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The air.i of this research t:ork has b~~n to charactc r isc th&
properties of suspens ions cf ~. sma ll ~~~~~~~~~~~ ir.~n p ar t~cl~ s in
mercury . These stzs p~~sio~s , or ferrc:~.’-~iet ic 11cw~ds~ h~IV ~? ~Ioon st:hiui~~ J
aga inst diff us~~:~ l ~rc~:c~i oy tin ana so~iu~ aa~it~v~s. in:.~.. th’~ tu~ ~~sodiun associat e the~i:clves ~iith the iron part icics to ior~ coat~rr~s ~s
strikingly sho~.’n in this report by resistivity and latent heat of ~~iti~g
experiments .

Sett lin~j exp~i-~~.~nts in a gravitational field in~icctc that
in son~ of theluids the iron particles aggregate to form c lu~ters or
loose f locs . These aci~rz~oa tes can conta in as many as lO~ iron part icles.
It appears , ho~:ever , t~’iat the particles within the aggreq~~rs do not
grow by dif fesicn if they are stabil izod by tin and s~,jj um coatings . Th~s
is d ons tra t~&~hy r~3gnetic data which shows tha t the particles retain
their discre te sing le d~m a in  r~gnetic properties . ~agneti c data is
presented which d~~onstratcs the im2ort~nce of nea rest nt~i bour maQnct ic
interactions . The previously unexplai ncd ria Qr.cti c field gradient
instability is alsoascrib~d to the existence of large aggregates .

The exi stenc~ of aggregates is further corroborated by viscosity ,
and time dependent r.~gnctisation measurements at room temoerature . A
transition from a liquid to a paste—like viscosity Is observed ~,hen theflui ds are magnetically concentrated. The cor.ccntrated fluids behave as
‘BinGham bodies ’. This viscosity bchaviour is also consistent with the
existence of ag;regates . The hig h , paste-like viscosity of concentrate d
fluids is almost wholly attributable to large quantities of r.ercury

- . trapped wi thin the agaregate structure . •

That particle aggregation in fluids occurs at room tem2erature
demonstrates that there exists in the total particle—particle inter actian
energy, a minimum of greater depth than kT at some finite particle sep :raticn .
The total particle-particle interaction energy includes magnetic , van
der Waals ’ and electronic charge layer terms.

Further studies are in progress to evaluate the stability of
anti~~ny coated parti cles , as Luborsky (15) reports that antimonyhas been found useful in limi ting diffusiona l growth up to the boiling
point of mercury. 

.

The resul ts in this report indicate that althoug h stability
of mercury based ferrcmagneti c liquids can be much improve d by tin and
sodium additi ves , van der Waa l s’ forces are still responsible for the
aggregation which gives rise to the undesirable hi gh viscositics . Future
work will be centred around the elim ination or reduction of these
attractive forces . This would thus ensure the long term stabi lity 0f
the fluids. It is believed that certain particle coatings wil l  reduce
the attracti ve van der Uaals ’ forces.

— _ _ _ _ _ _ _ _ _ _ _ _
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Summary

The aim of this research work has been to characterise the
properties of suspensions of small single domain iron particles in
mercury. These suspensions, or ferromagnetic liquids , have been stabilised
against diffusional growth by tin and sodium additives. That the tin and
sodium associate themselves with the iron particles to form coatings is
strikingly shown in this report by resistivity arid latent heat of melting
experiments.

Settling experiments in a gravitational field indicate that
in some of the fluids the iron particles aggregate to form clusters or
loose flocs. These aggregates can contain as many as lO~ iron particles.It appears, however, that the particles within the aggregates do not
grow by diffusion if they are stabilized by tin and sodium coatings. This
is demonstrated by magnetic data which shows that the particles retain
their discrete single domain magnetic properties. Magnetic data is
presented which demonstrates the importance of nearest neighbour magnetic
interactions. The previously unexplained magnetic field gradient
instability is also ascribed to the existence of large aggregates . The
existence of aggregates is further corroborated by viscosity , and
time dependent magnetisation measurements at room temperature. A
transition from a liquid to a paste—like viscosity is observed when the
fluids are magnetically concentrated. The concentrated fluids behave as
‘Binghain bodies’. This viscosity behaviour is also consistent with the
existence of aggregates. The high, paste—like viscosity of concentrated
fluids is almost wholly attributable to large quantities of mercury
trapped within the aggregate structure. That particle aggregation in
fluids occurs at room temperature demonstrates that there exists in the
total particle—particle interaction energy, a minimum of greater depth than
kT at some finite particle separation. The total particle-particle
interaction energy includes magnetic, van der Waals ’ and electronic
charge layer terms.

Further studies are in progress to evaluate the stability of
antimony coated particles , as Luborsky ( 15) reports that antimony
has been found useful in limiting diffusional growth up to the boilin g
point of mercury .

results in this report indicate that although stability
of mercury based ferromagnetic liquids can be much improve d by tin ari d
sodium additives , van der Waals ’ forces are still responsible for the
aggregation which gives rise to the undesirable high viscosities. Future
work will be centred around the elimination or reduction of these
attractive forces. This would thus ensure the long term stability of
the fluids. It is believed that certain particle coatings will reduce
the attractive van der Waals’ forces.

L _ _  ~~~~~
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1. INTRODUCTION

Ferromagnetic liquids consist of suspensions of small, single
domain ferromagnetic particles dispersed in a liquid carrier. The
particles are made small to reduce magnetic interactions and are
coated with a dispersan t to prevent aggregation through van der Waal’s
forces. It is also a necessary requirement for most applications that
the particles remain in suspension in both magnetic and gravitational
field gradients . This criterion for stability is readily met by those
ferromagnetic liquids , identified by the term ferrofluids , produced
commercially by Ferrofluidics Corp . Such ferrofluids consist of Fe304
particles of 100—200 A diameter , dispersed in a hydrocarbon or
diester carrier. Ferrofluids using water or silicone oil as the
carrier fluid are more difficult to prepare and their stability is
often unpredictable.

Ferromagnetic liquids containing ferromagnetic metal
particles of iron or cobalt would be magnetically stronger than ferrofluids
containing ferrite particles since the saturation magnetisation of these
elements is appreciably greater (15(Fe304) 480 emu/cc . 13(Fe) 1707
emu/cc ) .  Their use in devices would , therefore , be expected to be more
extensive. Moreover, if the carrier is a liquid metal such as mercury
the high thermal and electrical conductivity makes possible other uses
of the fluids, e.g. in switches and in energy conversion systems .
Ferromagnetic liquids of this type containing iron particles in mercury
are the subject of this report .

_  ~~~~~~~~~~~~~~~~~~~~~~ .--  
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2. APPLICATIONS OF ~~TALLIC FERRO MAGr ;CT r C LIQUIDS

The application of metallic ferromagn etic liquids for
energy conversion has been described in previous U .S. Army reports and
by Popp lewell et al (1) ( 1976) .  Essentially ,  a reliable energy conversion
system with an efficiency of approximately 30% could be developed
using a circulating metallic fe rromagnetic liquid in a device shown
diagrammatically in figure 2.1. This application requires the ferromagnetic
liquid to be stable in large magnetic field gradients and at high
temperatures. Moreover, since an attractive feature of this energy
conversion system is its reliability the fluid must remain stable over
the lon g term . The problem of stability has been s tudied in some detail
and will be discussed later in this report.

A further application of the metallic ferromagnetic liquid
would be in rotating shaft seals . Normally the sealing ferrofluid recommended
for this application would be a 400 G diester based fluid. Although
seals currently available may operate continuously at 60,000 r.p.m.
further increase in speed is limited because heat generated in the seal
produces evaporation of the carrier . A metallic carrier, however,
would be expected to dissipate the heat generated more effectively
and thus higher rotational speeds should be possible . It is the
application in rotating shaft seals where metallic ferromagnetic liquids
will first find application since the demands on the liquids are less
demanding for this application.

The work on metallic systems , as outlined in this report, is
also relevant to other situations where metallic liquids are used. It
has been found that the liqui d metal coolant in a nuclear reactor acquires
ferromagnetic particles from the stainless steel tubes along which it
flows. These particles, which may pass through large magnetic field
gradients and be at high temperatures, increase in size by diffusional
growth and eventually aggregate , thereby restricting the fluid flow. An
appreciation of the kinetics of growth and aggregation in these
circumstances is invaluable.
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E~~ E~ T I A L  F’RCF E R T IE ~ OF A ~~TA L L C  FE RR OMAGNET I C LI~ U I D

i~a) Magnetic properties

It is desirable to pI\~duce ferromagnetic liquids with a
hi gh saturati- :m magnetisation and a large in i t i a l  suscep t ib i l i ty .
This is best achieved by selecting iron or cobalt (I~ (Fe) 1707
emu/cc , I~ (Co ) 1400 emu!cc as the ferromagn etic  particle
component. The particles must be made small, % 45 A diameter ,
in order to prevent aggre gation due to magnetostat ic  interact ions.
The particle concentration in the carrier must also be large if the
saturat ion magnetisation of the liquid is to be large . Commercial
ferrofluids containing Fe304 particles no~i~ally have a magrietisation
(M 5 t4~~ I~~) of 100 

- 400 0. Such ma gnetisations correspond to
particle concentrations of ~ lO

17
~ cc or some 10 volume %. The

maximum particle concentration and hence the maximum magnetisation is
limited by the final viscosity of the ferrofluid. This is a
particularly important consideration in the preparation of strong
metallic ferromagnetic liquids. Although metallic systems can be
prepared with Ms ~ 400 C the magnetic particle concentration is only
2-3~ by volume . Above this value the ferromagnetic liquid acquires
a high and unacceptable viscosity . Clearly , in order to improve the
fluid magnetisation it is necessary to increase the particle content
whilst maintaining a low viscosity . Hence the study of the f a c tor s
determining the high viscosities in fluids of low particle concentrations ,
as given in this report , is considered vital to any further development
of metallic ferromagnetic liquids .

t~b) Ferromagnetic Liquid Viscosity

Commercial ferrofluids of 100 - 200 C saturation magnetisation
have viscosities of a few centipoise. A concentrated fluid of 600 0
may have a viscosity of 200 cp.

The Einstein equation for the ferrofluid viscosity n~,

1 + 2.5 ~ (1)

where no is the carrier viscosity and ~ the solid fraction , may he
expected to apply for low concentrations where the particle radius
is small compared with the particle separation . For more concentr ated
systems the relat ion

nf - no 2.5 ~ - f 2 . 5 ~~ - 1 ] (2 )

due to De Bruyn (2) is more appropriate . ~ represents a cr i t i ca l  cencenl .rat ic~’
at wh ich the f lu id  becomes solid. A value of 0. 74 corresponding to
hexagonal close packed spheres would seem to be a reasonable value to
take for the ferrofluid system (Rosensweig et al ( 3 ~ 1965). / is related
to the volume fraction c and particle coating ~ by the expression
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[ 1 + ~~~~~ (3)

:t is clear fro m expressions (~~) and (3~ t hat the viscosi ty
of fer ctluids depends on the size of the surfactant coating since
the physical  diamete~r rather than the magnetic diameter is i m p o rt i n t .

I t  is possible that the high viscosities foun d in metal l ic
systems arise part ia l ly  fro m adsorbed mercury layers on the particles ,
wh ich ef fec t ive ly  increase the physical size in a similar manner to the
dispersant coatings in non-metallic systems. Further effects  arising
from particle interactior~ may be important and are under investigation.
The latter could be part.~ ular l y serious in metallic systems where
rep ulsive forces betwee r part icles , necessa ry to prevent particle
aggregation , may be neg J g ib le .

( c) Short term s tab il i ty  in metallic systems

The short term s tab i l i ty  of a ferromagnetic liquid is
determined by particle interactions and the presence of magn etic  or
gravitational field gradients . In the simplest situation particles
may aggregate under magnetic or van der Waal ’ s for ces and then sett le
unde r gravitational forces. Agglomeration through magnetic interactions
may be prevented if the magn etic ener~~r of particles in contact is
less than the thermal energy transmitted to t~a~ particles through the
carrier liqu id. For two spherical particles , sta ~ i iit y in the presence
cf magnetic interactions would occur when

2 3 22~f i r D I ~~ < k T  (~~)
18

where D is the particle diameter , 1~ the saturation magnetisation
at temperature T and ~i the magnetic moment of a particle . Hence

L 

aggre gation through magnetic interactions for iron particles with
D 30 A or Fe304 particles with D 100 A would be insi gnificant
at 200°C.

Aggregat ion may also take place through van der Waal ’s
fo rces which are short range compared with the magnetic force between
particles. For small distances between spherical particles this
leads to ai~ expression for the energy

U -AD/ ~ 45 S < < D and S > 4 A  (5 )

and at large distances

U A (D/2S)6 S >> D (6)
9

where D is the particle diameter , S X-D , X the centre to centre

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-w - 

-

~~~~~~

- - - —

~~~~~~~~~

-- -

~~~~~~~~~~~~~~~~~~~~~~~~~~

— --
~~~~~~~~~~~ 

-.

~

-

—7—

distance between particles and A it2 
n
2 A where n is the number

of atoms I cc , A ~ h v0ct2, a is the polarizability and hvo is a
characteristic ionisation energy . Aggregation through van der Waal ’s
forces is prevented in ferrofluids by coating the particles with a
dispersan t such as oleic acid , a long chain polar molecule of length
~ h A , which produces an entropic repulsion between particles.

The prevention of aggregation whether due to magnetic or
van der Waal’s interactions is difficult since a particle size
distribution must always be considered and large particles which
seed the aggregation will always be present. In commercial ferrofluids
the problem is minimised by removing the large particles by centrifuging.
This improves the stability significantly. In metallic systems the
larger particles may be removed by magnetic separation provided the
particle concentration and size distribution is such that aggregation
does not occur before or during separation. These conditions are
difficult to achieve in metallic systems. Aggregation due to van der
Waal’s forces (in metallic systems) cannot be prevented using entropic
repulsion at present since there are no known metal-compatable dispersants
equivalent to oleic acid. This is the main obstacle to the preparation
of stable metallic ferromagnetic liquids.

(d) Van der Waals’ forces and aggregation

The problem of aggregation (coagulation) in colloidal systems
was firs t investigated by Smoulowski (4). He considered the particles
to have no long range attraction for one another and to stick together
when they come within a critical interaction distance 2R. The total
number of a~gregates/cc at time t was shown to be given by

n no (1 s 4 ii ~ R n t J ~~ ( 7 )

where n0 is the number of aggregates/cc at t o and ~~ is the diffusion
coefficient. Since ~ is inversely proportional to R, n is independen t
of particle size.

If D is given by the Stokes—Einstein relation equation (7 )
may be rewritten

~ 
‘1— 1

n n~ [1 1- /
~ J ( 8 )

1 3~ (9)where 4 k T n
0 0

0
For a 1 wt % iron in mercury fluid with 140 A diameter particles -‘4

“~ l017/cc. With ri 1 p, as observed for a 1 wt % fluid , 0 ~ 10 secs
at room temperature , i.e. the number of aggregates is reduced by a
half in 10’4 secs. 0 is a measure of the coagulation time in the
absence of long range interactions. In the presence of interactions
an effect ive coagulation time ~~ q 0 may be defined where

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 r w  1iq 2R r exp
t 

/k T I Q r  (10)

2R

where W denotes the interaction energy which may be positive or
negative depending on whether the interaction is attractive or
repulsive . A value of q equal to 0.66 has been calculated by Hoon ( 5 )
for a van der Waals ’ attractive interaction in the iron—mercury system.
Since 0 “~ 0~ aggregation of iron particles in mercury fluids
would take place quickly in the absence of any repulsive interaction.
Furthermore , this aggregation causes settlement to take place . However ,
m* gh << kT is the condition for stability in a gravitational
field where m* ‘4/3 ii R3 p”~ (11) and p* PHg — 

~Fe is the
effective density of the particles in mercury. Thus for an aggregate
containing x spherical iron particles of radius R a distance of 1 cm
below the mercury surface, the condition for sedimentation is given by

m* gh ’\~~~1T R 3 p* xgh > kT (12)

0 
2 

-

Setting R to 20 A predicts x > 10 particles . Equation (8) shows
that this aggregation takes place in a time t ~~ l0~~ secs . Thus
settling takes place rapidly in the absence of repulsive particle!
particle interactions. Moreove r , since settling increases the local
particle density , aggregation may be expected to increase more rap idly
as settling takes place.

The prevention of aggregation due to van der Waals ’ forces
• is diff icul t .  Though these forces may be expected to have a shorter

range in metallic systems it is still present and would probably
lead to aggregation . The use of particle coavings to reduce this
interaction has been considered by Hoon et al ( 6 ) .  In this case
the possibility of coatings forming charge d surface layers through
charge transfer at the interface between the particle surface and the
carrie r is considered. The situation thus existing at the particle
surface is analogous to the charged double layers in colloids in
non-metallic systems. Hoon et al (6) were able to show that the
spacial extent of the charge depended on the difference in Fermi
energy between carrier and particle and the magnitude of the charge
transfer on the difference of the work functions of the two metals.
Thus sodium with a work function very d i f ferent  from that of iron
or mercury would be an appropriate coating material  for the particles.
Calculations show tnat though charge transfer should indeed take
place the assumptions in the theory make it uncertain whether it
would be sufficient to provide the necessary repulsion between particles
to make the system stable .

-

~

--. -
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(e) Diffusional Growth

In metallic systems ferromagnetic li quids may become
un stable i f particle growth takes place. Th i s  arises in .i meta l l i c
carrier it the particles are not olE one size. The larger
particles will grow ••it the expense of the smaller part icles  through
diffusion of atoms t rom t h e  sur t ~tces of small pdrticles where thesurface enerc~ is large t o  the surfaces of large par t ic les  where the
surface ener~~’ is low . The surface ot the iron par t i c les  may be protected
with coatings or tin or sodium and in this way diffusional growth may
be prevented as shown in figures (3 .1) and (3.2~ . The experiments relating
to diffusional growth have been described by Windhe et al (7) and
Hoon et al . t~ ) .  Their results are consistent with the theory of
Greenwood ( 8 )  who predicts  th~t~ t he pa r t icle growth rate is a
maximum for particles wi th a radius (a  ) twice that  of the mean2mand t hat a a t .

-m

As can he seen from figure 3.1 t o t ’  iron particles aged in
mercury , particle growth is evident  in the long t erm and s t a b i l i t y
is not obtained. However, as shown in figure 3.2 , long term growth is
pre vented t ot’ particles in i t i a l ly  coated wi th  t in  and subsequently
coated wi th  sodium . It  was uncertain , in the early experiments
described by Hoon et al (6) whether the sodium actually fo rmed a
particle coating. However , recent measurements on the r e s ist i v i t y
would sugges t that  th i s  is the case. Such measurements .iro reported
in the results ot  section 3 .

( f )  Stabili ty in Magpetic Fields

The stability of a ferromagnetic li qu id depe nds on the
magnitude of the magnetic field gradient act ing on i t .  The l i qu id
would be considered unstable ii the ferromagnetic particles separated
out from the carrier. Since the ferromagnetic particles experience
a force

(M . V) H iI D 3 
(l3~

in a field gradient ! . H the particles reach a terminal velocity
u when the magnetic ~~ and viscous f~ 

forces are equal . }‘~ is gi ven in
terms ot u and the viscosity no by

= 3 it P no U (14)
— 

2 M.V.H
Hence the terminal velocity u —

~~
— •

l8~ 0

Equating the particle flux nu (n the number ot part i~~1es cc)
wi th  the flux due to diffusion VnNT~~~ n D (as given by the
Eins te in  re lat ion ) , gives a steady st ate °con d i t ion  when 

-~~~- - -
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Flgure~ 3.1) Tin stabi lisation Of iron particles in merc ury
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Fi gure( 3.2) Sodium stab ilisation of tin -coated iron
part icles in mercury  
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D3 2~ 
Vn kT ( 16)
n M.V.M

- i.A criterion of stability , -
~~

— 1 cm is usually adopted.
This represents a 100% change in concentration for each centimetre .
Hence iron particles of D ‘v 15 A dispersed in mercury would be
expected to be ‘stable ’ in a field gradient !.H ~ lO’~ Oe/cm. An
overriding consideration, however, would be the time t to reach
the steady state condi tion . Indeed it can be shown that in a
field gradient of 10L~ Oe/cm it would take one hour to reach
steady state conditions. When this time is large compared with the
time spent by the fluid in the field, as might be the case for
the energy conversion system described in figure 1, the fluid can
be described as ‘stable ’ for all practical purposes. Stability as
defined in this way thus depends on the calculation of u in equation
(15).
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‘4 . EXPERI MENTAL

(a )  Sample Preparation

Ferromagnetic liquids containing iron particles were prepared
by electrodepositing iron on to a mercury - t in  amalgam cathode . The
anode was made of platinum and the electro lyte was an aqueous solution
of ferrous chloride. Magnetic agitation by an alternating field of
200 C was found to be necessary in addition to mechanical stirring of
the mercury amalgam surface in order to prevent particle dendrites
forming on the surface of the cathode. Ferromagnetic liquids with a
saturation magnetisatiori of up to 400 C, corresponding to “.‘ 2 wt %
iron were prepared by this method.

The iron particles were coated with tin to prevent
di ffusional growth as outlined in section 1(e) by adding 0. 7 wt %
tin to the mercury prior to deposition . However , sodium which was
found to enhance stability by forming a second coating could only be
added after the preparation because of the reaction of sodium with the
aqueous electrolyte. About 2 wt % of sodium was added by mixing
stock sodium amalgam of known composition with the iron—mercury
amalgam . 

-

(b )  Magnetic Measurements

The magnetisation M 4 itl was measured in §ields up to 9K Oe
st room temperature and 77K with a vibrating sample magnetometer.
Measurements were thus made in both liquid and solid samples.

• In general , the samples were superparamagnetic in the liquid
state but possessed a remanence and coercivity in the solid. These
measurements were useful in evaluating particle sizes and the size
distribution.

(c) Resistivity Measurements

The resistivity of a number of metallic samples was measured
at room temperautre and temperatures down to 77K using a standard
four probe method with current reversal. Only in those fluids containing
sodium was difficulty encountered. These measurements are less
reliable because of the reactivity of sodium with atmospheric water which
caused the formation of bubbles in the cell. Resistances could be
measured accurately to ± i~~ 6 c~.
Cd) Viscosity Measurements

The viscosity was measured at room temperature for
di f f erent shear stresses and shear rates using a specially designed
Poiseuille flow viscometer. The quantity of ferromagnetic liquid
required for this experiment was of the order of 8 cm 3. The use of
various other methods of measuring the viscosity were attempted but
the high surface tension and density of mercury precluded the use of
most of these methods . Viscosity measurements were made in the
range 10-2 p < n < 10 ~ p ie a range reflecting the transition from

_ _  
~~~~~~

-
~~~~~

- - - - - --
~~~~~~~~~~~~~~~~

--- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the viscosity of pure mercury to that  of a self supporting paste .

Ce) Latent heats of fusion

Latent heats of fusion were obtained using a commercial
Ferkin-Elmer differential scanning calorimeter with a sensitivityof ~ 5 m cals ~C

1 s~
1 using scan rates of 0.5 K min~~ to 8 K min 1

in the range 180K to 300K. A sample volume of “ 15 x 103 cm3
was required and yielde d latent heats of fusion to a reproducibil ity of
‘\~ 5%. Becaus e of the limita tions of the dewar it was necessary to
slow quench the samples from room temperat ure to below 230 K (their
approxima te freezing point ) at a rate of ~ 5 K min~~ . It was possible
to detect th e presence of “v 0.01 wt % Sn in solution by examining the line-
shape which was important when determining the spatial location of tin.

_
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5. RESULTS AND DISCUSSION

(a) The Magnetisation Curve

The magnetisati~n curves for ferromagnetic liquids containing
iron particles in mercury have been determined at 77K and room
temperature. The iron concentration is determined from saturation
values and the particle sizes and size distribution from remanence
and coercivity data at 77K. The latter measurements have been found
to be invaluable since techniques determining particle sizes from
electron microscopy have required the removal of particles from the
fluid and this produces unrepresentative samples . The analysis of
the magnetisation curve at 77K in terms of the particle size distribution
has been discussed fully in previous reports and by Charitrell et al (9).

(b) Magnetic Interactions

The effect of particle interactions on the magnetisation
curve is important in the analysis of magnetisation measurements. If
the particles form chains , rings or clusters the coercivity may be
expected to be different from that of a system of isolated particles.
The particle concentration would also be expected to be important and
the overall sample shape may require the inclusion of a dema gnetising
factor to the applied field.

Figure (5.1) shows magnetic measurements made on a fluid
containing tin-coated 45 A diameter particles in mercury at room
temperature . The fluid is superparamagnetic and there is no remanence
or coercivity . The measurements are shown to be independent of the
sample shape and the inclusion of a demagnetising factor would not,
therefore, appear to be necessary. Since Kondorskii (10) also rules out
the inclusion of a Lorentz field correction on theoretical grounds,
particle interactions from nearest neighbours would seem
important in determining the form of the magnetisation curve , particularly
in concentrated samples .

Figure ( 5 . 2 )  shows a series of magnetisation curves at 7K.
Various concentrations are considered in the range ic~

-5 - lO17particles/
cc. The particle size distribution is the same for each sample. It is
noted that the remanence and coercivity decreases in value by some 20%
in the magnetisation range .06 to 0.4 emu/g but there is a negligible
change in the ran ge 0.4 to 3.32 emu/g; that is above 0.2 wt % iron.
The samples used for the measurements shown in fig (5.2) are obtained
after the sample has been frozen in a field of 35 Oe , a field which
might not be expected to produce significant particle chaining in the
liquid state . If chaining did take place the coercivity as measured
in the solid state at 77K would be expected to be greater than for a
system of isolated particles. The observed reduction in coercivity
as the particle concentration is increased cannot , therefore , be
attributed to simple chain formation . Furthermore, a fluid cooled in
a strong field at 10 k Oe possesses the same coercivity as a sample
cooled in zero field. The reduction in coercivity with concentration
is thus more likely to be associated with the formation of ring
type clusters rather than chains .

_ _  _ _ _ _ __ _ _  ~--~~~~~~~~~~~~~
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Finally , it  should be pointod out that the change of 2O~in the coercivity with  increased concentration would not serious ly
change estima tes of particle size as detmerined from the Lub orsky (11)
coerc ivity-size plot fi gure ( 5 . 3 )  for particles of approximately
‘45 A diameter. 

-~~~~~ _ _ _ _ _  
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Fig. 5 . 3 : Change in coercive force with particle diameter

of spherical iron particles as measured at 77 °K,
11after Luborsky
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6. TIME DEPEN DENT MAGNETI SATI ON

Figure 6.1 shows time dependent magnetisation measurements
at room temperature for 1.47 emu/g and 0.49 emu/g tin coated iron
particles in mercury . Both these fluids have viscosities similar to
that of mercury . In each case the app lied ma gnetic field has been
reduced quick ly from the value H1 to the value of H2 (these values
being indicated in figure 6.1). The observed characteristic times
for the magnetisation to decay are ~ 30 secs. Such long time
constants c&i only be due to large particles or aggregates whose
moments are blocked within the particles , such that the magnetic
moment can only relax by bulk particle rotation. For a blocked
particle the energy barrier to rotation of the magnetic vector
is larger than the thermal energy kT. The magnitude of the energy
barrier is determined by the anisotropy K. Where K may be considered
to be the sum of the shape , crystal and interaction anisotropies.
For unblocked particles the relaxation time would be ~“ 10 11
secs . This is about l0 2 times shorter than the charactertistic time
constant for Brownian relaxation of an individual 40 A diameter particle.

Shliomis ( 12) has shown that the relaxation time for blocked
particles in a magnetic field is given approximately by

T ‘
~~‘ fl V/ti H (5.1)

where T is the time for the magnetic moment to rotate through IT radians ,
r~ is the carrier viscosity , V the hydrodynamic particle volume,

TI a3 I~ the magnetic moment , a the particle radius and H is the
appl~ed field. I~ is the bulk material ’s saturation magnetisation.

Equation (6.1) can be extended to cover the case where the
hydrodynamic volume is greater than the magnetic volume , i.e. the
volume of the magnetic material is less than the hydrodynamic volume .
Thus

~ 6n (1 + 6/a ) 3 (6.2)
I ’ H

S

where 6 is the thickness of an adsorbed layer. For small particles

t < 48 fl/I’ H (6.3)p s

represents the relaxation time for individual particles. For large
particles of aggregates (a > 200A) it is reasonable to assume
6/a << 1 and thus the relaxation time of an aggregate T iS g iven
by agg

r ~ 6 fl/I’ H (6.~~)agg
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H,z 7.53 Oe (2)
2-0 . H2z5.53 0e

1-5 o—O . L.9 emu/ gm

D—1 .47

H,~ 7O2Oe
I 

_ •____c_ R=O 81 Oe

o I I I I I I

\ 1 2 3 4 5 5 7 8 9
T minutes

1.(
0

H, 3•17 Oe
2-~ H1 - 5’73 Oe

0-
( 6 )

2- ’ -

Fi gure (6.1.) shows the time dependen t magnetisation data for i ron
particles in mercury when the applied magnetic field is
reduced from H1 to H2 Oe. ~~~~~~~~~~~ 
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Application of equations (6.3) and (6.4) to the curve (iv)
in figure (6.1) predicts tp “

~ 
Ta~g 

“~ i0~
3 secs, where I~ has

been taken as 1707 emu/cc and H ‘
~ 10 Oe. In practice T is observed

to be “ 30 secs.

To obtain agreement between experiment and theory it is
necessary to assume that aggregates of particles form, such that
their net moment is reduced by flux closure configurations. This
would be consistent with the conclusions reached in section (5)
to explain the reduced coercivity measurements observed for concentrated
iron samples . It is possible to remove the complication that
flux closure makes in interpreting the curves of figure (6.1) by
considering the simpler case (iii), of that figure. This is because
for curve (iii) the applied field has been effectively switched
off at t 0 and so the magnetisation decays only by Brownian
diffusional rotation of the particles or aggregates. In this case
T is given by

T
B~~~

3V f l / k T (6.5)

Let the radius of a particle a ~‘4 V~ then

~~~~ 
T k T 1  (6.6)

3 n j

Then for ri “ lp and r “-‘ 30 secs equation ( 6 . 6 )  yields a ~ cm.
This value of a is in agreement with the calculated aggregate size
inferred from gravitational stability experiments.

It should also be noted that equat ion ( 6 . 6 )  is not very
sensitive to r), as for fl ~ 10 2p, a “~ 2 x l0~~ cm. For hi gh
viscosity fluids, paste—like in appearance , ie fl > l0~ p, equation
( 6 . 6 )  predicts for a ~l0~~ cm a value of ‘r of 30 hours . If a paste—like
fluid is saturated in a magnetic field and then the field removed a
remanence is observed which disappears in a time similar to that calculated
abo~~ ie ~u 24 hours.

A - - __- 
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7. GRAVITATIONAL SETTLING

The particles in a ferromagnetic liquid are not uniformly
distributed in a gravitational field. At temperature T the number of
particles per unit volume at a height h is given by the Boltzman n
distribution)

N : N exp [ —m)~gh /kT]

where m’~ ~ IT a
3 

p
~ , ~~ 

: 

~Hg 
— 

~particle 
and a is the particle

radius.
The saturation inagnetisation of the fluid is given by

I’ c where C is the volume fraction of particles whose
material has the bulk saturation value I’.

and c N~ ii a3.

Hence

= I’ -~
- IT a3 N exp {— m*gh/kT} (7.1)

represents the saturation inagnetisation as a function of height h for
a column of single unaggregated ferromagnetic particles. In practice
systems have a particle size distribution and the probability of finding
a particle of volume V is related to the log normal distribution f(y).
Where f(y) is given by

f(y) : [e~~ (-ln y)
2/2 a2] /y ~ /2IT (7.2)

f(y) dy is the fraction of the magnetic volume havirg reduced diameter
y : D/D~ in the range y to y+dy. Dv is the median particle diameter
of the volume distribution.

Figure (7.1.1) shows the observed variation in I~ with h when
a tin coated iron fluid of “ 2 wt % Fe was left for 9 months to come to
equilibrium in a gravitational field. The theoretical curves are

• computed from equation (7.1) assuming the particles to be rnonodispersed.
- 

- The deviation from such curves can be explained in terms of a particle
size distribution. Larger particles will be more common the lower the

- - value of h , and as their contribution to Is is volume dependent , a small
number can constitute the major contribution to I~~. Allowing for small
departures, a monodispersed l4OA diameter particle fluid would give aln,’Dst
identical behaviour to that shown in figure (7.1.1).

Figure (7.1.2) shows the observed coercivity of the samples
used for figure (7.1.1) at 77K. From these are inferred the characteristic
part icle diameters , of the order of 40 A , plotted in figure (~~.l.3).
The discrepancy between 4OA and l4OA is marked. It is expected
from equation (7 .1 )  that as h increases the ratio of smaller particles
to larger should increase. Thus the coercivity should decrease as

F observed. The particle diameters inferred from figure (7.1.3) and
fi gur e (7 .1.) are in disagreement unless it is supposed that the magnet ic  

--~~~ - - ---- ---—--~~~~~~~~~~~~~~~~~~~~~~~
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.75~~I,/ft
es’nu/gm 60 ç---
(77 K) 

3-2
\ \ Theoretical curve for 45A diem, particles
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I
‘S /16 - “s, 

~~~~ / Experimental points

6 8 12
h c m

Figure (7.1.1) shows the variation in 6~~ for column of tin-coated fluid
left to s- _nd for 9 months

H~ o.
( 7 7 K )

150 5...,.
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h cmFigure (7.1.2) shows the coercivity of the s~mp1es whose magnetisatlonis given in (7.1.1)

Magnetic diam .
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Figure (7.1.3) shows the magnetic particle diameter inferrtd from
figure (7.1.2)
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particles are clustered into groups of ‘\~ 100. These 1ust~ i’~;
would have the same hydrodynamic properties as a l4OA diameter
particle. The coercivity of the system is not affected to any
great extent by clustering.

Figure (7.2) shows the relative magnetic con centri ticri 15ih)/I 5
of a tin coated 60A diameter fluid as •i function ot height and time U
If it is assumed that the particles ~ire close packed , then from
th e veloc i ty of the lower edge it is possible to deduce a terminal
particle velocity . Assuming this is determined entirely by
the Stokes drag force , an estimate of particle sizes may be made ,
namely 2 x i0~~ cm. The size of the aggregates as determined from
the equilibrium distribution of the 40A diameter particles is markedly
different from the size of those determined fro m the time dependent
measurements for the f luid  containing 60A diameter part icles .  This
may demonstrate that the factors determining aggre gation are very

• sensitive to particle size.

Other workers (13 ,14) have also used sedimentation cxporiments
to estimate particle sizes. They similarly found that their results
could only be satisfactorily explained by the existenco of aggre ga tes
of “~ iO~~ cm. It is possible that these aggregates are held together
by magnetic and van der Waals’ forces. A more complete discussion of
the role of these forces is given in section (3). Thus it must he
concluded that particles in the solid state at 77k respond to an
external magnetic field in a manner’ in accord with their individual
magnetic diameter. However , in the li4uid state in 1 gravitational
field gradient , they respond is loose aggregates of “ 1O~~ cms. In
this manner the behaviour of the particles in a magnetic field gradient
is explained; they move as large aggregates of high magnetic
susceptibility rather than very small individual particles. It may
be argued that for a fluid that settles quickly the above estimates
of the aggregate size are inaccurate •is they assume hig h part ic le pack ing
densities which in turn predict the unobserved attainment of high
fluid magnetisations. It is shown here that the close packing
assumption is not as l imi t ing  as it appears at first sight.

From the sedimentation experiments it follows that the aggregates
radius is given by

a ~ lO~~ (~ 
- ~ ) ~ cm. ( 7 . 3 )H g agg

where 
~Fe ~agg 

‘ PH g~ 
This g ves a lower limit for a when

of 4 x j~~ 5 A. This corresponding to the unlikely case of cl os~’
packed iron particles.  A more rea l ist ic  es t imate  ci  

~agg can he made it
it is assumed that the aggregates can pack only to a maxi~mum volume
fraction of 0 ~ 0.5. This is approximately the maximum ~ for
cubic packed spheres. It is also observed that even for the f l u i ~is that

_ _ _ _ _ _  -- --- --- -— - -——  ~~~- —-
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settle rapidly , the volume fraction of iron in the system cannot
exceed 0Fe 1~ 0.02. All this iron resides wi thin the diffuse
aggregate structure and so the volume fraction 

~Hg of mercury, bound
or trapped within the aggregate is given by 0agg - 0Fe• Hence
0Hg ~ 0.48. 

-

Since however p p 0 + p 0agg Hg Hg Fe Fe ,

~a~ g ~ 13.32 grins cm 3. This value of Pagg may be substitutedin’~ he equation (7.3) ,  giving a ~ 2 x l0—~ cm. This demonstrates
that the size of the aggregate determined from settling experiments
is not particularly dependent upon the actual aggregate density.
Moreover a ~ l0~~ cm is in agreement with aggregate sizes determined
from time dependent rnagnetisation experiments for similar fluids.
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8. THE RESISTIVITY OF IRON PARTICLE S IN ~~RCU RY LIQUIDS

The f luids described in this section have all been prepared in .
the usual manner by electrodeposition , and their electrical resistivity
meas ured between 77k and 300k using a conventional four probe method
with current reversal.

The lower curve ot figure ( 8 . 1 )  shows the effect on the
resistivity of adding free t in  to pure mercury , at room temperature.
A simple iliear depression of the fluid resistivity with tin concentration
is observed provided that the tin concentration remains less than
0.5 wt % (the saturation limit). Above this concentration there is a
sharp increase in the resistivity . The upper curve of fi gure (8.1)
shows a similar resistivity plot for a fluid containing 0.1 wt % iron
particles coated with tin. The solubility of iron in mercury is
neglible ( <  l0~~ wt % at room temperature); the iron being present
as 40 A diameter particles. The initial preparation contained sufficient
tin to form a monolayer coating around the iron particles (0.04 wt t Sn).
Tin added in excess of this forms a solution with the mercury, reducing
the resistivity until the excess solubility limit is reached.

In figure I. the resistivity of a 0.8 wt % iron in mercury
fluid is shown. This fluid contains more iron particles than the
0.1 wt % Fe fluid and thus explains how it is possible to add 1.2 wt %
t in before saturating the f luid .  By comparison with f i gure 8.1 i t  is
obvious that 0.6 wt % of this tin is residing on the particles and in
addition the characteristic behaviour of the 0.6 wt % Sn in pure Hg
system is here observed displaced by approximately 0.6 wt %. The
maximum and point of inflection in the resistivity occurs dt tin
concentrations consistent with the adsorption of one and two
monolaye r’ s respectively . This may be shown by considering an
equation adapted fro m one given by Luborsky ( 15) equating the mass
of tin msn adsorbed in the form of monolayers by iron particles and
mass mFe and radius a such that

2 ~

= m
~ 

/5 As ( 2  w s
) T 

(N
T 

WF aY 1 (8 .1)

where W Sn and WFe represen t the den si t ies of tin and iron respectively
and A denotes the atomic wei ght and N is Avogadro’s number. A value
of mSn , obtained from the resistivity maxima in figure ( 8 . 2 )  may be
substituted into equation (8.1). This yields a value of 40 A for the
particle diameter as compared with 35A determined from measurements
of the coercivity at 77K on the same sample. This agreement lends
support to assumptions that the resistivity maxima corresponds to the
adsorption of a monolayer of tin. Further, this association may be
explained by using the theory of Lang (16~ which relates charge transfer
and change s in substrate work functions to metallic adsorbate coverage .
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Popplewell et al (1) , iloon et al (5). Becaus e of the larger
difference in the work functions at a t in coated iron/mercury
interface t o that of an iron/mercury one, more charge transfer
(and thus more conduction electron scattering) may be expected.
This was the explanation proposed by Hoon et al (6) in relation to the
resistivity behaviour seen in figure (8~3). It is now proposed that
the state of aggregation may also be important. As the resitivity of
iron is less than that of mercury by a factor of ten, the formation
of aggregates or chains of iron particles would form low resistance
current paths through the liquid as aggregation proceeds . This is in
agreement with the observation that uncoated iron particle systems
left to aggl omerate at room temperature always show a fall in the
resistivity.

For systems containing tin it is known that the tin forms
interinetallic coatings aroun d the iron particles which will lead
to a separation of the particles . This separation will reduce the
importance of chains and aggregates and hence increase the resistivity.
Also it is known that intermetallic compounds have a hi gh resistivity
and so the presence of an intermetallic coating aroun d the particle
will further increase the fluid’s resistivity. Thus tin coated
particles would present themselves as both scattering centres due to charge
layers and as high resistance current paths.

Particle growth by diffusion at elevated temperatures produces
a complex resistivity behaviour not yet fully understood. When a
quantity of tin sufficient to exceed monolayer saturation is added to
an iron—mercury system , time dependent resistivity is observed.
Initially upon addition of the excess tin , the resistivity is depressed
as the t in remains free in the merucry . But as time progresses the tin
precipitates out onto the iron particles and multilayers of t in
will forn. The characteristic time constant for this reaction depends
upon (i) the difference between the heat of solution of tin in mercury
and the heat of formation of a tin multilayer (ii) the ratio of the
total quantity of excess tin added to the total particles surface area
of the system and (iii) the distance across which the tin atoms
must diffuse; i.e. the interparticle distance. such behaviour is
shown in figure (8.4) for a variety of iron particle and tin concentrations.

Figure (8.5) shows a similar plot for a tin coated system
to which sodium has been added to improve the long-term stability
of the fluid (see Popplewell et al (1)). Again association of the
sodium to the tin coated iron surface is inferred from the behaviour
of the resistivity. Small quantities of sodium added to mercury increase
its resistivity , but not by as much as when similar quantities are added
to mercury containing tin coated iron particles.

It is pertinent to discuss here some magnetic concentra t icw~
experiments . Iron particle fluids to which su f f i c i en t  t in  has been
added to form a monolayer have been magnetically concentrate I. The residual
non-ma gnetic phase has been shown to consist entirely of mercury , by
measurements of its resistivity and chemical analysis.  The same e~perimen~
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Figure (8.4) shows the time dependent resistivity observed for tin-coated

iron particles , of weight ~ w;  where excess tln ,of weight ~ ~~,has been added to the fluids at t • 0.
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performe - with sodium in place of tin does not show similar results.
The sodium resides on both the particle surface and in the mercury .
This is inferred from chemical analysis since if a quantity of sodium
is added to iron in merc ury then the quant ity added in excess of that
required to form a monolayer may be extracted by shaking with  dilute
hy drochloric acid. That there should exist an equil ibrium between iron
coverage and sodium in solution may be understood from the heats of
formation of iron-sodium inter— metallic compounds and mercury-sodium alloys ;
the heat of formation being almost ide:~t ical and strongly exothermic. In
comparison the tin—iron reaction is exothermic , and the mercury—tin
endo—thermic. Thus the former is energetically perferred (see Smithells
(17)). The direct interpretation of the resistivity of systems containing
sodium is complicated because of the sodium ’s spacial dis t r ibut ion.

Figure (8.6) shows the typical plot of change in the resistivity
upon dilution for ( a )  an as—prepared fluid , and (b) the same fluid
after reconcentration in a magnetic field gradient of 1.5 kG. No
satisfactory explanation for the shape of these curves has been proposed.
However , the di fference in the plots is significant. It is likely that
irreversible chaining or agglomeration via the enhanced magneto-static
interactions between particles in a field gradient is responsible.
Subsequent reconcentration in the same field gradient imparts no further
resistivity changes to the fluid.

Figure (8.7) shows the resistivity behaviour of a tin coated
iron fluid and pure mercury under identical experimental conditions
as a function of temperature . Figure (8.8) shows the diffe~’ence in
the resistivities of the two samples as a function of temperature. The
presence of impurities , in the form of iron particles, in the solid
crystalline mercury is expected to have a greater influence upon the
resistivity than the same concentration of iron particles would have
on the resistivity of the less ordered liquid mercury . The approach
to the melting point in mercury is accompanied by a rapid change in
the resistivity. The resistivity of the iron—tin-mercury system
as it approaches the melting point is accompanied by a more &radual
chan ge in p. This is most probably due to a combination of pro-melting
(see latent heat results) and effects associated with bound mercury .
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Figure (8.6) shows the variatio n in the resistivity for an i ron particl e
i n mercur y fluid as the concentration is decreased (i) before
exposure to a magnetic field and (ii) after reconcentration
in a magnetic field gradient.
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9. VISCOSITY MEASUREMENTS

The most striking feature of the viscosity of a ferromagnetic
liquid containing iron particles in mercury is the transition from a
low value of the viscosity n characteristic of a liquid to a high
value characteristic of a paste, as the iron concentration is increased

— beyond a critical value. This behaviour is indicated in figure (9.1).
In the limit as the shear rate tends to zero, the liquid—paste
transition occurs around 1 wt % iron (for t~O A diameter particles).
This is equivalent to a particle volume fraction c of ‘s-’ 0.02. Such a
transition is not expected theoretically, especially at such a low
value of c, considering that the viscosity of the mercury carrier is
~ 0.015 poise at room temperature. Fig. (9.2) also demonstrates that
the fluids exhibit shear thinning. This is more readily seen from the
Binghani plot of figure (9.3) showing shear rate plotted again shear
stress for a concentrated (1.15 w-t % Fe) fluid. This clearly exhibits
a characteristic yield stress, SB below which elastic deformation occurs.
For larger values of the shear stress, the increase in shear rate
is in direct proportion to the shear stress. This region is then
described by an apparent or pseudo-viscosity. Such behaviour is
characteristic of a ‘Bingham Body ’ or a paste. The behaviour of Bingham
systems is explainable in terms of a coherent structure and/or hi gh
particle shape anisotropy , caused by particle—particle interactions
which may be overcome by a shear stress field of magnitude ~~

For an ideal Bingham system

(S
~~~

SB
)

SB being the yield stress, S the applied stress, a the shear rate
and 

~B the stiffness or pseudo—viscosity of the paste. Here the
distinction is made between a paste which describes the concentrated
iron in mercury system having one continuous phase , the mercury in this
instance , and a gell which has two continuous phases. The recovery time
t~ of such a paste is the time for the viscosity to return to the
original zero—shear value when the stress is removed. Any energy
barriers in the particle—particle interaction curve determine this time
T ’, but in -their absence recovery is practically instantaneous (1ThA10 6

secs) and comparable with the rapid coagulation time as described
in the Introduction.

Goodeve (18) has pointed out that ~ t every point on the
linear part of the shear—stress curve , the stress required to obtain
the given shear rate consists of the sum of a constant shear independent
part equal to SB and a part proportional to the rate of shear ; the bond
breaking and viscous contribution respectively. Thus Goodeve writes ,

F a + 0’

or fl r) + O’/a , where n E F/a,

F is the shear force per unit area , and and 0’ are constants.
Goode ve derives the approximate expressions 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ -
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Viscosity vs wt % Fe 1.5A pcirticles uncoated

(cit given ~ ear rates in cm/sec/cm)

200 -

10 3

0-52
180 -

160 -

11.0 -

12C -

-4 
(n

•1 0
ci- 100 -

115

80

60-

1I,c -

2 C -
7-7
29-0
95-0

C 
L_ ___- I I

1-0 1-2 1-/.

Fe wt %

Figure (9.1) shows the variation In the viscosity of an Iron particle fluid
as a function of Iron concentratio n , at specified shear rates ,(s.c).
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1000 Viscosity vs A~~(ied shear stress
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Figur* (9.2) shows shear thinning behavi our for two iron par t icle  In
mercury fluids.
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0’ 
~~f c n’ Z

and S f n’ ZB c

where n’ is the number of links or bonds per cm 3, Z is a length
characteristic of the particle separation , which Goodeve states may
decrease with increasing shear rate , f0 is the maximum force a link
can withstand in the direction of shear . Thus S8 can be used to
compute f0 for a given particle concentration. If it is assumed that
the iron particles are individual and isotropically dispersed then
Z “ n’0~~, where n~ is the number of particles per cm3, and n”~ ~ p n~
where p is the particle co—ordination number. Thus

“~ 
2S~ /pr( 3

17 —3 —10 2For p 6 , % “ 10 cm f ~ 2 x 10 dynes/cm

2 .If f c is assumed to come from no van der Waals bonds per cm , it can
be shown that 

~~ is “lOu times too small. If , however, it is assumed
that there are ~~~ 106 particles in s diffuse aggregate and only the outer
ones come into close enough contact with those of another aggregate to bond
strongly at short range by van der Waals’ forces, then the observed value of
f0 may be expected.

The viscosity data presented is consistent with the properties
of an aggregated or flocculated suspension. It is experimentally 

—lobserved that even in strong magnetic field gradients of 1.5 kOe cm
it is difficult to concentrate the particles such that E > 0.02, this
is indicative of a flocculated lyophobic system. Many early colloid
scientists tried to explain this effect in terms of dispersed particles
surroun ded by lyospheres - long range ordering of the liquid surrounding
the particles. This has never been experimentally corroborated. It is
now generally accepted that flocs cannot form close packed structures
but that a floc consists of agglomerated particles entràining large

- : quantities of liquid. This does not remove the likelihood that boun d
layers of mercury exist to ~i thickness of several atomic diameters
around the iron. Indeed a simple van der Waals’ calculation by S.R. Hoon
(5) predicts such bound layers on oxide free iron particles, a
fact in accord with the knownwetting ability of mercury on clean iron.
Rosensweig et al (3)  have shown that a rig id surfactant layer of thickness
~ will increase the fluid’ s viscosity. A combination of equations ( 3 . 2 )
and (3.3) predicts a linear relationship between (n — n~~/ c n 0 and C.
This relationship is plotted in figure ( 9 • L4) for two different shear
rates of a concentrated iron in mercury fluid . However , the observe d
experimental relationship for the iron in mercury fluid is only linear
in the reg ion r~ >> n0 such that (i — n0)/i0 € —‘-

~~~~~~
- . The di f f e ring gra nts

also predict different values of ~S for the same fluid. At be.. this
equation yields an equivalent r igid sur factant layer, the extent of
which is shear rate dependent . 
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An important qualitative observation has been made regarding
the e f fec t  upon the viscosity when t in is added to iron in mercury
systems. This is that a fluid containing suff ic ient  iron to form a
paste becomes liquid upon the addition of tin. it is known that the tin
coats the particles and thus upon its addition the closest aproach of
individual particles must increase. However, the role that this tin
coating plays in reducing the viscosity is not at present known. It
is also observed that tin coated particles may be concentrated to a
greater extent than uricoated particles of the same magnetic diameter. This
represents a new and important line of investigation , the lowering of
the fluids viscosity by the addition of different metals. 

-- ~~~~ --~~~~~~~ - —--- - -
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10. PHASE ~ iANGES AT THE ~~L T I N C  F~2iNT

The solid—liquid transition has been investi gated using a
differential scanning calorimeter .t’.S.C.). This parti:u1~ir i:~vestiga~ ion
arose as a resul t of observations of temper~ture dependent magnetic
measurements where the aralysis of data required that the meLting
point of the iron-mercury system be established.

The principal results are summarised in f i gure ( 10.1) . This
fi gure shows the line shapes produced by the D.S.C. when scanning from
low to high temperatures. Isothermal lines are inclined at an angle

~ to the line shape base line. ~ is the angle defined L-y the leading
edge for the melting transition of pure mercury at 2 34K as shown in
figure ( 10.1.1) . The total area of the curve represents the heat of
fusion.

Figure (10.1.2) shows the line shape for 0. 75 wt % i ron in
mercury. Note that si gnif icant  p r-emel t ing extends over some ten ~egrees.
No premelting is observed, as would be expected for 99.~~ -3% pure
mercury (see figure (10.1.1)). The area of the preinelted region ie the
area to the left of the dotted line iri figures (10.1.2) and ( 10.1.3) is
normally a measure of the impurity of the system and is designated t’y
Q~ .

Figure (10.1.3) shows the results for a fluid containing tin
coated iron particl es with an identical particle concentration to the
fl ui d studied in figure (10.1.2). The premelting curve shows a bump which
is characteristic of all tin coated iron fluids, but it is of unk nown
cause. In marked contrast is the line shape for fi gure (10.1.4) for free
tin in mercury of the same concentration as that present in figure ( 10.1.3) .
Here structure appears to the ri ght of the melting point and represents
the heat of transition from ~ tin in mercury to tin in solution in liquid
mercury. This structure always exists when free tin is present but
never if iron particles are also present . This would seem to indicate
that tin is not in solution in the fluids containing iron particles
but is associated with the particles as a coating. This result is
consistent with the results of the measurements of resistivity of the fluids
described in section ( 9 ) .

Figure ( 10.2) shows the ratio of Q~ to Q the total latent heat
of transition. It is seen that the region where the fluids viscosity
becomes paste-like , at approximately 1 wt % iron , there is an accompanying
sharp increase in Qp~ even though Q is approximately constan t for all
concentrations of iron (see fi gure ( 1 0 . 3) ) .  One explanation of t h is
is that the amount of free mercury in the thermodynamic sense is
de creasing as it is gradually used to form bound mercury layers. :t this
were the sole cause of the behaviour of Q~ it might ~e expected th~ t the
total latent heat Q of the sample would a~sc change with change o ir~’n
concentration. Fi gure (10.3) shows that this ~s not the case. Howev”r,
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Fi gure (10.2) shows the ratio of premelting heat to total heat of
transition as a function of i ron and tin concentration .
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the rOle of pa rticle interact ions is most likely to be an
important factor in detmerining the behaviour of Q

~
. It should

be noted that  because of premelting, there exists no single
melting point characteristic of a given fluid.

Fine particles , if thermodynamically individual , contribute
to the specific heat of the fluid, due to increased phonon scattering
and in the li4ui-d state , due to their gas—like behaviour . These
erfects are di:cussed by Novotny and Meincke ( 19) ,  and maybe  seen
to  he too sm~ 1t to detect on the D.S.C. used in these experiments .

I f  the p~~-t ic lec  can be treated as impurity ma cromolecules ,
each the rncdvnan ica ly individual , then their concentration should
determin e b o t h  ~~~ r e l tin g  poi nt  depression and the pre uielt ing behaviour
~ccor d inc  ~o ‘ e  van ’ t s-of f  equat ion (see , for exa mple , Ross ini ( 2 0 ) )
such ~~~~~

T 7 - (T - Tm
) F ’ (10.1)

- ~ T 4 x ( 10.2)

~~ere F is the : : i ~~ ion sample melted at T , T0 — Tm the depressed
1~~ing po int , H the  pure substance molar heat of fusion, x the mole
~:~ ion of the  imp~ r L t y  and R the molar ~as constant. Experimentally

i is observed the equations are only linear for F -i- < 20
p: ’~ : ict  a pa r tI c le  number density 102 too high. The relations above
may only be app l ied to the uncoated iron particles (f igure (10. 1.3)) as
the iron—tin systeuE show the additional transition in the prernelting curve .
Th -~s the conclusion is that  the particle interaction with the mercury is
n~ t of a simple solute—solvent nature , since equations (10.1) and ( 10.2)
are inappropriate .
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11. CONCLUDING REMARKS

The resistivity data, presented in section 8, has enabled
the spatial location of the metallic additives; tin and sodium, to be
determined. The data has shown differences in the behaviour of uncoated iron
and tin-coated iron systems which have been attributed to either the
existence of charge layers or high resistance intertoetallic coatings or
both. There is also evidence that the state of agglomeration modifies the
resistivity behaviour of these fluids .

The presence of tin coatings has also been strikingly
corroborated by latent heat measurements. From these measurements
there also appears evidence for the existence of mercury bound layers,
although not of large spatial extent. The existence of such layers
would not be inconsistent with the reported temperature dependence of
resistivity of iron particles in mercury .

It has been possible to study systematically some of the
conditions that determine I~ , ‘R ’ H~ and X for a given sample , whereI~ is the sample ’s saturation magnetisation , Ip. the remanance, Hc the
coercivity and Xi the initial susceptibility. Each of these parameters
is strongly affected by particle size distributions and interactions,
crystal , shape and structural anisotropies .

It is possible that the magnetic and hydrodynamic particle
sizes may differ widely . This could occur if aggregation of the
particles occurred. The presence of aggregates in the fluids has
been confirmed and their size determined from measurements of the
fluid stability in a gravitational field (see section (7)). The
dilution and demagnetising field experiments of section (5) imply that
the magnetic behaviour of the aggregates is affected appreciably
by nearest neighbour interactions. The time dependent magnetic data
of section (6)  can only be understood in terms of the existence of
large agg~’egates. This implies strong nearest nei ghbour interactions ,
since for the fluids at room temperature , it is easier to rotate
the aggregate than the individual particle moments.

It should be noted that the viscosity data presented in
section (9) cannot be explained by theories which assume that the
iron particles are hydrodynamically separate or loosely interacting
entit ies.  The viscosity behaviour may , however, be explained in
terms of aggregates , especially open structured aggregates ( ie .  flocs) .
It is then unnecessary to talk of bound mercury layers of the order
of 50 A on the iron particles’ surface in order to explain the paste-like
nature of fluids which contain 1 wt % , 40 A diameter iron particles
in mercury. Open aggregates would also explain the magnetic field
gradient instability , where the observed particle transport rate
is orders of magn itude faster than that  predicted from the iron particle
diameters obtained from coercivity measurements.

I t  has also been observed that the addition of tin reduces
the viscosity of the fluid , a fact which must be related to the
coating ability of the tin. The lowering of the viscosity by the addition of

~
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further materials (such as antimony) which are also known to coat
the iron particles would represent a new area of experimental
investigation.

In summary it may be said that the magnetic resistivity,
latent heat, viscosity and gravitational stability experiments have
enabled the iron particle interactions in mercury to be investigated.
It is now apparent that the existence of aggregates determines many
of the properties of the fluids. The forces determining the formation
of the aggregates may be considered to be (i) short range van der
Waals forces and (ii) longer range magnetic forces. As a result of
these studies a more realistic model of the iron—mercury fluids has
evolved; a development fundamental to the progress of further work. 

-~~~~ --~~~~~~~~~~~~~~~ - -~~~-_ _ _ _
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12. FUTURE WORK

Evidence has been presented that the high viscosity of iron in
mercury fluids is related to the tendency of the particles to aggregate.
Ultimately the stability of the iron-mercury systems depends on the
magnitude and spatial dependence of both magnetic and van der Waal ’s
forces, the latter being primarily responsible for particle agglomeration
in these systems. It is necessary , therefore , to reduce the van der
Waal’ s force or counteract it with a repulsive force if stabil i ty is
to be achieved. A repulsive force between particles could be provided by
producing a charged surface layer on the particle, analagous to the
charge d double layer in colloids . This has been discussed in section
( 3 ) .  However , it is necessary that the difference in work functions
of the particle and carrier should be large if the repulsion is to be
large. Hence the stability should be improved by adding sodium , whi ch
has a very different work function from iron or mercury , to t he iron-mercury
system. It appears, however, on the basis of experiment , that the
repulsive forces are un able to prevent particle aggregation . Thus
the effect of surface charge layers, in improving stability thought an
attract ive possibility still requires further study . Work is still
cont inuing on this prob lem.

Certain metal additives e ffect  the viscosity of iron-mercury
systems. Tin , bismuth , magnesium and aluminium are reported to reduce
the viscosity (21 ) .  Other metals are known to increase the viscosity.
Metal add i t ives  which appear to reduce the viscosity may do so by reducing
the van der Waals r forces between aggregates which is a necessary requirement
for stability. A study of the effect  of metal additives on both viscosity
and s tabil i ty will , there fore , fo rm a substantial part of the next year ’s
research programme.

As pointed out in section (3), some metal additives form coatings
on the iron particles and reduce particle growth by diffusion . Tin is
successful in this respect. Antimony is also expected to form particle
coatings and reduce diffusional growth (Luborsky (15)) but in addition
it is successful over a more extensive temperature range (up to 800 k’

~.
Hence it is important in the development of high temperature fluids to
study the role of antimony metal as a stabilising additive in some detail.
It is clear that met al add it ives have import ant e f f ec t s  on the
physical properties and stability of iron—mercury systems . A systematic
st udy of addit ives has formed a s igni f icant  part of past research e f fo rt
and work in this field must continue . Indeed , the most rewarding approach
towards producing a stable metallic ferromagnetic liquid will be to
identify a third element or compound which will both inhibit particle
growth and prevent particle aggregation .

Finally , a parallel programme is being undertaken on
ferromagnetic liquids with liquid gallium as the carrier , this being
a suitable low melting point metal with possible high temperature
application .

~ 
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