.

Voet(Su) mentioned "it has not been found possible, however,
to relate form factor directly to specific ratios of particle dimensions.
Our knowledge at present is limited to the qualification that the larger
the form factor, the more deviation there is from the spherical shape...
it must be emphasized that, in order to cause an increased dielectric
constant of the dispersion, the particles must touch one another direct-
ly, forming conductive chains. Particles connected by forces having
minima of potential energy at a distance are dielectrically equivalent
to totally independent particles. Thus, the experimental evidence in-
dicates that the particle structures are composed of directly connected
particles." He said furthermore, that "when particle agglomerates are
subjected to shear, they are partly broken up, but in the presence of
strong agglomeration particle chains will still exist at moderate shear-
ing stress......... It was observed that strong forces between particles
will cause an immediate agglomeration after discontinuation of the ap-
plied shearing forces, leading to a rheologically hardly perceptible
thixotropy, while weak forces will only slowly rebuild a structure,
making thixotropy more apparent."

From Figures 11 - 15, the viscosities of the Plastic type sus-
pensions were observed to be depending upon both the rate of shear and
the volume fraction of the solid particle in the suspensions.

The qualitative relations between the viscosities of the sus-

pensions and the rate of shear are shown in Figures 16 - 19.
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The viscosities of the suspensions decreased as the rate of
shear increased as shown in the Figures 16 - 19. In other words, the
viscosities of the suspensions decreased as the size of the structure
in the suspensions became smaller compared to the original structure.
Thixotropy was not observed in the present experiments, possibly because
the rate of reformation of structures was so fast that the original
structure was rebuilt immediately after the application of the shear
stress.

In Figure 24, the yield values possessed by each suspension
are shown.

As described before, the yield value is the critical shear
stress which is required to pull the structure to some extent in the
direction of flow before the original structure is broken down into
smaller structures and the fluid begins to flow.

Weltmann and Green(55), in 1943, correlated yield values and
volume fraction of pigments on semi-log paper and deduced the following
equation
T =M eN¢ (22)
where T, is the yield value, ¢ is the volume fraction of the pigment in
the suspension, M and N are two constants depending on the material.
They also found that N depends on the particle size.

However, they failed to correlate the data at lower concentra-
tions, i.e., straight lines were not obtained at lower concentrations
on semi-log paper.

From Equation (22), at zero volume concentration (§ = 0), TS

is equal to M. In reality, TS should be equal to zero. In other words,

the liquid medium should not possess yield values unless the liquid
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medium were either of the Bingham or Plastic type. Consequently, Equa-
tion (22) is invalid at very low pigment volume concentrations.

The writer correlated the yield value data by the following
equation

T, = kg (23)

where T is the yield value in grams which was found by the method pre-
viously described, ¢ the volume fraction of solid particles in suspen-
sion, and k3 is the proportionality constant depending on particle size
in Equation (23), and n is the characteristic constant of suspended
solids.

The numerical values of n and kS were calculated from the

data given in Table XI and Figure 2L, and are tabulated in Table IV.

TABLE IV

CALCULATED NUMERICAL VALUES OF kg
AND n EMPLOYED IN EQUATION (23)

Pigment TiOp-MP-776-3  TiOp-MP-776-4  Ti0p-MP-776-5

L4

L L

L

) 2.26 x 10 6.06 x 10 3.81 x 10

I

n 2.54 % 10“ 2.62 x 10 2.61 x 10

As shown in Table IV, the numerical values of n for different
particles sizes of titanium dioxide are almost equal, while the numeri-
cal values of k3 are larger as the particle size becomes smaller. The
conclusion is reached immediately that the magnitude of the yield value
of a suspension depends largely upon the particle size and less upon the

volume concentration of the suspended solids.
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Bingham Flow

Effect of Volume Concentration on the Viscosity of the Suspension

The Bingham type of flow (one type of Plastic flow) possesses
yield values, but the viscosity of the fluid is independent of rate of
shear.

In 1954, Harper(ao) found that "in the case of Plastic flow
(according to present definition of flow, this is Bingham type of flow)
once the yield stress is exceeded, the excess dissipation of energy due
to the presence of the solute is entirely analogous to the case of New-
tonian solution (suspension) ......... After the shearing stress has ex-
ceeded the yield stress, the interference offered by the solute particles
to the flow of the medium appears completely similar to the case of New-
tonian flow. It would be difficult to explain why this should not be so
unless a change in the applied shear stress is associated with a change
in the extent of agglomeration or particle size."

Green(l7) explained the structure in his paper as follows,
"the flocculated pigment is the Structure which holds the mass together,
giving it a plastic nature; when this structure is destroyed plasticity
tends to vanish......... Flocculation is a condition of aggregation; it
is that condition or state of affairs which has arisen when the dis-
persed phase ceases to be uniformly dispersed and exists in groups or
clusters, the individual units (particles) which are closely held to-

gether. When the word Flocculation is used, it implies three things:

(a) a previous state having existed in which the discontinuous phase was
dispersed in a continuous phase, (b) the unit of the discontinuous phase
brought into contact with each other forming groups (flocculates), and

(b) adherence of the touching units."



-39-

nn

He illustrated "undispersed lump," "particle dispersed" and

"flocculate" as follows:

Particle Dispersed

(v)

Liquid

Flocculate Figure 6. Concept of Dispersion in Suspension

(c)

The writer has derived from Newton's definition of viscosity a
more general equation for the viscosities of suspensions.

In most cases, particles which are dispersed in the vehicle do
not exist in an isolated form. In other words, they form structures
with other neighboring particles and small portions of vehicle. More
precisely speaking, the structures are formed from a number of particles,
dead volume of vehicle or immobilized vehicle which are contained in the
space between each particle and the thin layer of vehicle on the struc-
ture surface (see Appendix B). An ideal structure is a primary particle
which is isolated from other particles and exists alone and is enveloped

by a thin layer of vehicle.
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The velocity gradient and the model of structures are shown in

Figures 7 and 10 respectively (see Appendix B).

Distance

(r)

Velocity (u)

Figure 7. Velocity Gradient in a Suspension

The assumptions made for the derivation of an equation were:

(a) Each structure moves in the fluid with a uniform
velocity u. In other words, the velocity function
across the structure is discontinuous as shown in
Figure 7. This assumption is reasonable because, as
was described in the explanation of Plastic flow, no
more breakdown of structure is expected if the vis-
cosity of the fluid is independent of rate of shear.
If there were a velocity gradient across the structure
body, the structure would be broken up into smaller
structures which would cause a decrease in the viscosity,
i.e., the viscosity should be dependent upon the rate
of shear.

(b) Liquid medium which is near the surface of the struc-
ture flows at the same velocity as the structure.

(c) Liquid medium is in Newtonian flow.

(d) Flow of the suspension is analogous to Newtonian flow

when the shear stress is in excess of the yield value.
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From Newton's definition of viscosity, the following equation

can be formed:
Aul Au2
T =1 "= N = =
° 3 5 + D

(24)

u; 1s the velocity of flow of structure 1 under shear
u, 1s the velocity of flow of structure 2 under shear
Aul=ul-u2

u! 1is the velocity of fluid flow near the surface of
structure 1 under shear

ué is the velocity of fluid flow near the surface of
structure 2 under shear

fup =) -
where T is the shear stress, no is the viscosity of liquid medium, 7
is the viscosity of suspension, D is the average dlameter of the struc-
ture as shown in Figure 7, ® is the mean distance between each structure
shown in Figure 7, and is defined as follows:
Vi - Ve

5/2 = -—3;;-—— (25)

SO is the total surface area of the whole structures, V, is the total
dead volume which is involved in the structures and does not play any
role in the fluid flow and Vj is the volume of the liquid medium.

From the assumption (a)

buy - Loy = Lu _ (26)
Substituting Equation (26) into Equation (24) gives
Y (27)
T 7§ 5+D

Equation (27) can then be simplified by dividing by Au and rearranging

N = 1o(1 + D/3) (28)
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Substituting Equation (25) in Equation (28) gives,

SNy

=0+ FE S Vg) (29)

Substituting K = §.D/2V, in Equation (29) gives,

SOEVEVS K
=l + Vp+Vs VS+VC> = T]o(l tI7f - (1 + VC/VS)) (30)
VS ) VS

where P is the volume fraction of particles in the suspension defined

\
as : ) — (31)

B V, + Vg

VS is the total volume of solid particles and V, is the volume of liquid

medium.
According to the definition of specific viscosity(lu)
N
=g -1 2
nsp (no ) (3 )
the Equation (30) may be written in dimensionless terms
_ K
Usp = 1 (1 + %) (33)

Equation (33) has the same form as the Robinson Equation (10) which

states

lsp =17 s §
where S' is the relative sediment volume expressed as volume of sediment
per volume of solid particles. The volume fraction of particles in sus-
pension is ¢, and B is a constant determined by experiment.

Hess(27) also showed
o

n = T af (5)

where "a" is a factor greater than 1, ¢ is the volume fraction of

suspended particles.
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When the structure is spherical, then
_ =2
Sy = NymD (34)
where N, is the total number of spherical structures and D is the

average diameter of each spherical structure.

Substituting Equation (34%) in Equation (29) gives,

Ngp = NaxD3/2Vs (35)
R SCAY
p Vs
or on simplification we have
3VP/VS
M (36)

sp % o (1 + Ve/Vs)
where V i f th t V. =
p is the total volume of the structures D —Z

and nsp is the specific viscosity.

Equation (36) shows that the Einstein Equation (4) can be
applied only to the super-ideal case where each particle is completely
isolated from neighboring particles and the particles are not enveloped
by a thin layer of liquid which is assumed in most rheclogical papers.
Under this condition, Equation (36) becomes

Ngp = 3 9 (37)
which is very close to the Einstein equation for the viscosity of a

suspension:

Nyp = 2.5 @ (%)

The only difference is the coefficient of 3.0 instead of 2.5
in Einstein's equation.
From Equation (33), a linear relation should be obtained when

l/nSp is plotted against 1/@. Furthermore, numerical values of K and
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Vc/VS can be obtained from the slope of the line and the intersection
of the line with the l/¢ axis, respectively.

Numerical values of K and Vc/Vs afford qualitative information
about the relative size and shape of the structure when the shear stress
is being applied in the viscometer.

Three different types of %Sp vs. 1/P curves are expected.

These three types are shown in Figures 8(a), 8(b) and 8(c).

In Figure 8(a), there is no break in the l/nsp vs. 1/f curve.
This implies that the size of the final structure is unchangeable with
respect to volume fraction of solid particles in the suspension because
the numerical value of K is constant, Equation (33).

In Figure 8(b), there is a break in the 1/ngp vs. 1/p curve
at the point B. The slope of the line AB is larger than the slope of
the line BC. In other words, the numerical value of K for the sus-
pension in the volume concentration range represented by line AB is
lower than that of the suspension in the concentration range represented
by line BC. This implies that the size of the final structure is smaller
as the volume fraction of the solid particles in the suspension increases.

In Figure 8(c), there is also a break in 1/ngp vs. 1/p curve
at the point E. However, the slope of the line DE is smaller than the
slope of the line EF. In other words, the numerical value of K for
the suspension in the concentration range represented by line DE 1is
higher than that of the suspension in the concentration range represented
by line EF. This implies that the size of the final structure is larger

as the volume fraction of the solid particles in the suspension increases.
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(a) (b) ()

C
F
1 e 1
isp Msp Msp
D
1 1 1
P P P
Figure 8. Three Considerable Types of 1/ngp - 1/

Relations.

The experiuentally measured viscosities of suspensions in the
volume concentration range of O - 5% at temperatures of 20°, 25°, 30°
and 35°C are shown in Table XII and are plotted in Figures 25 - 28 with
1/ngp as ordinates and 1/p as abscissa.

Straight lines were obtained in this range of volume fractions.
In other words, the size of the final structures did not change with
respect to the volume fraction of the solid particles in this volume
fraction range.

Numerical values of K and V./Vg were obtained from the slope
and the intersection of the line with 1/ axis in Figures 25 - 28 and

are tabulated in Table V.
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TABLE V

NUMERICAL VALUES OF K AND V,/V, AS DEFINED BY EQUATION (33)

Temp. (°C) Pigments V./Vs K
20 + 0.1 Ti0p-MP-TT6-1 8.2 28.5
20 * 0.1 Ti0p-MP-T76-3 7.4 25.8
20 + 0.1 T10,-MP-776-4 9.0 31.5
20 + 0.1 Ti05-MP-776-5 9.0 31.5
20 + 0.1 T10,-MP-776-6 7.3 25.2
25 + 0.1 Ti05-MP-776-1 5.5 52.0
25 + 0.1 Ti0,-MP-776-3 L9 b1k
25 + 0.1 Ti0,-MP-776-4 6.0 50.4
25 + 0.1 Ti05-MP-776-5 6.0 50. k4
25 + 0.1 Ti05-MP-776-6 k.5 38.4
30 + 0.1 TiOp-MP-T776-1 3.0 60.9
30 + 0.1 Ti0,-MP-776-3 2.5 57.3
30 + 0.1 Ti0p-MP-776-k 3.0 68.7
30 + 0.1 Ti0,-MP-T776-5 3.0 68.7
30 + 0.1 T10,-MP-776-6 2.5 51.3
35 + 0.1 Ti0p-MP-776-1 1.7 72.6
35 + 0.1 Ti0p-MP-776-3 1.0 68.4
35 + 0.1 Ti0p-MP-T76-k 2.0 81.6
35 + 0.1 Ti0p-MP-776-5 2.0 8L.6
35+ 0.1 Ti0,-MP-776-6 1.0 60.0

ﬁ

From Table V, the following facts were deduced:

(a) If the size of the solid particles was the same, the

dead volume was smaller as the temperature increased.

(b) If the size of the solid particle was the same, the

numerical value of K, i.e., the relative size of the

structure was larger as the temperature increased.

(c) At the same temperature, the size of the structures

was larger as the size of the individual particles

became smaller.
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Equation (33) implied that the viscosity of the suspension
was not only a function of the volume fraction of the solid particles
in the suspension but also was a function of the size of the structures
which was represented by the numerical values of K. Furthermore, the
size of the structures was a function of the temperature, the size of
the particles, and possibly the physical characteristics of the liquid
medium and the solid particles.

Equation (33) was also applied to the correlation of the
published data of Eilers(l3), Broughton(8>, Robinson(u6), Traxler(h9>,
Zettlemoyer(58) and Maron(36>. The correlations are shown in Figures
29 - 34,

These figures indicate that in suspensions of glass spheres -
water, diatomaceous earth - asphalt, gray-green mica - asphalt, and
calcium carbonate - polybutene, the relations between l/nSp and 1/§
were linear and the size of the final structures did not change with
volume fraction of solid particles in suspension within the volume
fraction range investigated by the various authors. However, in the
suspensions of black slate - asphalt, the relation between l/"qsp and 1/¢
was not linear, i.e., the size of the structures changed with respect to
the volume fraction of solid particles in the suspensions.

From the above analysis of the experimental data, as Harper

(20)

mentioned in 195k4 , once the yield stress was exceeded, the nature

of the Bingham type of flow was analogous to that of Newtonian flow.

Effect of Particle Size on the Viscosity of the Suspension

In most of the classical work reviewed the effect of particle

size on viscosities of suspensions was not mentioned.
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In 1951 Robinson(h7) studied the effect of particle size on
viscosities of suspensions and found that the increase in effective
volume was greater as the size of the sphere decreased. He defined the
effective volume of the solid as the volume of the solid plus the volume
of the liquid medium associated with the solid particle which does not
play any role in the fluid flow. He measured the viscosity of three
sizes of glass spheres, suspended in a sugar solution, the sphere di-
ameters ranging from 3 to 4 microns, 4 to 10 microns and 10 to 30 micronms,
respectively.

Zettlemoyer(SB) also found that the viscosity of suspensions
of calcium carbonate in polybutene was affected by ‘the particle size.
According to Zettlemoyer, dispersed particles were covered with a shell
of "immobilized vehicle" to an extent proportional to the amount of
pigment surface present, which affects the particle size and viscosity
of the suspensions.

As shown in Table V for titanium dioxide-soy bean oil suspen-
sions, at a constant temperature the numerical values of VC/VS and K
increased as the size of the particles decreased.

In other words, the size of the structures was larger as the
size of the particles decreased.

Consequently the viscosities of the suspensions were affected
by the size of the particles. The experimental data, Figures 25 - 28,
indicated that viscosities of the suspensions were lower as the particle
size increased, providing the particle size was larger than 0.05 microns.
However, viscosities of suspensions which were prepared by milling with
a ball mill were no longer affected by the size of particles if the

particle size was smaller than 0.05 microns.
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The Effect of Temperature On Viscosity

Many theoretical and experimental equations have been developed
to indicate the relation between the viscosity of pure liquids and temp-
erature. However, most of the investigators who studied viscosities of
suspensions, measured the viscosity at constant temperature and paid
less attention to a study of the effect of temperature on viscosity.

Mardles(33) measured viscosities of suspensions of kaolin,
graphite, zinc oxide, silica, red oxide of iron, etc., at different
temperatures and with different liquid media and concluded that the
relative viscosity decreased with a rise in temperature.

However, in 1951, as a result of viscosity studies on water-
carbon black suspensions with a Ubbelohde viscometer, Donnet<ll) con-
cluded that the relative viscosity did not vary with temperature.

In order to investigate the effect of temperature on viscosi-
ties of suspensions, the viscosities were measured at four different
temperatures, i.e., 20, 25, 30, 35°C.

The experimental data, tabulated in Table XII, showed a
straight line correlation in Figures 35 - 39 for plots of 1n n vs. 1/T,
where T represents temperature in degrees Kelvin.

As shown in Table V, the temperature affected the size of the
structures and consequently, the viscosities of the suspensions. For a
constant particle size, the sizes of the structures were larger as the

temperature increased.

Milling Time Effect

Milling time in a ball mill was studied to determine the effect
on suspension viscosity as well as a sultable milling time for the

experimental procedure.
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The dispersion of pigments by a ball or jar mill operation bore
some resemblance to pigment dispersion in a roller mill since the initial
wetting of the pigment was followed by disintegration of the agglomerates.

The action in the Jjar mill was classified by Hoback(28), in
the following four stages:

Stage I: Penetration of the vehicle into the pigment mass.

Stage II: Formation of a cluster.

Stage III: Breaking of the cluster.

Stage IV: Mixing to full mobility.

Stage I and Stage II generally proceeded very fast. However,
Stage III took a long time before the fluid displayed full mobility.

Pigment TiOe-MP-776-5 was used in this study. Volume con-
centrations were 3.48, 2.34 and 1.36% and were milled 5, 10, 20, 30,

Lo, 60, 80 and 96 hours (4 days) each. The viscosity of each sample
was measured by a Stormer viscometer (with paddle-type rotor) at a con-
stant temperature (25 + 0.1°C).

Experimental data are shown in Table XIV and are plotted in
Figure 40 with the viscosity as ordinate and the milling time as abscissa.

From O to 15 hours of milling, the viscosities of the suspen-
sions rapidly increased..... this was called an "initiation period" im-
plying the beginning of the cluster breakdown.

From 15 to 60 hours of milling, the viscosities of the sus-
pensions were comparatively stable but were still changing...this was
called a "transition period," which implied an unstable viscosity change.

From 60 to 96 hours of milling, the viscosities of suspensions

were relatively constant..... this was called a "stable period."



-51-

The viscosities of suspensions became stable after the trans-
ition period where suspension viscosities were changing with respect to
length of milling time.

The primary particles were poorly dispersed in the liquid medium
during the initiation and transition periods. In these stages the sus-
pension viscosities depended upon the length of milling time because a
number of air pockets were present in the clusters, causing irregular
breakdown of the formed clusters while shear stress was applied in the
viscometer. In the stable period the primary particles were adequately
dispersed in the liquid medium and the suspension viscosities did not
depend upon the length of milling time.

Figure 40 shows the interdependence between the suspension
viscosities and length of milling time.

From the experimental results, a four-day milling time was
selected for preparing suspensions to be employed in the study of volume

concentration effect.

Addition of a Surface Active Agent

A surface active agent was added to the suspension to investi-
gate the effect on structure formation in the pigment suspension system.

The pigment, liquid medium and surface active agent used in
this experiment were TiO,-MP-776-4, soy bean oil and l-amino-2-naphthol-k-
sulfonic acid, respectively.

Sample suspensions were prepared by diluting the TiOp-MP-776-4
soy bean oil paste which was previously prepared (5.08% volume concen-
tration) with soy bean oil. The surface active agent was mixed with the
sample suspension and was shaken violently in a shaking machine for 20

minutes.
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In order to determine the effect of the surface active agent on
both viscosity and yield value of the suspension, the commercial model
Stormer viscometer (with bob-type rotor) was used. During the measure-
ments, the temperature was kept at 25 + 0.1°C.

The experimental data are recorded in Table VI-A and VI-B and
are plotted in Figure 41 with the driving weight as ordinate and l/t as
abscissa, where t is time in seconds required for 100 revolutions of a
rotor.

As is shown in Tables VI-A and VI-B, and in Figure 41, the
addition of the surface active agent reduced both the viscosity of the
suspension and the yield values without affecting the viscosity of soy
bean oil.

The surface active agent was assumed to be adsorbed on the
surface of the dispersed cluster during the mixing process, and as a
consequence, the flocculation forces which play an important part in
structure formation were reduced. Therefore, the structure size, the
yield values, and viscosity of the suspension were reduced as the amount

of the surface active agent was increased.

Comparison of Milling Methods

When the suspensions were prepared by milling with a ball mill,
the viscosities of the suspensions were independent of particle size if
the particle size was smaller than 0.05 microns and in volume concen-
trations of O - 5 per cent.

The suspensions in this low volume concentration range were
also prepared by diluting the paste prepared by milling on a three-roller

mill and the viscosities were measured by using a commercial type Stormer
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TABLE VI-A

EFFECT OF ADDITION OF A SURFACE ACTIVE AGENT ON
THE VISCOSITY OF SOY BEAN OIL

Wp* W * Wg* Viscosity
(g) (g) (g) (cps.)

0 35.3 0 52.2

0 35.3 0.0767 51.8

0 35.3 0.4580 52.0

0 35.3 2.7742 52.1

0 35. 5.3161 51.5

TABLE VI-B

EFFECT OF ADDITION OF A SURFACE ACTIVE AGENT ON
THE VISCOSITY OF SUSPENSION

W% W% W_* Driving Vis- Yield

P 0 s 1/t :
W,/W, TWeight cosity Value
(g) (g) (g) i (g) (rev/sec) (cps.) (&)
7.87  35.03 0 0 125 0.055 118 35
100 0.0394
5 0.025
50 0.0116
7.87  35.03 .8255 .105 150 0.072 116 32
100 0.0403
75 0.0252
50 0.0118
7.87 35.03 2.0415 .26 150 0.074 11k 28
125 0.0578
100 0.0428
5 0.0277
50 0.0134
7.87  35.03  3.3743 .43 150 0.0775 112.5 26
125 0.0602
100 0.0459
75 0.030
50 0.0151
7.87  35.03 k4.9429 .63 150 0.0806 109.5 22
125 0.0655
100 0.0492
*Wb = weight of pigment 75 0.0331
*W, = weight of oil 20 0.017

*Wg = weight of surface active agent

—— —— — — —




~5h-

viscometer equipped with a paddle-type rotor, in order to investigate
the dependence of the suspension viscosities on particle size when the
particles are smaller than 0.05 microns.

The experimental data are recorded in Table VII and are

plotted in Figure 42 with l/nsp as ordinate and 1/f as abscissa.

TABLE VIT

COMPARISON OF MILLING METHODS, EXPERIMENTAL DATA.
TEMPERATURE 25 + 0.1°C

Volume Viscosity
Pigments %%?c. n(cps.) l/r]sp 1/9
Milling with Three-Roller Mill
TiOp-MP-776-5  5.15 108.3 0.93 19.4
4.05 94.8 1.22  24.7
3.18 8. L 1.61  31.4
1.52 65.3 3.70 65.8
Ti0p-MP-T776-k 5.08 118.0 0.79 19.7
h,11 103.7 1.01 24.3
2.68 83.9 1.6 37.3
1.17 65.0 L.17 85.5
Milling with Ball Mill
Ti0o-MP-T76-5  3.48 172.5 0.k3  28.7
2.34 125.9 0.71 Le.7
1.76 104.8 0.99 56.8
1.18 86.1 1.5 84,7
Ti0,-MP-7T76-k L, 57 185.9 0.30 21.9
L. o2 197.2 0.36 24,9
2.34 125.0 0.72 k2.7
1.18 86.1 1.5% 84,7

Suspensions prepared by 96 hours milling with a ball mill showed
higher viscosities than those prepared by milling with a three-roller mill.
Numerical values of Vc/Vs and K in Equation (33) are reported

in Table VIII.
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TABLE VIIT

COMPARISON OF MILLING METHODS
CALCULATED VALUES OF K AND V,/V_ IN EQUATION (33)

Pigments V. /vy K

Milling with Three-Roller Mill

T10p-MP-T76-5 2 17.8
T10,-MP-T76-4 3 21.2
Milling with Ball Mill
Ti0p-MP-776-5 6.0 50.4
Ti0p-MP-7T76-4 6.0 50.4

The data in Tables VII and VIII indicate that there are dif-
ferences in milling processes in a three-roller mill and in a ball mill.
The larger values of K for suspensions milled with a ball mill are indic-
ative of larger structures. When suspensions were prepared by milling
with a three-roller mill, their viscosities depended on particle size
in the range below 0.05 microns. However, when suspensions were pre-
pared by milling with a ball mill, 96 hours milling time, the viscosi-

ties were not affected by particle size in the range below 0.05 microns.






SUMMARY

The explanation of anomalous rheclogical béhavior of titanium
dioxide-soy bean oil suspensions has been confirmed through the studies
of the effects of particle size, volumetric concentration, temperature,
milling time, milling methods and addition of a surface active agent,
which are summarized as follows:

A modified Stormer viscometer was used to measure suspension
viscosities. Some of the data showed excellent correlation with other
viscosity data obtained with a Brookfield viscometer.

The suspensions were prepared either by milling on a three-roller
mill or in a ball mill.

The titanium dioxide pigments were either round or irregular
and varied in size from 0.04 to 0.30 microns.

Volume concentrations of pigment varied from O to 30%. Bingham
type of flow was observed in volume concentrations of O to 5%, while the
Plastic type of flow was observed with volume concentrations of 5 to 30%.
Higher than 30% volume concentrations produced zero fluidity.

The yield value varied inversely with respect to particle size,
i.e., the yield value increased as the particle size decreased. The yield
value was also affected by volume concentration of pigment as shown in
the following equation:

To = kgf (23)

In order to explain the effect of particle size and volume con-
centration on suspension viscosities the following equation was derived

utilizing the concept of "structure formation" in suspensions.

K
Msp = Ve (33)
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Equation (33) has as its variables relative size of the struc-
tures, arrangement of the particles in the structures and the relative
amount of dead volume contained in the structures. These variables are
functions of the particle size, the temperature, and possibly the physi-
cal properties of the liquid medium.

Experimental and published data showed excellent correlation
when used in Equation (33). These results indicated that once the yield
value was exceeded the nature of Bingham type of flow would be analogous
to that of Newtonian type of flow.

Particle size affected the suspension viscosities. The smaller
the particle size the higher the suspension viscosities at a constant
temperature in volume concentrations ranging from O to 5% if the particle
size was larger than 0.05 microns. However, at a higher volume concen-
tration range, where Plastic type of flow was observed, the critical
particle size was not observed.

The effect of temperature on the viscosity of the Bingham type
of flow was well expressed by Arrhenius type equation.

The ball milling process was analyzed at a constant temperature.
Three milling periods were observed: (a) 0 - 15 hours initiation period,
(b) 15 - 60 hours transition period and (c) 60 - 96 hours steady period.

The surface active agent used was 1-amino-2-naphthol-4-sulfonic
acid. Addition of this surface active agent reduced both the yield value
and suspension viscosities at 25 + 0.1°C.

The viscosities of suspensions prepared by milling with a ball
mill were higher than those prepared by milling with a three-roller mill.

These investigations revealed that the structures were formed

after a dispersion operation. The speed of "structure formation" depended



upon the strength of the flocculation forces. The shear stress applied

to break the formed structures was called "yield value." When the shear
stress exceeded the yield value, the structures were broken down into
smaller sizes because of the irregularity in structure shape. If the
volume concentration was comparatively low, the broken structures would
remain constant size and almost the same shape ... a Bingham type of flow.
However, if the volume concentration was comparatively high, the structures
were continually broken down and the viscosity decreased as the higher

shear stress was applied ... a Plastic type of flow.






APPENDIX A

CLASSIFICATION OF THE RHEOLOGICAL STATE OF DISPERSION

It is essential to define certain terms so that the reader
understands precisely the meaning in which the terms are used in this
thesis. It is not claimed they are acceptable to all rheologists, but
the following scheme is offered by Pryce-Jones(ue) and meets the needs
of the present discussion.

Definition of rheological state:

1. Newtonian Liquids

Systems with viscosities independent of time or
rate of shear and do not possess yield value.

2. Non-Newtonian Fluids

Systems with viscosities dependent on rate of
shear but independent of time of shear and may
or may nct have yield value.

3. Plastic Dispersions

Dispersions which possess a finlte yield value,
their viscosities depend on the rate of shear
but are independent of time of shear.

L. Pseudo-Plastic Dispersions

Dispersions which possess no yield value, but
their viscosities depend on the rate of shear,
and are independent of time.

5. Bingham Dispersions

Dispersions which possess yield value, their
viscosities are independent of the rate of shear

and of time.
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6. Dilatant Dispersions

Dispersions which are Newtonian liquids at low
rate of shear but their viscosities increase
with increasing rate of shear above a minimum
critical value. The value of the viscosity

is independent of time.

7. Shear-Hardening Dispersions

Dispersions which increase in viscosity at
constant rate of shear which increasing
time of shear, but revert to their original
viscosity when left at rest.

8. Thixotropic Dispersions

Dispersions which show the isothermal re-
versible gel/sol/gel transformation. In a
state of rest they are gels which possess a
yield value and their viscosities are a
function of the rate of shear, as well as
the time of shear and the time of rest. At
high rates of shear they are sols, their
viscosities in the sol state are independent
of the rate of shear or time of shearing.

9. False-Body Dispersions

Dispersions which are permanent gels, but the
viscosity of the gel is a function of the rate

of shear as well as the time of shear or of rest.
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10. Sol
A colloidal system which possesses no yield
value, but its viscosity is independent of
the rate of shear or time of shear.
11. Gel
A colloidal system which possesses a yield value,
but its viscosity is a function of the rate of
shear. If the gel is thixotropic or false-bodied
the viscosity is a function of the time of shear,
or time of rest, as well as the rate of shear.
The following scheme was proposed also by Pryce-Jones(ug);
each class forms a 'rheological state" and this can be determined by
measuring the viscosity of the system at different rates of shear at

definite intervals of time after the system has been left at rest.

Dispersion
& Lt
Velocity dependent Velocity independent of
on rate of shear rate of shear
-
Dispersion with viscosity Dispersion with viscosity
dependent on time of rest independent of time of rest
and time of shear and time of shear

|
l l |

Shear-hardening False-body Thixotropic

dispersion dispersion dispersion

| l | I

Bingham Plastic Pseudo-plastic Dilatant
dispersion dispersion dispersion dispersion

The following figure was prepared to show stress-rate of shear

relationship of the rheological states of dispersions.



-6k-

Stress

Rate of Shear

Figure 9. Diagramatic Sketch of Flow Curves



APPENDIX B

STRUCTURES IN AQUEQUS SUSPENSIONS

Figures lO(a) and lO(b) show the electron microscopic pictures
(30,000 magnification) of the suspensions of Ti05-MP-1250 pigment in
water and portray the concept of the structures which are formed in
the suspensions.

In the discussion, the writer assumed the formation of long
chain type of structure shown in Figure lO(a) before the application of
the shear stress in viscometer container.

As the shear stress is applied in the viscometer container, the
original structure as shown in Figure lO(a), is gradually broken up to
smaller substructures as shown in Figure lO(b).

The size and shape of the substructures and original structure
should be dependent upon the physical properties of pigment, liquid

medium, temperature and milling methods as previously described.
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30,000%
(a)

Original Model Structure

Before Application of Shear Stress
in a Viscometer

(b) 30, 000X
Model Structures

After Application of Shear Stress
in Excess of Yield Value

Figure 10. Models of Structures in Suspension.



APPENDIX C

COMPILATION OF DATA - PLASTIC TYPE OF FLOW

The compilation of the data is presented in tables and graphs.

The volume concentrations covered are 5 - 30% where the rheo-
logical state was of the Plastic type.

The viscosity measurements were conducted at a temperature of
25 + 0.1°C, employing a Stormer viscometer (bob—type rotor) unless other-
wise specified.

The sample suspensions were prepared by diluting the pastes to
the desired concentrations with soy bean oil. The pastes were prepared
by milling definite amounts of pigment and soy bean oil with a three-
roller mill.

Thé experimental data are reported in Table IX and are plotted
in Figures 11 - 15.

The viscosities were calculated from Figures 11 - 15 by multi-
plying the ratio AW/(1/t), of the driving weight vs. 1/t curves at a
certain value of l/t, by the calibration coefficient of the viscometer.

The calculated results are reported in Table X and are plotted
in Figures 16 - 23.

The yield values reported in Table XI were obtained from the
intersections of the curves on the stress axis (or driving weight axis)

in Figures 11 - 15. They are plotted in Figure 24.
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TABLE IX

EXPERIMENTAL RESULTS, USING STORMER VISCOMETER
(WITH BOB-TYPE ROTOR)

Volume concentration 5 - 30%, Temperature 25 + 0,1°C

Vol. # Driving  Sec./100 Rev.
Exp. No,  Pigment (100s)  _weight (g) t

174 T10,-MP~776-3 26.2 750 828.0 .00121
175 800 431.0 .00232
173 850 322.0 .0031
172 900 234.5 .00426
178 23.1 600 984.5 .00102
176 650 678.5 .00148
177 700 3445 .0029
179 750 221.5 .00452
181 19.7 400 630.0 .00159
180 450 310.0 .00322
183 475 190.1 .00526
182 500 153.0 .00654
344, 16.29 300 145.0 .0069
187 350 74.90 L0134
186 400 46.95 .0213
184 450 32.90 .0304
185 500 24,50 .0408
356 15.2 250 182.0 .0055
188 300 74,65 0134
357 325 53.25 .0188
189 350 42.20 .0237
358 375 34.65 .0288
190 400 29.0 .0345
191 425 24.70 .0405
359 14.3 200 200.0 .005
360 250 80.0 0125
192 300 43.7 .0229
361 325 35.95 .0278
193 350 29.25 .0342
362 375 24.9 .0402
194 400 2.4 .0468
195 450 16.4 .061
196 11.8 150 103.8 .0096
363 175 59.70 .0168
197 200 40.95 0244,
364 225 31.0 .0322
198 250 : 24.45 .0409

199 275 19.95 .0501
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TABLE IX (Cont'd)

Vol. ¢ Driving  Sec./100 Rev.

Exp. No,  Pigment (100p)  _weight (g) % 1/t
203 Ti0,-MP-776-3 9.91 100 114.9 .0087
367 125 60.8 0164
200 150 38.35 .0261
368 175 28.0 .0357
201 200 21.3 L0469
365 225 17.00 .0589
206 T10,-MP-776~4 20.6 1,455 637.0 .00157
207 1,614 250.,0 .00400
205 1,74 207.0 .00484
204 1,914 91.5 .01092
20 18.7 1,005 814.0 .00123
209 1,055 577.5 .00173
208 1,155 360.0 .00278
211 1,205 217.5 .0046
213 16.9 700 833.0 .00120
25 750 412.5 .00242
212 800 317.0 .00316
214 850 205.0 .00488
218 14.9 450 913.0 .00109
216 500 504.5 .00198
217 550 215.0 .00466
219 600 145.0 .0069
221 12.8 300 481.0 .0021
220 350 203.0 .0049
223 400 108.4 .0092
222 500 4470 .0229
341 600 24,.85 0402
225 11.2 200 688.0 .0014
224, 300 91.40 .0109
319 350 51.15 .0196
226 400 35.3 .0284
343 450 24.8 0404
320 10.1 150 514.0 .0019
228 200 135.1 .0074
230 250 60.55 .0165
229 300 35.90 .0279
231 350 24,20 0414

350 400 17.65 0566
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TABLE IX (Cont'd)

Vol. ¥ Driving Sec./100 Rev.
Exp, No.  Pigments (1004)  weight (g) t

352 T10,-MP-776~4, 9.14 150 167.0 .006
235 200 61.20 .0163
232 250 34.15 .0283
233 300 22.55 0444
234 325 18.80 .0532
340 7.65 75 378.0 .0026
236 100 123.1 .0081
237 150 .2 .0243
238 200 22.9 0437
239 250 15.30 0655
240 641 50 322 .0030
2,1 75 86.30 0116
24,2 100 45.7 .0219
243 125 29.6 .0338
342 150 21,60 .0463
245 5.08 50 42.90 .0116
244, 75 39.95 .025
246 100 25.4, .0394
247 125 18.20 .055
289 T10,-MP-776-5 20.13 800 32.0 .0031
292 850 19.9 .0050
290 900 16.25 .0062
370 950 11.65 .0086
291 1,000 9.20 .0109
3N 16.72 450 220.0 .0045
372 500 108.0 .00975
294, 550 78.3 L0128
293 650 42.9 .0233
295 750 27.3 .0366
296 800 11.4 .0439
300 13.91 250 238.0 .0042
299 300 90.9 .011
373 350 55.2 .0181
298 400 35.7 .0280
207 500 20.8 .0481
303 11.47 150 167.5 .0060
302 200 62.6 .016
37 250 33.9 0295
375 300 24.0 0417
301 350 16.95 .059



TABLE IX (Cont'd)

Vol. %

Exp, No, Pigment 00¢)

307
306
304
305

31
309

308
376

159
160
161
162

166
163
164
165

170
167
168
169

322
256
253
254
255

314
257
258
259
260

321
261
262
263
264,

268
265
266
316
267

T10,-MP-776-5

740,-MP-1250

8.8

5.15

2.8

16.8

15.51

14.36

12.93

Driving

75
100
150
200

30
50
75
100

800
850
900
950

600
650
700
750

450
500
550

350

450
500
550

250

350
400
450

200
250
300
350
400

200
250
300
325
350

Sec./100 Rev.
1

18600
7.5
32.2
19.25

127.5
49.5
27.9
19.10

729.0
455.5
262.0
11.0

745.0
43545
2545
162.0

1306.0
568.0
29445
164.0

117.5
63.0
42.15
30.25
22,90

209.3
90.75
52.30
34.40
24.80

231.2
88.75
48.15
30.75
22,10

88.25
43.55
27.10
22.70

18.95

.00538
.0129
.0312
.052

.0078
.0202
0358
0524

.00137
.0022

.00382
00586

00134
.0023

.00392
.00617

00076
.00176
.00339
.0061

.0159
00238
033

<0437

«0048
07

.0191
.0291
-0408

00433
0113
.0208
.0326
<0452

0113
.023
.0369
044
.0528



TABLE IX (Cont'd)

Vol. # Driving Sec./100 Rev.

Exp, No,  Pigment (1000)  weight (g) L 4
318 T10,-MP-1250 11.26 150 86.20 0116
27 175 54.80 .0183
270 200 38.35 .0261
272 225 29.35 0341
269 250 23.10 0433
273 8.24 75 104.6 .00956
274 100 49.95 .0200
275 125 31.5 .0318
276 150 22,65 0441

323 175 17.20 .0581
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Flow Curves of Ti0,-MP-776-3 Pigment
in Soy bean 0il
Driving Weight as a Function of 1/t
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Flow Curves of T10,-MP-776-4 Pigment
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16,9 Vol %
Figure 13

800 L

Flow Curves of T102-MP-776-h Pigment

in Soy bean 0il

Driving Weight as a Function of 1/t

Note,., t ¢ Time in seconds
700 L required for 100

revolutions of
a rotor
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400
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Flow Curves of TiOZ-MP-776-S Pigment
in Soy bean 01l
Driving Weight as a Function of 1/t
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required for 100
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TABLE X

VISCOSITIES OF TITANIUM DIOCXIDE PIGMENT - SOY BEAN OIL SUSPENSIONS

Yolume concentration: 5 - 30% , Temperature: 25 & 0,1°C
Note ¢ t ¢ Tims in seconds required for 100 revolutions of a rotor.

V) ¢ Viscosity of suspension calculate

_ AW
= Zl?t)

AW 3 Driving weight - yield value

Pigment Vol%

T40,-MP-776-3  26.2
23.1

19.7

16.29

15.2

14.3

11.8

9.91

T40,-MP-776-4  20.6
16.9
14.9

AW(g)

g from an equation

Viscosity
2(cpgs)

255
160

95
170

60
100
167.5
222.5
270

52.5

90
140
190
235

45

80
132.5
177.5
25
255

25

50

87.5
120
150
175

17.5
35
62.5
90
115
136

350
230
135

005
«005

«005
01

«005
01
.02
.03
04

.005
01
.02
.03
04

+005
01
.02
.03
<04
.05

«005
01
002
.03
<04
05

005
01
.02
.03
<04
«05

«005
005
.005

3,539.4
2,220.8

1,718.6
1,19.8

832.8
694.0
581.2
514.6
468.4

728.3
624.6
485.8
43945
407.7

624.6
555.2
459.8
410.6
373.0
353.9

347.0
347.0
303.6
277.6
2602
242.9

242.9
242.9
216.9
208.2
199.5
188.8

4,858.0
3,192.4
1,873.8
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TABLE X (Cont'd)

Pigment Vol % AW (g) 1/
T10,-MP-776~4  12.8 100 .005
145 .01

232.5 .02

295 .03

350 04
11.2 70 .005
117.5 .01

180 .02

232.5 .03

275 .04

315 .05

10.1 55 .005
90 .01

140 .02

185 .03

220 .04

255 .05

9.14 35 .005
60 .01

107.5 .02

145 .03

180 .04

210 .05

7.65 17.5 .005
34 .01

65 .02

95 .03

122.5 .04

145 .05

5.08 m——— ———
Ti0,-MP-766-5  20.13 160 .005
280 01
16.72 105 .005
167.5 .01

267.5 .02

350 .03

425 .04

Viscositg
v (cps.

1388.0
1006.3
806.8
682.3
607.2

971.6
815.4
624.6
537.8
471.1
437.2

763.4
624.6
485.8
427.9
381.7
353.9

485.8
416.4,
373.0
335.4
312.3
291.5

242.9
236.0
225.6
219.7
212.5
201.2

118.0

2220.8
1943.2

1457.4
1162.4
928n2
80906
737.4
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TABLE X (Cont'd)

Viscosity
Pigment Vol % AW (g) Vi — (cps.)
T10,-MP-776-5 13.91 45 .005 624.6
80 .01 555.2
140 .02 503.2
200 .03 462.6
252.5 .04 438.1
300 .05 416.4
11.47 27 .005 374.8
52.5 .01 364.4
97:5 -02 338' 3
137. .03 318.0
175 .04 303.6
205 .05 284.5
8.8 20 .005 277.6
35 .01 242.9
65 .02 225.6
95 .03 219.7
117.5 .04 203.9
140 .05 194.3
5.15 ——— ——— 108.3
22.7 180 .005 2498.4
300 01 2082.0
21.1 130 .005 1804.4
205 .01 1422.7
16.8 57.5 .005 798.1
100 .01 694.0
165 .02 572.6
225 .03 520.4
275 .04 477.1
15.51 50 .005 694.0
90 .01 624.6
155 .02 537.8
205 .03 474.2
247.5 .04 429.4
14.36 50 .005 694.0
85 .01 589.9
140 .02 485.8
185 .03 427.9

225 .04 390.4
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TABLE X (Cont'd)

Viscosity

Pigment Vol % AW 1/t 2 (cps.)
T10,-MP-1250 12.93 35 .005 485.8
65 .01 451.1

112.5 .02 390.4

150 .03 347.0

185 .04 321.0

_17.5 .05 301.9

11.26 22.5 .005 312.3

45 .01 312.3

80 .02 277.6

112.5 .03 260.2

140 .04 242.9

8.24 12.5 .005 ’ 173.5

25 .01 173.5

50 .02 173.5

72.5 .03 167.7

92.5 04 160.5

110 .05 152.7
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Figure 17

Viscosity-Rate of Shear Relationship of

Ti0p-MP-776=-L Pigment in Soy bean 0il
Viscosity as a Function of 1/t

Note...t ¢ Time in seconds required for
100 revolutions of a rotor.
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Figure 18

Viscosity-Rate of Shear Relationship of

Ti0,-11P=776-5 Pigment in Soy bean 0il
Viscosity as a Function of 1/t

Fote..., t: Time in seconds required for
100 revolutions of a rotor.
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Figure 19

Viscosity-Rate of Shear Relationship of
T10,-MP-1250 Pigment in Soy bean 0il
VisCosity as a Function of 1/%

Note... t : Time in seconds required for

100 revolutions of a rotor.
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T ¥

}1/t=0.005
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Note... t :
Time in seconds required
for 100 revolutions of a
rotor.
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Pigure 20
Viscosity-Volume Concentration Relationship of

T10§-MP-776-3 Pigment in Soy bean 0il
VisCosity as a Function of Volume Concentration ,
E
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Volume Per Cent



Viscosity (cps.)

-87-

3000 '
2000 / 1/t=0.005
1000 1/t=0.02
800 / /
400 L/‘; / { 1/t=0.04
” I/
I
/

Figure 21
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Viscosity-Volume Concentration Relation-
ship of Ti0,-MP-776-l4 Pigment in Soy bean

0il - Viscosity as a Function of Volume
Concentration

Note... t: Time in seconds required for
100 revolutions of a rotor.
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Viscosity-Volume Concentration Relation-
ship of Ti05-MP-776-5 Pigment in Soy bean
0il - Viscosity as a Function of Volume
Concentration

Note... t: Time in seconds required for
100 revolutions of a rotor.
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TABLE XI

YIELD VALUES OF TITANIUM DIOXIDE PIGMENT - SOY BEAN OIL SUSPENSIONS

- T + 0,1%
Exp, No, Pigment Vol % Yield Value (g)
175 T10,-MP-776-3 26.2 675
179 23.1 600
183 19.7 375
187 16.29 225
191 15.20<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>