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Rheological properties of ferrofluid solutions variously stabilized, are investigated as a func- 
tion of experimental parameters, such as volume fraction of particles, external magnetic field 
and ionic strength of the carrier. Colloidal stability of the magnetic fluid systematically leads 
to Newtonian behaviours in presence of an external rnagnetic field. On the contrary, in phase 
separated samples, non Newtonian effects are clearly observed. 

I. Introduction 

Transport properties of a suspension are strongly 

dependent on its microscopic structure. In regards to 

their technological applications for servo-dampers or 

clutches, electrorheological and magnetorheological flu- 

ids are widely ~ t u d i e d [ ~ ~ ~ ] .  These fluids are irnportant 

because a convenient external parameter enriclies the 

systern: for example with Magnetic ~ l u i d s [ ~ ] ,  also called 

ferrofluids, a magnetic field applied to the flowing sys- 

tem, introduces an anisotropy inside the fluid, which is 

different of the anisotropy of the shear flow and which 

then leads to  specific effects. 

MJe are here concerned with colloidal solutions con- 

taining magnetic particles of typical mean diameter 

10nm bearing a magnetic moment of a few 10" Bohr 

magnetons. RheoIogical behaviour, as most of physical 

properties of ferrofluids is related to a major problem: 

the colloidal stability of the magnetic fluid. In order to 

counterbalance van der Waals attraction and attractive 
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part of magnetic dipolar interaction, colloidal stahility 

of magnetic liquids require an additional repulsion be- 

tween the grains. This may be realized in two different 

ways: 

- through a steric hindrance, coating the particles 

with surfactant chains, 

- through an electrostatic repulsion, magnetic par- 

ticles being also macro-ions, a11 of the same sign. 

Anyway, whatever the nature of interparticle 

repulsion, some failures of stability are variously 

reported[4-9] leading either to a pliase separation 

into two liquids of different particle concentration~[~]: 

droplets of concentrated phase growing among the more 

dilute pliase, either to a flocculation of some particles 

in a solid precipitate. 

As magnetic fluids experiencing the first process still 

Aow, the phenomenon is sometimes difficult to identify. 

First experimental observations were microscopic views 

of elongated liquid droplets, a few hundred pm long, be- 

ing formed parallely to an externally applied magnetic 
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fie~d[~-']. Many factors are able to induce such a phase 

separation, for example: 

- a temperature lowering, 

- for sterically stabilized particles, some variations of 

free surfactant concentration or addition of extra poly- 

meric chains, 

- for electrostatically stabilized particles, an increase 

of ionic strength. 

It may lead to very surprising experimental observa- 

tions: for example, the observation of severa1 propagat- 

ing sound waves in the solution or large light scattering 

patterns. Macroscopic s t ruc tu ra t i on~[~~~I  then appear 

inside the fluid leading to large apparent viscosities, 

usually going with non-Newtonian b e h a v i o u r ~ [ ~ ~ ~ ~ ~ ~ ~ I .  

To some extents, rheology of such diphasic solutions 

may be compared to non-colloidal suspensions of a few 

pm-sized magnetic grains[12]. 

First section deals with viscosity of monophasic fer- 

rofluids, described as a function of various experimen- 

tal parameters. The second section shows how these 

rheological properties are modified with ferrofluids un- 

dergoing a phase separation. 

11. - Viscosity of rnonophasic magnetic liquids 

In this section properties of magnetic liquids 

monophasic and stable from a colloidal point of view 

are first studied. In zero magnetic field, and because 

of Brownian motion of magnetic particles, a ferrofluid 

is an isotropic liquid. Its viscosity is greater than that 

of the fluid carrier: there is an extra energy dissipation 

due to  the suspended particles. After a brief summary 

of shear rate, temperature and particle volume fraction 

dependences in zero fields, we shall investigate the ef- 

fect on ferrofluid viscosity of an externa1 magnetic field: 

providing that the ferrofluid remains monophasic, it re- 

mains a Newtonian liquid in the usual ranges of shear 

rates. 

11.1. Zero magnetic field properties 

Rheology of ~ u s ~ e n s i o n s [ ~ ~ ]  is a complex hydrody- 

namic question. If the very dilute regime is now well 

understood from a theoretical point of view, the con- 

centrated regime still raises many questions. In his pi- 

oneering works ~ ins te in[ '~]  proposed a powerful model, 

derived from the flow field of pure strain perturbed by 

the presence of a sphere, which correctly accounts for 

viscosity of suspensions in the limit of low concentra- 

tions of suspended particles, talting in account hydro- 

dynamic interactions, ~ a t c h e l o r [ l ~ ]  then calculated the 

second order in concentration contribution to viscos- 

ity. Many other laws, semi-phenomenologica1[16], are 

proposed to describe the whole viscosity dependence 

on concentration. Viscosity of col~oids['~] is an even 

more difficult problem, because thermodynamical in- 

teractions between particles such as van der Waals or 

electrostatic interactions, have to  be encountered to- 

gether with Brownian motion and hydrodynamic in- 

teractions. In magnetic ~ o l l o i d s [ ~ ~ ~ ~ ~ ~ ] ,  in addition to 

dipolar-magnetic interactions, magnetic field is an ex- 

terna1 parameter which enriches the system. 

a) Shear rate effect 

In a laminar shear flow, with a Newtonian fluid, 

the shear stress r is proportional to the shear rate j 
and dynamic viscosity 7 is defined as the ratio r/+. In 

a ferrofluid undergoing a homogeneous shear flow, the 

stream lines are perturbed by tlie particles and because 

of the velocity differences of liquid layers inside the flow, 

a rotation of tlie particles is induced. Increasing shear 

rate j ,  the liquid remains Newtonian, up to a limit of 

the order of the characteristic frequency of rotation of a 

particle suspended in the solvent[l": kTlrloY k Boltz- 

man constant, T temperature, 70 solvent viscosity, Vh 

hydrodynamic volume of a particle. This character- 

istic time can be measured experimentally for exam- 

ple through transient birefringence measurements and 

is typically of the order of 1 to  10 ,us in waterL2']. Usual 

experiments are performed with j < 105 s-I and are 

thus always in the low shear rate limit: in this jrange, 

monophasic ferrofluids, in zero magnetic field, are New- 

tonian fluids. 

b) Temperature influente 

Viscosity of the liquid carrier exponentially depends 

on temperature: in the same way temperature leads to 

wide variations of the ferrofluid viscosity. On the other 

hand this parameter also influences the ferrofluid vis- 

cosity through the Brownian motion of particle~[~']: kT 

arises as a normalizing coefficient in all the reduced pa- 

rameters of interaction (particle-particle interactions or 
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particle-field interaction). At least, temperature varia- 

tions can also lead to  severe chemical modifications in- 

side the Aiiid such as a desorption of surfactant cliains, 

iniscellisation of free surfactant or cliaiige in solvent 

quality with respect to  the surfactant, any of these mod- 

ifications being ahle t o  destabilize the colloid. 

c) Volume fraction dependente 

Because of tlie addition of rnagnetic particles, tlie 

viscosity q of a ferrofluicl is greater tlian the solvent 

viscosity 70 ancl a t  a given temperature, i t  is an  in- 

creasing function of the  volume fraction of particles 

a. Fig. 1 presents variations of reduced viscosity 

(v - q ~ ) / v o  versus a. Variously stabilized ferrofluid 

samples are p r e ~ e n t e d [ ~ ~ ) ~ ~ ] :  V is measured with a capil- 

Iary v i ~ c o m e t e r [ ~ l ~ ~ ~ ] .  Two ranges rnay be distinguished 

in 1) variations, a low concentration regime ancl a liigh 

concentration one, the  boundary heing around a few 

percent in volume fraction. 

Low concentration regime 

In this 17 is a linear function of <I> and its 

variations are well described by Einstein model[14]: 

with <PIA, the hyclroclynamic volume fraction of particles. 

T h e  Einstein model supposes tha t  tlie solution is a sus- 

pension of monodispersed hard spheres without inter- 

actions, this description is thus only valid for ar, << 1. 

Coefficient 5/2 is for elongated particles 

(insteacl of spherical). However two experimental diffi- 

culties are encountered in determining this coefficient: 

- polydispersity of ferrofluid p a r t i c ~ e s [ ~ ~ ]  ancl - a pre- 

cise measurement of <Ph. Tlie whole solvation layer 

surrounding the  magnetic particles enters in their hy- 

drodynamic volume. Usual <P determinat,ions are non- 

hydrodynamic ones. For example in fig. 1, <P is de- 

terrnined througli cliemical titration of iron, ancl in[24], 

variations of density p featiire variations; from mag- 

netic measurements a magnetic volume fraction <P, can 

also be determined; none of these three determinations 

accounts for the solvation layer. The  more frequent <lih 

determinations suppose that  a given law v = f (<Ph)  is 

valid and @h is deduced frorn a best Et to experimental 

data[24~2". Ai1 independent determination would 

be much preferahle but  surely much more difficult to 

develop. 

Figure 1: Log-Log plot of (7-qO)/qO versus Q> for various fer- 
rofluicl samples prepared througli Massart's ~ ~ n t l i e s i s [ ~ ~ ~ ~ ~ 1 .  
Measurements are performed in zero fielcl witli a capillary 
viscometer and @ is deduced from cliemical titration of 
irori. I;'ii11 circles: maghemite aqireous samples (T = 22°C); 
open circles: cobalt ferrite aqueoiis samples["] (T = 22OC); 
stars: magliemite sirrfactecl samples in a commercial oil 
based on dibutyl phtalate (T = 25°C and 45'C); crosses: 
maghemite ionic samples in etliylene-glycol[lll (T = 20°C 
and 25°C). Figures 2 and 3 correspond to the more concen- 
trated of these samples (T = 25OC, = 16%, ionic strengtli 
c, < 10 -~  mole/l). 

- Iligh concentration regime 

For greater than 3 t o  4%, reduced viscosity devi- 

ates substantially from the  linear behaviour of Einstein 

law. In this regime, the interactions hetween particles 

are dominant, both hydrodynarnic and thermodynamic 

interactions being important ,  and tlie Einstein model is 

no  longer valid. A large number of empirical and theo- 

retical ecluations have heen used t o  descrihe viscosity a t  

high c o n c e n t r a t i ~ n s I ~ ~ ~ ~ ~ ] .  I t  is not to  the  purpose here 

to  give a detailed list of these expressions. Frorn Fig. 1, 

i t  seems possible to  extract a general behaviour a t  dif- 

ferent temperatiires and for various kinds of ferrofluids. 

These samples cliffer from: 

- the magnetic material of particles (y-Fezos, 

Fe2CoOd), 
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magnetic field does not perturb the linear relation be- 

tween shear stress and shear rate (see Fig. 2): the 

liquid remains Newtonian even in high field at least til1 

j = 200 s-l. Reduced variations q ( H ) / q ( H  = O) as a 

function of magnetic field are presented in Fig. 3. 

Figure 2: Linear behaviour of shear stress r versus shear 
rate j at H = 400 Oe (lower curve) and H = 4600 Oe (upper 
curve). See caption of figure I for sample characteristics. 

Figure 3: q(H)/q(H = 0) versus magnetic field (same sam- 
ple as in figure 2).  In low fields (full symbols), v(H)/q(H = 
O) is deduced from a measurement of r (H) / r (H = O) at 
j = 100 s-l. 

Thus a general rheological property of monophasic 

ferrofluids is that they remains Newtonian liquids in 

the usual range of shear rates (i 5 103 s-I), both 

in zero magnetic field and in presence of an exter- 

na1 magnetic field. In this range of j ,  a shear stress 

non-proportiona1 to shear rate marks the occurence of 

macroscopic structurations inside the liquid, signature 

of a phase ~ e ~ a r a t i o n [ ~ > ~ ~ ] .  

111. Rheology of diphasic magnetic fluids 

It is not always easy to  know a priori if a sample 

is monophasic or not, especially if the volume fraction 

of particles is large. This point explains many former 

controversies about viscosity of ferrofiuids. CoupIing 

viscosity measurements to colloidal stability studies on 

ionic ferrofluids, two main effects are observed: draç- 

tic viscosity increases and non-Newtonian behaviour in 

conditions where optical tests reveal a phase separation 

inside the sample. Two examples are given in Figs. 4 

and 5. In Fig. 4, phase separation is induced in zero 

magnetic field through an increase of ionic strengthi7] 

(i.e. a decrease of electrostatic repulsion between par- 

ticles). Viscosity is measured in a capillary viscome- 

ter. For ionic strengths larger than the threshold of 

phase separation, the measured apparent viscosity in- 

creases abruptly["]. In Fig. 5, the ferrofluid viscosity 

is determined with an acoustic v i~come te r [~~]  measuring 

the velocity of a falling ball. Experiment is performed 

with two comparable samples one stable on the whole 

range of magnetic field and the second one undergo- 

ing a field induced phase separation for H = 750 Oe . 
A large increase of the measured quantity is observed 

here also. However such viscometers involve compli- 

cated flows, simple shear flows are necessary to  clear 

up the question. Samples of Fig. 4 are tested under 

radial magnetic field in a Couette viscometer. In the 

phase separated sample of Fig. 6, non-Newtonian ef- 

fects clearly occur whatever the magnetic field. 

Figure 4: q(c,)/~(c, = 0) versus ionic strength c,, in zero 
magnetic field. Full line: liquid carrier behaviour as ionic 
strength is increased; dotted iine: ferrofluid sample; initial 
point corresponds to sample of figure 2 for which c, < 1 0 - ~  
mole/l. 
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Figure 5: Apparent viscosity versus magnetic field for two 
comparable ferrofluid samples in dibutylphtalate (apparent 
j 2 20 s-I), @ = 5% (open circles: sample stable in the 
experimental range of magnetic fields; filled circles: sam- 
ple exhibiting an optically-tested phase-separation around 
750 Oe). In the monophasic state expected viscosity vari- 
ations, as a function of field H are smaller than detection 
accuracy. 

Figure 6: Shear stress r versus shear rate r at H = 400 Oe 
(lower curve) and H = 4600 Oe (upper curve). The sample 
is the same as in figure 2 with an increased ionic strength: 
c, = 0.3 mole/l. (see figure 4). 

The appearance of macroscopic structures inside the 

fluid, here thin droplets elongated along the magnetic 

field (a few pm thick and a few 100 pm long) leads 

to  a rheofluidizing (or pseudo-plastic) effect12]. It is 

most probable that the visco-plastic (Bimgham body) 

behaviour which is sometimes ~bserved[~" with some 

magnetic fluids is related to the range of shear rate j 

which is experimentally explored. Although behaviour 

in high shear rate implies the existence of a shear stress 

threshold, experiments performed in the same j range 

as in Fig. 6, couId exhibit the characteristic behavior 

of pseudo-plastic fluids. 

In this diphasic regime, one can try representations 

~f vapp(H)/vapp(H = O) versus j .  Fig. 7 gives S U C ~  

variations at a constant field as ionic strength is in- 

creaseù for a given sample. The same representation 

performed in lower fields gives similar trends, the effects 

being of lower amplitude. Large ionic strengths Iead to 

large apparent viscosities in low shear rates, related to 

the structurations inside the fluid. As shear rate is in- 

creased, apparent viscosity decreases towards the New- 

tonian behaviour of low ionic strength samples. The 

structurations are progressively broken by the flow as 

j increases: elongated drops separate in small droplets 

which even could be dissolved in the fluid under some 

conditions. 

Figure 7: Reduced apparent viscosity qapp(H)/77app(H = 0) 
in a constant and high magnetic field (4600 Oe) versus 4 
for samples of increasing ionic strength (squares: c, < 1 0 - ~  
mole/l; filled circles: c, = 0.2 mole/l; open circles: c, = 0.3 

mole/l). vapp(H) = r / j  is deduced from plots such as fig- 
ures 2 and 6 (T = 25OC). 

IV. Conclusion 

As a conclusion, magnetic fluids may be separated 

in two classes depending on their Newtonian or non- 

Newtonian rheological behaviours. Some magnetic flu- 

ids remain Newtonian fluids in the usual range of shear 

rates ( j  < 103 s-l) whatever volume fraction of parti- 

cles and even in presence of magnetic fields. These mag- 

netic liquids are stable and monophasic colloids. Their 

low concentration behaviour is well described through 

combined Einstein and Shliomis formalisms, some ap- 

proximations being sometimes necessary. For higher 

concentrations, particle interactions become significant 
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and must be taken in account, however the liquid re- 
mains Newtonian. Such magnetic colloids are required 

in devices where invariance of magnetic and fluid prop- 

erties is required, for example in seals, printing inks or 

heat exchangers. Nevertheless, it is clear that dipha- 

sic magnetic liquids are full of potentialities: for weak 

j values, viscosity can be multiplied by a factor of 10 

to  20 if a magnetic field is applied! This could enlarge 

widely the range of work of many servo-rheological de- 

vices sucli as dampers or car-springs. On the other 

liand, Bimgliam Auids exliibiting an important shear 

stress threshold r0 at j - 0, could be useful in mag- 

netic clutches. The next objecti~es are thus to control 

hoth appearence and organization of strilcturations in- 

side the initial magnetic fluid, and to control pliase sep- 

aration dynamics. 
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