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Effects of shear rate and particle concentration
on rheological properties of magnetic
particle suspensions
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Rheological characterizations were made for various types of magnetic particles (rod-like
y-Fe,03, CrO,, and plate-like Ba-ferrite) and nonmagnetic (rod-like a-Fe;O3) suspensions, in
terms of particle concentration and shear rate. Shear rate dependence on viscosity was
accurately described by the Casson equation. The highest yield stress for Ba-ferrite among
the four types of particles represents the sensitive flocculation characteristics of Ba-ferrite
with respect to concentration. The effect of non-magnetic a-Fe,03; and magnetic y-Fe,03
particle mixtures on suspension viscosity was also examined, and a negative deviation
from the tie line of individual particle viscosities was observed. © 2000 Kluwer Academic
Publishers

1. Introduction range ofy = 0.1-1.0 sec! from shear stress-shear rate
Magnetic recording media, such as magnetic tapes arigehavior and also found an agreement between the
floppy disks, consist of a coating of fine magnetic parti-experimentally-observed yield stress values and those
cles on anon-magnetic plastic substrate. The final prodsbtained by fitting stress-shear rate data with the Casson
uct is greatly affected by the dispersion quality of theequation. Kuin [10] measured rheological properties of
magnetic particle suspensions [1]. Although the partic-CrO, and y-Fe,O3 particle suspensions and also de-
ulate media industries are mature, an unsolved problemweloped a theory for the viscoelastic deformation of
of dispersion quality, which plagues coating processesnagnetic particle suspensions. By fitting shear stress
involving unstable particle suspensions, still remain. versus shear rate data to his theory, Kuin obtained rhe-
Itis well known that, when magnetic particles are im- ological properties such as yield stress, shear viscos-
mersed in a fluid, there is a dynamic coupling betweerity, and relaxation time for elastic deformation. He also
the fluid and the particles [2]. Suspended particles perdemonstrated that these parameters are useful measures
turb the fluid media, while from Newton’s third law, the of the flocculation state of a suspension by revealing the
fluid also changes the particle dynamics. This dynamidependence of these parameters on milling time. From
coupling is experimentally observable, either by study-his results, viscosity decreased with milling time, while
ing the overall suspension behavior or by examiningthe other three parameters had a minimum value for a
the dynamics of the particle orientations. The overallcertain milling time.
suspension properties exhibit non-Newtonian behavior Dasgupta [11,12] further performed rheological
[3], and this effect can be measured by standard rheaneasurements and, in parallel, examined the sedimen-
logical devices. tation and magnetic recording performance of the mag-
However, despite numerous studies on the physichetic particle suspensions in terms of surfactant level,
ochemical aspects of particle suspensions [4—7], natoncentration, and milling time. He inferred that the ad-
many studies address the rheological characterizatiodition of surfactants resulted in better dispersion quality
of single-domain magnetic particle suspensions. Byand stability such as a decrease in suspension viscos-
measuring the thixotropic behavior of §&& particles ity, an increase in sedimentation time, squareness and
in a dioctyl adipate solvent, Mehtt al. [8] observed orientation ratio, and a narrowing switching field dis-
shear stress hysteresis. They also presented a certaitbution.
decay of shear stress with imposition time of shear. Jhonet al. [13] studied the microstructural state of
For y-Fe03 particles in silicone oil, Yangt al [9]  magnetic particle suspensions by adopting two differ-
observed flow instabilities occurring over a shear rateent microrheological characterization techniques with
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rheomagnetic and rheooptic measurements. They founthBLE | Physical properties of the magnetic particles
that the techniques complement one another by mea-

suring the order parameter for the magnetic particles Rod-like Plate-like

in suspension over different concentration ranges. Theiroperty y-F&Os a-F&Os CrO;  Barium-ferrite
is, the rheomagnetic measurement [14-16] is effective .

for on-line characterization of microrheological proper- ms ((SZ)U g 73125 : %549 22'597

ties of concentrated magnetic particle suspensions, a nsitypp (g cmT) 4.7 47 48 5.2

the rheooptical measurement [17, 18] is useful for off-Particle siz8 (um) L=05 L=05 L=046 a=0.13

line dispersion microstates and rheological propertiegspectratic=L/a 7.0 7.0 13 0.1

of the dilute suspensions. Curie tempT; (°C) 590 — 115-126 320

As a continuation Qf our previous StUdy [19' 20]' W.e According to the vendor’s note, theFeO3 particles were thermally
study the effects of microstructure on the measured ViSgeated to manufacturg-Fe;Os particles, and therefore, the size and

cosity of suspensions of rod-like magneti¢-e;Os and  shape of these two types of particles were identical.
CrQ;, rod-like nonmagnetie-Fe,O3, and plate-like aL, length of the particlea, diameter of the particle.
Ba-ferrite particles. When flocs in suspension undergo

shearing motion, loose floc structures will deform and 161, More dil | dbv sub
progressively break up into smaller flocs, releasing tha18l- More dilute samples were prepared by subsequent

immobilized fluid. As a consequence, both the hydro-dilution of the concentrated master suspension.
For viscosity measurements, the Wells-Brookfield

dynamic volume of the dispersed phase and viscosit . i
are reduced. Further increase in shear rate will uIti-{VT'D cone and plate viscometer with the C-42 cone

mately lead to breaking up of all the flocs into primary YP€ Was used. The plate served as a sample cup with

particles. If the imposed shear is removed, the particle bu:clt-ln circulation channel and pgrtifo_ltha_l I’ECII‘Cl_.IfT
will reflocculate. The breakdown and reflocculation of 'ant from a constant temperature bath. This specific

flocs is considered a reversible process. Hence, at a cf2n€ and plate combination is designed to incorporate

tain shear rate, there is an equilibrium or steady-stat@pprox'mate'y 1}";]' of sakl)mp()jle_. The w;cr(])nzj(_eter has a
distribution of microstructures in suspension where théor_quelmeterdw Ic (;anf € rcl)vgn aéglg t |§cr]rete ro-
steady-state viscosity can be obtained. The steady-stafatonal speeds ranging from 0.3 to 60 rpm with a cor-

viscosity is shear-rate dependent due to the equilib’eSPONding shear rate range of 1.15 to 230°5eto

rium dependence on shear rate. Forasuddenly-impos&-f-ﬂaintain a constant temperature during the measure-
shear, afinite time is required to establish a steady-statg?em' th_e JaICk?t p?rts In ]Ehe sample cup were connsctﬁd
Therefore, the viscosity of the flocculated suspensiorlC & recirculating loop of a constant temperature bath.

is normally dependent upon both time and shear rate.A" measurements were perf.ormed ares For auto-
matic data acquisition, the signal output receptacle of

the viscometer and the thermocouples were multiplexed
2. Experimental to a voltmeter, which is interfaced to an IBM personal

The magnetic particles used in this study were thecomputer via a GPIB bus.
single-domain particles described in our previous paper Preceding each test, approximately 1 ml of suspen-
[19]. Both rod-like magneticy-Fe,03 particles and ~ sion sample was introduced into the sample cup using
non-magnetiax-Fe,03 particles were obtained from @ precision pipette. Great care was taken to maintain
Magnox Co. Because the-FeOs; were thermally @ consistency in sampling, because fluctuation in the
treated to simply manufacture theFeOs particles, sampling is a critical factor to reproducibility of the
the size and shape of these two types of particles wergeasurement. After setting the viscometer, the test sus-
nearly the same. Rod-like Cp@articles and plate-like pension is sheared for 3 minutes at a maximum test
Ba-ferrite particles were obtained from Dupont Co. andshear rate of 115 set (30 rpm) to obtain a homoge-
Toda Co. (Japan), respectively. Note that, in contrast tei€ous dispersion, after which the suspension was stabi-
rod-like particles, the direction of spontaneous magneuzed for 2 minutes. After stabilization, the suspension
tization of plate-like Ba-ferrite is normal to the face of was sheared at the highest test shear rate for 2 min-
the platelets. utes, and then 20 measurements were performed in 5-
The size and shape of the particles were characterizegecond-intervals. A steady-state viscosity was obtained
using a transmission electron microscope. The magPy averaging the measured values.
netic properties of particles for randomly-oriented dry
powders were measured by a vibrating sample magne-
tometer. The particle density was calculated using th@. Results and discussion
volume increase when a known mass of particles wagrom the rheological measurements for various types of
immersed into a fluid. The physical properties of themagnetic particle suspensions, preliminary insight into
magnetic particles are listed in Table I. the rheological characterization of the magnetic parti-
The sample preparation method and the rheologicatle suspensions from fitting experimental observations
measurement were the same as previously describedth theory was obtained. Furthermore, the effects of
[19]. A 150 ml master solution of each magnetic sus-particle concentration, shear rate, and particle mixture
pension having an approximate volume fraction ofon measured viscosity were investigated.
0.05 was prepared by mixing the particle powder with A typical rheological characteristic of particle sus-
ethylene glycol and then passing the suspension twicpensions containing flocs is shear thinning [6]. When
through a mini-Eiger motor mill at a speed of 1000 rpman external shear stress is imposed, some loose flocs
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Figure 1 Viscosity as function of shear rate for GsQarticle suspen-  Figure 2 112 versusy?/2 plot for y-Fe;Os particle suspensions.
sions of various particle concentrations.

60

deform to structures, which require less viscous dis-

sipation. At a higher shear stress, the flocs break intc

smaller or primary structures, consequently releasing

a certain amount of the immobilized liquid. This ef- g
fect results in a decrease in suspension viscosity witt '

shear rate. For non-spherical particle suspensions, hov
ever, the situation is more complicated. Hydrodynamic

theory predicts that the viscosity of non-spherical par-«
ticle suspensions is higher than that of spherical parti-
cle suspensions, and therefore breakdown of spheric:

Q
5]
7]
o
&)

flocs into non-spherical particles by shear leads to in- 0 . s . .
creased suspension viscosity. Hence, the two effect 0 2 4 6 8 10
are competing with each other [19]. As illustrated in 7' (sec™?)

Fig. 1, magnetic particle suspensions typically showed
the shear-thinning behavior, implying that the formerFigure 3 <*/? versusy™/? plot for CrO; particle suspensions.
effect is dominant.

In describing the time independent viscosity, the

most widely used empirical model was developed by
Casson [21]. He considered that rigid primary particles ¢
flocculate into rod-like structures and developed an ex: o 00512
pression for the tension in rods under flow. The rods —~ m 0.0461
break when the tension exceeds a critical value. Wltr—o O 00384
increasing shear rate, the length of the rods will progres_$ e 0.0320
sively be reduced until the rods are completely broker—g A 0.0256
down into primary particles at very high shear rates. On 2 A 00192
the basis of this reasoning, the relationship between th=. v 0.0102
shear stresg ] and shear rate/) becomes: v 0.0050
T2 = g 4 2y, 1) % 2 4 6 8 10
<172 1/2
here, 1o is the yield stress angs, is the suspension Y (sec™™)

viscosity at infinite shear rate. Equation 1 is known asFlgure 4 12 versusy’/2 plot Ba-ferrite particle suspensions.
Casson’s equation, used for the shear rate dependence
of the suspension viscosity, and it will be used to ana-
lyze the our data. for the magnetic particle suspensions, and as the par-
In order to investigate the shear rate dependenctcle concentration decreases, the intercept related to
on viscosity, we fitted the measured viscosity to theyield stress approaches zero, i.e., the Newtonian fluid
Casson equation given by Equation 1. Typical resultdimit. In addition, the slope of the curve is related to
are presented in Figs 2-5 for-Fe,03, CrQ,, Ba-  the viscosity at infinite shear rate. The existence of an
ferrite anda-Fe,03 particle suspensions, respectively. apparent yield stress is not surprising; previous inves-
For all four types of particle suspensions, Equation ltigators [3, 9] have reported similar observations, and
agreed well with the measured viscosity. The curveghis phenomenon is mainly attributed to interparticle
clearly indicate that a finite yield stress value existsforces. Figs 2-5 also illustrate that highly dilute particle
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where the exponehtis a measure of the incremental in-
crease in interparticle interactions and flocculation with
concentration. The linearity of the yield stress versus
particle concentration curve (log-log plot) implies that
particle flocculation occurs in a consistent manner in
this concentration range. In the sufficiently dilute con-
centration regime, however, the yield stress deviates
from the linearity due to changes in the flocculation
behavior. In Fig. 6, however, the flocculation behav-
ior in the dilute concentration regiom (< 0.01) can
not be clearly seen due to precision limitations of our
viscometer. Values of the expondnfor various types

10 Of particles in the concentration rang®0< ¢ < 0.05

p an were obtained: 1.77 foy-Fe0s, 1.59 fora-Fe0s,

Y (sec”) 1.64 for CrQ, and 1.96 for Ba-ferrite particles. The
largest value for Ba-ferrite among the four different
types of particles implies that interparticle interactions
and flocculation of the Ba-ferrite particles increase most
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Figure 5 %2 versusy1/2 plot for «-Fe,O3 particle suspensions.

10 I o 5 R V] dramatically as the distance t_Jetween particles beqomes
P ° y_F;Q & A smaller. The smallest magnltude_for nonmagnetc
= 1 A a-Feo s~V Fe,0O; seemsto suggestthe formation of relatively loose
3 o Baferrie ® v structures compared to similarly-shaped magnetic
_% [ A particles.
=~ 01 v From the slope of the Casson equation fit illustrated
b o in Figs 2-5, we also obtained the intrinsic viscosity at
% A v infinite shear raterf]«, for various particle concentra-
& 001 vA tions, and the results are presented in Fig. 7. For all
= o types of particle susper_1sioms](£o rgnged from 3t0 80
o= e and showed a decreasing trend with particle concentra-

TE3 Y- E— ~51 tion. One may expect the intrinsic viscosity at infinite
shear rate to increase with particle concentration. This
apparent conflict can be attributed to an error related
Figure 6 Yield stressto dependence on particle volume fractigior {0 the sensitivity of the curve fitting, which is simi-
various magnetic and non-magnetic particles. lar to what we encountered in determinigg, from
Mooney'’s equation (given in Equation 3).

In Mooney'’s development, the relative viscosity of a

suspensions¢(< 0.01) still exhibit the existence of sus : ; My
> . S pension(¢) is expressed by(¢)/n(¢ =0)= H(¢)
small, but finite, yield stresses. This implies that the, ... "1y _ exp [25¢ /(1 — K ¢)] as a solution for spher-

particles in suspension still exist as flocs in the diIutionical particle suspensions, wheke is the “crowding
regime, which is consistent with the observation madqactor”. A straightforward extension of his expression

by Bottoniet al. [22] using an optical microscope. From f . ; :
J g or a spheres yields an expression for non-spherical
Figs 2-5, we calculateql,, (slope) andy (intercept). particleg' y P P

Fig. 6 shows thery dependence on particle vol-
ume concentrationg( for various types of particles. n < n(¢) ) __ [nle 3)
For all particle suspensions, the yield stress increased n(¢ = 0) 1—¢/p
with particle concentration. This phenomenon is evi-
dent since, as particle concentration increases, the dis-
tance between patrticles is reduced and interparticle in-
teractions increase, which can lead to formation of more °g
interlinked structures. The absolute magnitudes of the o
yield stress values are shown to be the largest for,CrO & v
andy-Fe03 particles and smallest for Ba-ferrite. The . o g
smaller magnitude of the yield stress for nonmagnetic & 1oL ©
a-Fe 03 relative to that of magnetig-Fe,O3 indicates :
thatthe magnetic interactionis significant and is consis- .=,
tent with the observation made by Smith and Bruce [3].
For all particle suspensions, in a concentration range of
0.01< ¢ < 0.05, the dependence of the yield stress on
particle volume concentration is almost linear on a log- 13 0.01 01
log plot, as shown in Fig. 6. This implies that the yield
stress dependence on particle concentration becomes.

Particle Volume Fraction, ¢

100

Cro, -~
v-Fe, O,
a-Fe,0,

Ba-ferrite

<4 > OO

Particle Volume Fraction, ¢

b Figure 7 Dependence of the intrinsic viscosity at infinite shear rgte [
ToX ¢, (2) on volume fractionp for various magnetic and non-magnetic particles.
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In order to obtain information on the state of the sus-this asymptotic behavior. However, a linear dependence
pension over a given concentration range, the measureaf the intrinsic viscosity oy “%/? can be observed in
viscosity is fitted with predictions incorporating con- the region ofy~%? < 0.2-0.3 set/?. A rough evalua-
centration effects. Two parameterg] ind¢.., are de- tion of the intercept gave values of][, = 26 for CrGQ,
termined from fitting the experimental data with theory. and y -F&03, [n] =22 for «-F&03, and ] =12
With the Mooney equation given by Equation 3, thefor Ba-ferrite. Compared to the hydrodynamic theory
curve fitting parametersy] and ¢, are determined predictions shown in Fig. 7 of Kwoat al. [19], these
from the intercept—[n]~! ¢ 1, and the slope] "L on  values are unrealistically high, partially due to high in-
the 1/ In[n(¢)/n(¢ =0)] versusp— curve. In Figs 2— trinsic viscosity values estimated from the equation fit-
5, there is a very small difference 6f(101) between ting and an extrapolation of data obtained in an ap-
the slopes of different concentrations, and precise deparently low shear rate region. However, the obtained
termination of this small difference is very difficult with values of p]., seem to reflect characteristics of the dif-
limited data. However, small errors in determining theferent types of particles; since the particles in suspen-
slope yields a fatal error im] -, Since p] is Obtained  sion would exist as primary particles at infinite shear
after being divided by (typically ¢ <« 1). rate, whereas the largest value gf4{, for both CrGQ
Yang et al. [9] observed that the intrinsic viscosity andy-FeOs is characteristic of rod-like magnetic par-
fluctuates aroundn],, = 12-13 for¢ =0.024-0.087 ticles, the slightly lower value ai-Fe,O3 corresponds
and increases to)[,, = 23 for¢ =0.129 fory-Fe,0O3  to rod-like but non-magnetic properties, and the small-
particle suspensions using a precision rheometer. Thusst value for Ba-ferrite is due to its plate-like shape.
it seems difficult to accurately determing]J, from We also performed the rheological measurements for
the Casson equation fit in the practical concentratiommixtures [16] of honmagnetie-Fe,O3 and magnetic
range of 001 < ¢ <0.1. This is more apparent from y-Fe0O3 particle suspensions. The measured viscosity
the results obtained by Smith and Bruce [3], wheredependence of-Fe,O3 suspensions on various levels
[n]le Was shown to increase with concentration whenof a-Fe,O3 is presented in Fig. 9 for total particle vol-
the data were fitted to a Mooney-type equation, butume fractiong; = 0.025 and in Fig. 10 foty; = 0.020.
the opposite trend occurred in the fit with the Casson
equation. This opposite intrinsic viscosity trend occurs
since the point of emphasis is different between the 50
Mooney type and the Casson equations; the Moone
equation is more concerned with viscous effects, while

the Casson equation is more elaborate with the elasti o) FE O ¢
. . . TETTHTR R o2
properties (yield stress) of the suspensions. Some a| v o NI
proaches attempted to combine these two effects [23 O v v v
However, this procedure seems to eventually result i@ SOH pecty | © o

the incorporation of extra fitting parameters into the~ o
theory. Therefore, the intrinsic viscosity values deter- o
mined by the Casson equation fit seem to have little ~ -100 | & 1149 o
practical or reliable importance. v

Following Smith and Bruce [3]]].. can be obtained ©
as an asymptotic value of the intercept in thpJersus 150 20 20 80 80 100
. _1/2 . .. _
y curve at infinite shear rate. The values gf$b Fract; . . o

. o ; L t f y—Fe O, in Particle (%
tained by fitting Mooney’s equation are plotted in Fig. 8. raction oL y=re, s 1 (%)
Due to limited data, it is difficult to accurately define Figure 9 Deviation of viscosity for mixture suspensions of nonmagnetic

a-Fe03 and magnetig’-Fe,O3 at total concentratiog; = 0.025.

150 10
o CrO,
Lo o, 5
= [ | A a-FeO, 0 b o e N
- 100 e o R B R B g v
2 v Ba-ferrite g oo
g . B X \v4 \4 v X
5T o a 2 10} > o
£ N L 7 (sec™)
> 2N v o
& < O 4598
Q v
g% i o 2298
£ 200 A 1149
= v 575
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7 (sec') Fraction of y—Fe, 0, in Particle (%)

Figure 8 Intrinsic viscosity |j] versusy~%/? for various magnetic and ~ Figure 10 Deviation of viscosity for mixture suspensions of nonmag-
non-magnetic particles by fitting Mooney’s equation. netica-Fe,O3 and magnetig’-Fe,O3 at total concentratiogy, = 0.020.
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Here, deviation from the tie line of individual parti-
cle viscositiesA, is defined af\ = nmix — (n1¢1/ ¢t +

n2¢2/¢r), wherenmix andn; (i =1, 2) arethe viscosities
of the particle mixture and puieparticle suspensions,
and ¢y = ¢1 + ¢» is the total particle volume concen-

Ba-ferrite for its plate-like shape. In addition, mixtures
of y-Fe,03; anda-Fe;03 particle suspensions led to a
negative deviation from the tie line of the viscosities
of individual particle suspensions. As indicated in the
discussion, numerous factors need to be improved in

tration in the mixture suspension. The mixture suspenthe rheological characterization of particle suspensions.

sions showed\ < 0 from the tie line of the individual
particle viscosities. The absolute magnitudehofvas

Ultimately, more refined theoretical developments for
suspensions subject to flocculation are necessary.

largest at the lowest shear rate and gradually flattened

out as the shear rate increased. This flattening is due

to shear thinning of the suspension. The negative valuAcknowledgement

of A for the mixture can be ascribed to two effects in This work was partially supported by the Korea Science
terms of suspension state: one is that both the decreasadd Engineering Foundation (GRANT No. 981-1109-

interparticle interaction of magnetie-Fe,O3, due to
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nonmagnetiax-Fe,03 and the increased orientability
of a-Fe,03 due to magnetig-Fe,O3 led to reduction

in viscosity. The other explanation arose from observaReferences
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strated that the overall viscosity of polydisperse particle 2-
suspensions exhibitd <0 and that the magnitude of

A also increases as the polydispersity index increases.
Thus, the polydispersity effect is responsible for the 4.
observation ofA <0 in Figs 9 and 10. As shear rate 5.
increases, the large loose flocs deform and break up t&:
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creases with shear rate. Eventually, the two descriptions
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since modified interparticle interactions in mixtures is 9.
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polydispersity.
4. Conclusions

The shear rate dependence on viscosity of magnetig,
particle suspensions is well described by the Casson

equation. For different types of particles, the magnitudes.

of yield stress is: Cr@~ y-F&03; > a-F&,03 > Ba-

ferrite. The observation of the consistent trend bel’:

tween the intrinsic viscosity obtained by Mooney’s |,
equation and yield stress by the Casson equation is

natural, since the former incorporates changes in meas.

sured viscosity into the intrinsic viscosity, whereas

the latter incorporates changes into the yield stresg% : _ ,
1. N. CASSON, in“Rheology of Disperse Systems,” edited by C. C.

The highest yield stress for Ba-ferrite among the fou

types of particles represents the sensitive flocculation,.

characteristics of Ba-ferrite with concentration very

well. Intrinsic viscosity obtained by fitting to Mooney’s 23.
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of [n]e Vvalue is in accord with the primary particle 55
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