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Use of the Hysteresis Loop Method to
Study Thixotropic Suspensions

Part 1 — Ben-a-Gel/Water System

JosepH T. LEONARD AND ROBERT N. HAZLETT

Fuels Branch
Chemistry Division

Abstract: The rheological behavior of aqueous suspensions of Ben-a-gel, a highly purified mag-
nesium montmorillonite, was studied by the hysteresis loop method. It was found that the plastic
viscosities of these suspensions could be related to concentration by Arrhenius’ law at low concentra-
tions or Weltmann and Green’s equation at higher concentrations. The transition from one exponential
law to the other occurs at about 1.1 vol-% of Ben-a-gel, the concentration at which the gel strength
is sufficiently developed so that the suspension no longer flows from an inverted container. The values
for the various yield points characterizing the hysteresis-loop also bear exponential relationships to
concentration and show similar transitions at about 1.1 vol-% of Ben-a-gel. The results of this study
indicate that Arrhenius’ law may be used in conjunction with Weltmann and Green’s equation to
describe the rheological behavior of an ideal thixotropic suspension over a concentration range cover-

ing both the pregelation and postgelation regions.

INTRODUCTION

Liquid-fueled rockets and missiles have been
considered for fleet use, but a major objection is
that the handling and storage of such weapons
aboard ship can involve dangerous operations.
It has been suggested that the hazards involved
can be greatly minimized by converting the propel-
lants to thixotropic gels (1). Ideally, such gels
-would combine the advantages of both liquid and
solid fuels. If a tank ruptured, the gelled propel-
Jant would behave as a solid and would not leak
out. On the other hand, such gels would retain
the pumping and throttling characteristics of
liquid fuels without sacrificing much of the ad-
vantage in specific impulse that liquids have over
solids.

The present study was initiated to investigate
the nature of gels and to determine how factors
responsible for gel formation might be applied
later to gelled propellant systems. In order to
attain a better understanding of the more complex
gelled propellants, a preliminary investigation
was made on the behavior of a much simpler

NRL Problem C01-05; Projects RR 010-01-44-5851. This is an interim
report on this phase of the problem; a final report will foliow. Manu-
script submitted September 2, 1966.

thixotropic system, namely, an aqueous suspension
of magnesium montmorillonite.

A thixotropic system may be defined as a sus-
pension which experiences a decrease in viscosity
when subjected to shear but which regains its
initially higher viscosity upon resting (2). Accord-
ing to this definition, paints, printing inks, suspen-
sions of pigments, gelatin sols, and clay pastes
are all thixotropic substances.

When an ideal thixotropic suspension is placed
in a cup-and-bob-type viscometer and the shear
rate is increased rapidly from zero to a preselected
maximum and then decreased rapidly to zero, a
plot of the shear stresses encountered along this
route reveals a hysteresis loop as shown in Fig. 1.
This loop, which results from the breakdown in
structure with shear, is characteristic of thixotropic
substances (2-4). Since the structure also breaks
down with time under shear, the upcurve and
downcurve must be made as rapidly as possible.

A hysteresis loop in the flow curves (rheograms)
of thixotropic substances was noted earlier (5,6)
and a method of studying gels based on their
hysteresis loops was proposed by Weltmann and
Green (2, 7-12). This method has been applied to
many dispersions such as printing inks (7), pig-
ment suspensions (10), cosmetics (13), and aqueous
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Fig. 1 — Idealized flow curve (rheogram)
for a thixotropic suspension

suspensions of attapulgite (3) and bentonite (14).
In the present study, the hysteresis loop method
was used to investigate the flow behavior of
aqueous dispersions of Ben-a-gel, a highly purified
magnesium montmorillonite.

EXPERIMENTAL DETAILS
Material

Ben-a-gel, a prodict of the National Lead Co.,
is a highly beneficiated, hydrous, magnesium sili-
cate derived from montmorillonite. When prop-
erly dispersed, the ultimate particle size of the
platelets is less than 1 micron.

Sample Preparation

Samples containing 0.42 to 2.15 vol-% of Ben-a-
gel were dispersed in distilled water using a
Waring blendor at low speed for 2 minutes, fol-
lowed by 2 minutes of shearing at high speed.
Certain samples, depending on gellant concentra-
tion, set up as gels in the blender during the low
speed shearing, while others set up only at high
speed. A sample that gelled during low speed
shearing was shaken down into the path of the
blades and then sheared at high speed until it

set up again. A sample that set up under high
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shear conditions before the 2-minute period was
up, was shaken down again into the path of the
blades and stirred at high speed until the gel
set up again. This usually took a few seconds.
The shaking-down and stirring procedure was
repeated five times to ensure maximum disper-
sion. This sample preparation technique gave re-
producible, uniformly dispersed gels as indicated
by flow properties.

Flow Curves

Flow curves were obtained using a Haake Roto-
visco rotating bob viscometer coupled to a Sargent
recorder. With the Rotovisco, the shear rate for a
given cup and bob combination is controlled by a
ten-speed, manually operated gear shift. The
corresponding shear stress data are obtained
from the recorder tracing. Details on the cali-
bration of the viscometer and the use of the
recorder are given in Appendix A. The prepara-
tion of flow curves is described in Appendix B.
The time required to obtain a flow curve generally
was between 40 and 120 seconds, depending on
the concentration of the suspension. However, the
sample was not sheared throughout this entire pe-
riod, since the bob stopped rotating momentarily
while the instrument was shifted to the next speed.

In this study, two cup and bob combinations
were employed which had the characteristics
shown in Table 1. The cups were held in a bath;
controlled at 25.00° = 0.02°C.

TABLE 1
Viscometer Characteristics
Dimensions | Dimensions Shear Rate
Designation of Cup, of Bob, Range
§ LxD LxD ( _gl)
(mm) (mm) sec

MVI 92.0 X 42.0 | 60.0 X 40.1 8-1370

MVIIP 92.0 X 42.0*( 60.0 X 36.8* 3-497

*Effective diameter. MVIIP cup and bob have fluted surfaces to mini-

mize slippage.

RESULTS AND DISCUSSION

Analysis of Flow Curves

A typical flow curve, as idealized in Fig. 1,
affords the following data points:
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7o = experimental yield stress, a measure of the
minimum yield stress that must be overcome be-
fore flow will commence. Not all thixotropic sub-
stances have 7o lying beyond the lower limit of
the upcurve as shown in Fig. 1. In some cases 7o
is not detected.

73 = Bingham yield value, obtained by extrapo-
lating the straight-line portion of the upcurve

Tonee = shear stress at maximum shear rate

Text = extrapolated yield stress, obtained by
extrapolating the straight-line portion of the
downcurve

7v = residual gel strength, a measure of the
amount of structure remaining in the gel after it
has undergone the shear history as given by the
upcurve and downcurve.

For a given suspension, the position of the
hysteresis loop along the stress axes can be de-
scribed by these five points.

Flow curves were made for each sample, using
both the low-shear and high-shear cup and bob
arrangements. A composite flow curve showing
data obtained with both cup and bob arrange-
ments is presented in Fig. 2. The agreement
between the data for low and high shear was
good.

Gels appeared to reach their maximum strength
within 24 hours after preparation (Appendix C).
For a given concentration of gelling agent, the
flow curves were found to be reproducible (Ap-
pendix D) and unaffected by standing for 9 days
(Appendix C).

Plastic Viscosity

The plastic viscosity of each suspension was
calculated from the flow curve data using the
following expression (10):

(D

where

mp = plastic viscosity, poises

Dinaxr = maximum shear rate, sec™1.

The plastic viscosity is plotted on a logarithmic
scale as a function of concentration of Ben-a-gel
for both the low-shear and high-shear data in
Fig. 3. It is evident that the flow behavior of
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Fig. 2 — Experimental flow curves for Ben-a-gel suspensions showing
agreement between low and high shear data
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Fig. 3 — Change in the exponential function relating the plastic viscosity
of Ben-a-gel suspensions to concentration

Ben-a-gel suspensions is governed by two ex-
ponential laws. This behavior was predicted by
Weltmann and Green (10), who sought to explain
why similar plots of plastic viscosities of pigment
suspensions did not extrapolate at zerc concen-
tration to the viscosity of the suspending liquid as
predicted by Arrhenius’ law but appeared to
follow another exponential law.

According to Arrhenius’ law, the viscosity of a
colloidal suspension is given by

n=mn ¢ (2)

where
m = viscosity of the suspension, poises
1o = viscosity of the suspending liquid, poises

k =a constant characterized by the solid, sus-
pending liquid, and temperature

C = concentration, vol-%.

Weltmann and Green (10) found that their
suspensions did not adhere to Arrhenius’ law but
appeared to be governed by
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Np=(my+A)eC 3

where
B =slope
A = a constant.

The difference between the two laws is il-
lustrated in Fig. 4 (10). As shown, Weltmann and
Green’s equation does not hold at low concen-
trations, since this equation predicts that the
yiscosity of the pure liquid is 7o + 4, which ob-
viously cannot be the case. On the other hand,
extrapolation of the curve plotted from Arrhenius’
law does give the viscosity of the pure liquid at
zero concentration of solid. Since Weltmann and
Green were working with suspensions con-
taining 10 to 50 vol-% of solids, it appears that
they were operating in a region where Arrhenius’
law did not apply.

These authors (10) suggest that the change from
one exponential law to another may be explained
if one considers that suspensions are Newtonian
liquids up to a certain solid content, and that a
higher percentage of solid causes a rather sudden
change to plastic flow behavior. However, they
offered no experimental evidence to support this
contention.

In the present study, it was found that if plastic
viscosity is substituted for « in Eq. 2, Arrhenius’
law is obeyed for concentrations of Ben-a-gel up

Np =t Mg +A)e BC

LOG viIScosITY

>

S

CONCENTRATION OF SOLID (VOL-%)—»

Fig. 4 — Explanation of Fig. 3, showing the
applicability of Arrhenius’ law at low concen-
trations and Weltmann and Green’s equation
at higher concentrations.

to about 1.10 vol-% (Fig. 3). At higher concentra-
tions, Weltmann and Green’s equation is followed.
Thus these two equations can be used in con-
junction to describe the flow behavior of Ben-a-gel
suspensions. The physical phenomena associated
with the transition from one law to another can
best be described by dividing the gelatiori process
into three regions.

Pregelation Region (0.42 to 1.10 vol-% of Ben-a-
gel) —Ben-a-gel suspensions behave as thixotropic
liquids and exhibit a large increase in viscosity
upon the addition of small amounts of gelling
agent. Such behavior indicates that structure is
building up rapidly. Although no attempt was
made in the present study to determine the lowest
concentration at which thixotropic behavior could
be observed in Ben-a-gel suspensions, there were
indications that such behavior exists below 0.42%.
Hauser (15) found evidence of gel structure at
‘concentrations as low as 0.05 wt-% for fine frac-
tions of natural bentonite.

Transition Zone (1.10 to 1.27 vol-% of Ben-a-gel) —
There is a change in the behavior of the suspen-
sion which coincides with the break in the curve
in Fig. 3. Thus, by the time the concentration of
Ben-a-gel reaches 1.10 vol-%, the structure is
developed to the point where the dispersion will
set up as a gel in the blendor during high shear
mixing. Also, the yield point is sufficiently high at
this concentration that the suspension will no
longer flow from an inverted container. For the
‘Ben-a-gel/water system, this behavior marks the
transition from thixotropic liquid to gel and gives
rise to the break in the curve as shown in Fig. 3.

Postgelation Region (above 1.27 vol-% of Ben-a-
gel)—When the concentration of Ben-a-gel reaches
1.27 vol-%, the gel structure can be considered to
be completely built up. Additional amounts of
gelling agent do not affect the plastic viscosity as
much as in the pregelation region.

Evaluation of Constants

The values for the constants in Egs. 2 and 3 as
determined from the experimental data are given
in Table 2. Since Ben-a-gel suspensions are
thixotropic even at low concentrations, the plastic
viscosities decrease with increasing shear rate. This
behavior is demonstrated by the fact that the value
for k, the slope in Eq. 2, was twice as high with the
low-shear cup and bob.
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TABLE 2
Values for Constants
in Egs. 2 and 3 for
Ben-a-gel Suspensions

* *
Cup Eq. 2 Eq. 3
and Bob « A B
MVI 12.7 7.5 | 0.63
MVIIP 25.7 | 16.9 | 0.65

*ne for H,O at 25°C = 0.8937 cp.

In the postgelation region, where Eq. 3 holds,
the difference in the plastic viscosities at the two
shear rates is given approximately by the dif-
ference in the values for the constant :4, since the
value of the other term which comprises the
ordinate-axis intercept, nq, is less than 1.

In Table 2, the value of 4 is shown to be about
twice as high at the lower shear rate, indicating
that, at a given concentration of gelling agent,
the plastic viscosity would also be about twice as
high at the lower shear rate. The values of B, the
slope in Eq. 3, are the same at both shear rates.
This means that in the postgelation region, the
curves are parallel straight lines and B is a material
constant, characteristic of the liquid-gellant combi-
nation and independent of shear rate.

Yield Points

In Figs. 5 and 6 the values for the various yield
points, Text, 73, and 7y, are plotted as a function
of concentration. As in the case of the plastic
viscosity, two flow regimes are observed for each
yield point: the first covering the pregelation re-
gion and the second, the postgelation region. In
either region, the data follow the equation set
forth by Weltmann and Green (10):

T = MeN¢ 4)
where
7 =vyield stress, dynes/cm?
M = yield stress intercept
N = slope

C = concentration, vol-%.

Within the range of experimental accuracy, the
values of Text, T8, and 7y depend only on concentra-
tion of the gelling agent and are indpendent of
the shear rate. This means that, for a given con-
centration of Ben-a-gel, the upcurves coincide,
the extrapolated downcurves meet at'a common
point, and the amount of structure remaining in
the gel after the hysteresis loops are obtained is
the same at both the low and high shear rates.

The significant fact about the data in Figs. 5
and 6 is that the break in the curve at about 1.10
vol-% of Ben-a-gel coincides with the break in-
dicated in Fig. 3 for plastic viscosity. As shown
above, this break in the curve marks the transition
in behavior from thixotropic liquid to gel.

The values for the constants in Eq. 4 are given
in Table 3. The slopes N for each flow regime are
practically constant, indicating that in both the
pregelation and postgelation regions the curves
are parallel. Hence, the position of each curve
is distinguished by the value of M, the shear
stress intercept. By definition, M is the yield stress
at zero concentration. Since the dispersion
medium, water, is a Newtonian liquid, there can
be no yield stress in the absence of a gelling agent.
Hence, the values of Min Table 3 have no physical
significance but merely indicate the magnitude of
the separation among the various curves.

In practice, a certain concentration of gel-
ling agent is required before a continuous net-
work can be established .which will give rise to a
yield point. Therefore, at some concentration
below 0.42 vol-% of Ben-a-gel, Eq. 4 will no longer
be valid and the curve will bend toward the con-
centration axis, as noted by Weltmann and
Green (10).

The values for 7, the experimental yield
stress, are not shown. In general, 7y increased

TABLE 3
Values for Constants in Eq. 4
for Ben-a-gel Suspensions

Constants in Constants in
Yield | Pregelation Region | Postgelation Region
"Point,
N M N M
T8 3.82 9.33 0.537 400
Text 3.80 7.95 0.547 350
TN, 3.46 6.58 0.539 225
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exponentially with concentration, but in the
postgelation region these values were not re-
producible.

CONCLUSIONS

The plastic viscosity of aqueous Ben-a-gel
suspensions can be related to concentration by
Arrhenius’ law at low concentrations or Weltmann
and Green’s equation at high concentrations. In
the region where Arrhenius’ law applies, the addi-
tion of small amounts of gelling agent increases
plastic viscosity much more than at higher con-
centrations. This behavior suggests that the
transition from one exponential law to the other
may occur at the concentration at which a three-
dimensional gel structure is achieved, since one
would expect the plastic viscosity to increase at a
much greater rate before the three-dimensional
structure is reached than after. The fact that
plots of the logs of the various yield points vs
concentration show a transition occurring at the
same concentration as for the plastic viscosity-
concentration relationship, lends support to this
view,

Although Arrhenius’ law and Weltmann and
Green’s equation have been used individually to
describe the flow behavior of various colloidal
suspensions, the present work demonstrates that
both equations can be applied to a single system

to cover two separate flow regimes. This must
be taken into account in any study and use of
practical gelled fuel systems.
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Appendix A
CALIBRATION OF THE VISCOMETER AND USE OF THE RECORDER

Flow curves were obtained using a Haake Roto-
visco rotating bob viscometer in conjunction with a
Sargent multirange recorder. The accuracy of the
viscometer was checked with Bureau of Standards
standard viscosity oils and found to be within 1%.

The efficiency of the constant temperature ap-
paratus in removing the heat built up in the
sample during prolonged shearing was also deter-
mined. For this purpose, a sample of Bureau of
Standards standard viscosity oil was sheared at a
rate of 685 sec™! for 4 minutes. The decrease in
the recorded shear stress during the 4-minute
period corresponded to a decrease in viscosity of
0.61% or to a calculated temperature rise of
0.01°C.

The input circuit of the recorder was modified
to match the impedance of the viscometer with
that of the recorder by placing a 10,000-ohm
resistor in parallel with the input of the recorder.
Later, a circuit diagram for a variable resistance
recorder adapter was provided by the viscometer
manufacturer. The adapter was built and installed
in place of the resistor.

Normally, the shear stress data from the Roto-
visco are obtained by multiplying the viscometer
scale reading by a constant for the particular cup
and bob combination being used. However, to

use the viscometer with a recorder it was necessary
to calibrate the recorder: A sample of standard
viscosity oil was placed in the cup and sheared
momentarily to provide a reading on the viscom-
eter scale. Then, the shearing was interrupted,
the recorder switch activated, and the sample
sheared again to give the corresponding point on
the recorder. The procedure was repeated four
times at each shear rate and the average viscometer
and recorder readings taken. By using a combina-
tion of four Bureau of Standards standard viscos-
ity oils and by employing different shear rates the
recorder was calibrated over the entire range
of the viscometer scale as shown in Fig. Al. From
the data in this figure, a conversion of factor of
4.72 viscometer scale divisions per recorder scale
division was established.

Shear stress data were obtained from the fol-
lowing formula:

shear stress = recorder reading X 4.72

X cup and bob constant.

The cup and bob constants are provided by the
manufacturer. Since the shear stress depends on
the dimensions of the bob, there is a different
constant for each cup and bob combination.
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Fig. Al — Calibration of the Sargent multirange recorder



Appendix B
PREPARATION OF FLOW CURVES

To prepare a flow curve, a sample of the gel is
placed in the annulus between the cup and bob.
After waiting 20 minutes for the temperature to
equilibrate, the instrument is shifted into its
lowest speed and the recorder engaged. Since the
material in the annulus is a gel, the bob does
not moveé until the shear stress at the surface of
the bob exceeds the yield stress for the gel. Con-
sequently, the shear stress builds up rapidly. This
is shown in Fig. B1, which is a recorder trace of
the shear stress data obtained when a sample con-
taining 0.83 vol-% of Ben-a-gel was sheared in the
MVIIP cup and bob arrangement. When the shear
stress reaches 7o, the experimental yield stress,

the bob begins to move and the shear stress settles
down to a constant value for the particular shear
rate. The shear rate is then increased progressively
to the maximum value for the cup and bob combi-
nation thereby forming the upcurve. The numbers
under the steps are the shear rates.* Then, the
shear rate is decreased in a stepwise fashion to give
the shear stresses for the downcurve. Finally, the
instrument is shifted into neutral and the amount
of structure remaining in the sample (7v) is found.

*In the preparation of Fig. Bl, the sample was sheared for a longer
time than usual for clarity of presentation. In practice, the instrument
is shifted to the next speed as soon as a reading is obtained at a given
shear rate.
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Fig. Bl — Recorder tracing of the shear stresses obtained while
preparing a flow curve (0.83 vol-% of Ben-a-gel; MVIIP cup and

bob)
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Appendix G
TIME REQUIRED FOR GELS TO DEVELOP MAXIMUM PROPERTIES

A comparison of flow curves obtained 1, 2, 24,
48, and 96 hours after sample preparation was
made to determine the time required for gels to
develop their maximum properties. In Table C1
the shear stress data at maximum shear rates
(Tomez ) are used as a basis for detecting changes in
gel strength over the 96-hour period. Since the
change in 7p,,,, was so slight, it was considered
that samples used 24 hours after preparation had
certainly achieved their maximum gel strength,
and that data obtained with them would be valid.

In another study, a comparison was made of the
flow curves obtained 9 days after sample prepara-

TasLE Cl
Effect of Storage on Gel Strength
-4
Storage 0,4 (dynes/cm?)
i | L27vol% | L71vol%
of Ben-a-gel of Ben-a-gel
1 810 1123
2 840 1116
24 860 1133
48 860 1204
96 864 1221

11

tion with those obtained after the first day. The
results of this comparison, as shown in Fig. Cl1,
showed no significant change in the size or shape
of the rheogram on standing for 9 days.

500
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Fig."C1 — Effect of time on the shape of a
flow curve (2.15 vol-% of Ben-a-gel)



Appendix D
REPRODUCIBILITY OF RHEOGRAMS

A number of flow curves were prepared for
samples containing 0.83-2.15 vol-% of Ben-a-gel
in order to determine if rheograms at a particular
concentration are reproducible and characteristic
of the sample. Since the size, shape, and position
of the flow curve along the shear stress axis is
determined by the various shear stress terms,
TBy Thypay» Text, and 7y, these terms were used as a

basis for comparing the flow curves. The average
values for these shear stress terms are shown in
Table D1 together with the average deviations.
Three samples were run at 0.83 vol-%, seven at
1.27 vol-%, and five each at 1.71 and 2.15 vol-%.
The data in Table D1 show that the reproducibility
of the flow curves as described by the shear stress
values is satisfactory.

TasBLE DI
Average Values for Shear Stress Terms for Ben-a-gel
Suspensions and the Average Deviations

. Average Shear Stress and Average Deviation
Concentration (dynes/cm?)
of Ben-a-gel y
(vol-%)
U TDpar Text ™
0.83 3063 343+2 265+2 N.D.*
1.27 792+52 | 889x64 | 686x41 | 453+16
1.71 99461 | 116061 | 898+42 | 55533
2.15 1274£55 | 1478+61 | 111651 | 708+31

*Not detected.
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