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SYNOPSIS

We have examined the rheological properties of a Co-adsorbed y-Fe,03; magnetic suspension
with polyurethane (PU) as a binder and methyl ethyl ketone (MEK) or cyclohexanone
(CH) as a solvent. A Haake RV20 viscometer was used to measure the suspension viscosity
and the vane method was adopted to determine the fluid yield stress. A rheological model
which can be viewed as a combination of the Casson model and the Bingham model is
proposed to describe the suspension viscosity. The effects of temperature, particle content,
and binder concentration are included in the model.

INTRODUCTION

Recording media such as audio, video, and digital
tapes or disks are manufactured by the application
of a thin layer of magnetic suspension on various
types of substrates. Several coating methods are used
to produce recording tapes and disks, and a good
understanding of the rheological properties of mag-
netic suspensions is of great importance for the suc-
cessful coating operations.

Several authors have investigated the rheological
properties of magnetic suspensions. Watanabe!
measured the time dependence of some rheological
properties of a y-Fe,0; magnetic paint and studied
the structure formation and breakdown of the paint.
Smith and Bruce? discussed the viscosity of y-Fe,03
particles in ethylene glycol. Nagashiro and Tsunoda®
measured the viscosities of y-Fe,O; particles dis-
persed in epoxy resin, phenolic resin, and poly (vinyl
butyral) solutions; the particle content in their study
was low and they did not observe any significant
fluid yield stress. Yang et al.* analyzed the rheolog-
ical properties of y-Fe,O3; particles in silicone oil.
Huisman® and Gooch® discussed the dispersion pro-
cess of a magnetic suspension.

In this paper we shall consider a Co-adsorbed
v-Fe,03 magnetic suspension with PU as a binder
and MEK or CH as a solvent. This system appears
to be similar to one of the most popular formulations
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for making magnetic tapes and disks. We shall ex-
amine the rheological measurements of this suspen-
sion system and develop a rheological model to de-
scribe the suspension viscosity.

EXPERIMENTAL

Materials

The Co-adsorbed v-Fe,O3 used in our experiments
was produced by the Pfizer Co. (Pferico 25660). The
average length of the acicular particles is 0.37 um,
and the aspect ratio is 6 : 1. The binder PU was
obtained from the BF Goodrich Chemical-Europe
Co. (Estane 5715).

To prepare a sample suspension for our mea-
surements, we fixed the weight of PU as a basis and
varied the weights of Co-adsorbed v-Fe,O; particles
and solvents. Variations of weight ratio for test ma-
terials are given in Table 1.

The Co-adsorbed y-Fe,03 particles were dried at
120°C for 5 h before use. The PU resin was dissolved
in the solvent and then mixed with the particles. A
ball mill (type S2, Retsch Co.) was used to prepare
the magnetic suspension. Usually 40 h of milling
time was required to obtain a well-dispered test
sample.?

Rheological Measurements

A Haake Rotovisco RV20 coaxial cylinder viscom-
eter was selected to measure suspension viscosities
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Table I Weight Ratio of Test Materials

Material
Co-adsorbed
Weight Ratio v-Fe, 03 PU CH MEK
PU/CH System 2.00 ~ 8.20 1 8.6 ~ 159 —
PU/MEK System 1.87 ~ 2.72 1 — 5.5

and a MV-1P sensor with grooved surface was used
to prevent wall-slip. Viscosity data could be obtained
at shear rates ranging from 0.1 s* to 1000 s . The
maximum shear stress for our measurements was
322 Pa.

After a test sample was loaded into the sensor,
the sensor was accelerated to the maximum shear
rate in 9 min and then remained at that shear rate
for 5 min before we started recording the shear stress
values. We found that the thixotropic behavior of
test samples could be eliminated by this procedure.

Coating operations for magnetic suspensions are
usually carried out at room temperature, therefore,
the sample temperature was varied in a narrow
range, i.e., from 10°C to 40°C in our experiments.

Fluids with high solid content generally exhibit
a yield stress. There are several methods to estimate
the fluid yield stress, and a direct extrapolation from
low-shear-rate data is frequently used.” However,
data at low shear rate may not be reliable and a
direct extrapolation could lead to erroneous results.
Dzuy and Boger” proposed a simple vane method to
measure the fluid yield stress directly. They assumed
that the vane behaves like a rotating cylinder but
without any slip problem at low shear rate. A vane
with several blades is inserted into a test sample
and rotates. The torque required to rotate the vane
is recorded as a function of time. Usually the torque
will go up first and reaches a maximum value, then
it will fall and approaches a constant value. The
fluid yield stress can be determined from the max-
imum torque as follows

Tm = 7,7d*(H/d +1/3)/2 (1)

where Tm is the maximum torque, 7, is the fluid
yield stress, d and H are the diameter and height of
the vane, respectively. Dzuy and Boger found that
the yield stress determined by the vane method was
independent of the vane geometry. We built two
vanes for our experiments, the first one has four
blades and is 4-cm long, the second one has six

blades and is 5-cm long, the diameter of both vanes
is 2 cm.

RESULTS AND DISCUSSION

Solution Viscosity

The viscosities of PU/solvent mixtures were mea-
sured by the Haake RV 20 viscometer before adding
the v-Fe,0j; particles into the solutions. Johnson et
al.® found that the viscosity of polymer solution could
be described as follows

ns = KC™ (2)

here 7, is the solution viscosity, C is the concentra-
tion of polymer resin in the solution, K and m are
constants. Figures 1 and 2 show the viscosities of
PU/CH and PU/MEK systems at three tempera-
tures, respectively. It is clear that the solution vis-
cosities can be represented by eq. (2). We could
modify eq. (2) to include the temperature effects;
the viscosity functions of the two systems can be
described through a least-square fitting procedure
by the following equations.
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Figure 1 Solution viscosities n,{Pa-s) as a function of
PU concentration C(g-PU/g-solution) for the PU/CH
system. (O) 10°C; (+) 25°C; (O) 40°C.
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Figure 2 Solution viscosities 5, (Pa-s) as a function of
PU concentration C(g-PU /g-solution) for the PU/MEK
system. () 10°C; (+) 25°C; (O) 40°C.

PU/CH System

N = 3.78 X 10—5C(703/T—O.113)e3772/T (3)
PU /MEK System

N = 2.67 X 10—-2C(359/T+2.694)e2262/T (4)

note here 5,, C, T, and all the remaining variables
follow the standard SI units.

Yield Stress Measurement

The suspension yield stress was measured directly
by the vane method. The vane we built was attached
to the Hake RV20 viscometer and torque values re-
quired to rotate the vane could be recorded. After a
vane was inserted into the magnetic suspension, we
let it rotate at a high speed for several minutes and
then stopped the rotation for a certain time interval
before we started performing the yield stress mea-
surements. This procedure is necessary for us to
avoid the thixotropic behavior of the suspension and
obtain a homogeneous dispersion. Detailed operating
procedure can be found elsewhere.® Dzuy and Boger”
stated that the rotational speed of the vane and the
vane geometry had little effect on the yield stress
measurements. The experimental results of using
the four-blade vane for a test sample are given in
Table II. When we increased the time interval at a
fixed rotational speed or increased the rotational
speed, the yield stress measured would increase
slightly. Examining the experimental results of Dzuy
and Boger, we observed that the yield stress values
also increased as the rotational speed increased. The
yield stress measurements were repeated with the
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Table I The Yield Stress Values With CH = 8.6,
Co-adsorbed vy-Fe;0; = 4.4, and
PU = 1 (Weight Ratio)

Vane Speed (rpm)

Time
Interval 0.05 0.083 0.14 0.23 0.39

5 sec 44.7 45.6 45.6 47.2 48.1
20 sec 45.6 46.4 47.2 48.1 48.1
180 sec 48.1 48.1 49.7 49.7 50.5

six-blade vane and we found the results were very
close to those of using the four-blade vane. This
seems to confirm that the vane geometry has no ef-
fect on the yield stress measurements. Even the ex-
perimental results of yield stress measurements are
somewhat scattered, the differences are generally
within 10%. We also estimated the yield stress of
the same sample by a direct extrapolation from the
low-shear-rate data, the value we obtained was 42
Pa, which is slightly lower than the values in Table
I1. Therefore, the vane method still can be consid-
ered as a reliable means for yield stress measure-
ments. The experimental results shown in Figure 3
indicate that the yield stress increases slightly as
fluid temperature rises. However, in our range of
measurements, the yield stress can be considered
independent of temperature variations.

Suspension Viscosity and the Rheological Model

Two models are generally used to describe the vis-
cosities of fluids with yield stress. The viscosity
expressions for these two models are given as follows

(Pa™)

o5

[0

2 L 1 I
0.003} 00032 0.0033 00034 00035
17T (°K™}

Figure 3 Temperature dependence of the fluid yield
stress. Weight ratio: (A) PU/CH/~v-Fe,O; = 1/8.6/3.0;
(+) PU/CH/v-Fe,O; = 1/15.9/5.32; (O) PU/CH/
v-Fe,0; = 1/12.8/4.26; (O) PU/MEK/v-Fe,0;3 = 1/
5.5/1.87.
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The Bingham Model
T=7,% ﬂbﬁ/ (5)

here 7 is the shear stress, v is the shear rate, and py,
is a material constant.

The Casson Model

P = il ()

here u. is a material constant.

Figure 4 shows some of our typical experimental
values of a test sample and the best-fitted results of
these two models. It is clear that the Casson model
is suitable to represent the data at low shear rate,
whereas the Bingham model fits the data at high
shear rate very well. However, neither model can
cover both low-shear-rate and high-shear-rate re-
gions. Recently, a modified Bingham model was
proposed to account for low-shear-rate variations of
a magnetic dispersion and the modified model is
given as

T =17, + wpy — aexp(—by) (7)

where a and b are adjustable constants. We found
that the correction term in eq. (7) still could not
represent our experimental results satisfactorily. A
comparison of the results is given in Figure 4.

Since the Casson model is suitable for our low-
shear-rate data and the Bingham model fits our
high-shear-rate data well, we propose a new model
which is a combination of the Casson model and the
Bingham model. The new rheological model is given
as follows
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Figure 4 Comparison of three model predictions with
the experimental values at 25°C, Weight ratio: PU/CH/
’Y-Fezoa = 1/86/4.4
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Figure 5 Variations of b and comparison with the ex-
perimental values at 25°C. Weight ratio: PU/CH/+v-Fe,0;
=1/8.6/44

r = {74/ + %} Pexp (<b)

+ {7p + upv}[1 —exp(—by)] (8)

where b is an adjustable constant, as v is small, eq.
(8) is similar to the Casson model, as ¥ increases,
eq. (8) approaches the Bingham model. It should be
noted that 7, in eq. (8) is determined directly from
the yield stress measurements, y, is obtained by a
least-square procedure using low-shear-rate data,
whereas 1, and u; are obtained using high-shear-
rate data through a least-square procedure. 7, in eq.
(8) is no longer the true yield stress, it can be viewed
as an equivalent Bingham yield value.

It is worth noting that even b appears as an ad-
justable constant in eq. (8), varying b will have little
effect on the model predictions. Figure 5 compares
the experimental results for b = 0.005 and b = 0.0005,
it is clear that the differences are not significant.
Therefore, we fix b to be 0.005 in our rheological
model.

Thomas '° discussed the relationship between the
fluid yield stress and the particle content and de-
veloped the following equation

7, = ad? (9)

where® is the volume fraction, a and 3 are constants,
Thomas selected the value of 8 to be 3 in his work.

As we discussed before, the fluid yield stress we
obtained by the vane method varied slightly with
temperature and could be assumed to be independent
of temperature within the range of our measure-
ments. We found that our experimental results were
in agreement with the prediction of eq. (9). Figures
6 and 7 present the values of 7, and 7, as functions
of ®, respectively. The slope of the straight lines in
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Figure 6 7, as a function of Co-adsorbed v-Fe,O; vol-
ume concentration ¢ at 25°C.

both figures is 3. Using a least-square fit, 7, and 7,
can be expressed as follows

7, = 3.6 X 10°®38 (10)
and
7 = 3.47 X 10*$28 (11)

Merrill et al.'! examined g, in the Casson model
and found it was in proportion to the solution vis-
cosity 1,. We checked the values of (u./7,) and found
the temperature effects could be excluded without
significant errors. Values of (u./7,)%® are shown as
functions of solution concentrations in Figure 8.
Considering experimental errors, we assumed the
following equation was valid

(ue/ns)%° = 1.05 (12)

and the errors were within 10%.
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Figure 7 1, as a function of Co-adsorbed v-Fe,03 vol-

ume concentration ® at 25°C.
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Figure 8 Variations of (u./7,)%° as a function of PU
concentration C(g-PU/g-solution) at 25°C.

Thomas predicted that g, in the Bingham model
could be expressed as

(ps/ns) = exp(f ®) (13)

where f is a constant.

We found that the temperature effects could also
be excluded from the ratio of u,; over 7,. Values of
(1s/ns) as functions of ¢ are shown in Figure 9,
using a least-square fit, we obtained

s/ ns = 1.02 exp (9.366) (14)

This equation is in good agreement with Thomas’
prediction.

Collecting all the results, we have developed a
rheological model that can describe the viscosities
of the magnetic suspensions we studied
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Figure 9 Variations of log(u,/7,) as a function of Co-
adsorbed vy-Fe,O3; volume concentration $ at 25°C. ()
C = 0.104; (+) C = 0.084; (¢) C = 0.072; (A) C = 0.059.
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7= {732+ ul/?31/2} 2exp (—0.005%)

+ {7 + mp¥}[1 — exp(—0.005v)] (15a)
where
7o = 3.6 X 10°338 (15b)
75 = 3.47 X 10*®>¢ (15c¢)
and
(e/ )% = 1.05 (15d)
Hp/ 15 = 1.02 exp (9.366%P) (15e)

the solution viscosity 7, is
The PU/CH System

7y = 3.78 X 1073C (108/T-0118),3772/T  (15¢)
The PU/MEK System

R = 267 X 10—2C (359/T+2.694)e2262/T (15g)

Figures 10 and 11 compare the model predictions
with some of the experimental results. Generally
speaking, the errors were within 10% in the range
of our measurements.

CONCLUSION

We have examined the rheological properties of a
magnetic suspension which consists of Co-adsorbed
v-Fe;05 particles with PU as a binder and CH or
MEK as a solvent. The effects of temperature and
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Figure 10 Comparison of the model prediction eq. (15)
with the experimental values. Weight ratio: PU/CH/vy-
Fe,0; = 1/12.8/3.16. () 10°C; (+) 25°C; (<) 40°C.

901

Sheor stress T (Po)
8

[
(=)
T

(0] 2I00 4(‘)0 G(I)O 860 1000
Shear rate f{S™)
Figure 11 Comparison of the model prediction eq. (15)
with the experimental values. Weight ratio: PU/MEK /
v-Fe,0; = 1/5.5/1.87. (O) 10°C; (+) 25°C; () 40°C.

composition variations were studied and a rheolog-
ical model which is a combination of the Casson
model and the Bingham model was proposed. This
model can adequately describe the rheological prop-
erties of the magnetic suspension we studied and
the contributions of temperature, particle content,
and PU concentration are explicitly included in the
model.
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