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Abstract. The solid-liquid transition for magnetic fluids containing iron particles in mer- 
cury and iron particles in tin-mercury has been investigated using a differential scanning 
calorimeter. The detail of the phase change near the melting point has been found to be 
dependent upon both the iron particle concentration and, when present, the spatial lo- 
cation of tin metal additives. The measurements are interpreted in terms of particle inter- 
actions. 

1. Introduction 

Magnetic fluids consist of single domain magnetic particles dispersed within a carrier 
liquid. Non-metallic based fluids, such as the ferrite-diester ferrofluids manufactured 
by Ferrofluidics Corporation (Nashua, NH, USA), are used as sealants in high-speed 
rotary vacuum seals and as damping and supporting fluids in stepper motor dampers 
and loudspeaker voice coil assemblies. Metallic based magnetic fluids, that is fluids 
which utilise a liquid metal as the carrier liquid, are not as highly developed nor 
available commercially. However the possible use of metallic based fluids for brushless 
commutators and ferromagnetohydrodynamic energy conversion devices has stimu- 
lated much recent research (Charles and Popplewell 1978, 1980), in particular into the 
properties of mercury based fluids. If a magnetic fluid is to be used in devices it must 
be stable over the lifetime of the device and aggregation of the colloidal ferromagnetic 
particles must be prevented. Such stability may only be achieved by ensuring that the 
attractive particle interaction energy, due to the van der Waal and magnetic dipole 
forces, never exceeds the Boltzmann energy kT. In practice this condition is obtained 
by making the particles small and by introducing a particle-particle repulsive 
interaction. In non-metallic based fluids, particle repulsion is achieved via the entropic 
repulsion of a particle surfactant, such as oleic acid (Rosensweig et a1 1965). Mercury 
based fluids, however, cannot be stabilised by the surfactants used in non-metallic 
carrier systems and alternative methods of producing repulsive forces between par- 
ticles have to be considered. Charge layer repulsion between particles in metallic 
based fluids has been suggested as a possible stabilising force (Popplewell et a1 1976). 
However recent calculations (Hoon 1980) based upon a model of the bimetallic junc- 
tion due to Bennett and Duke (1967a, b) imply that the extent of the charge layer at an 
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iron-mercury interface may be too small to overcome the attractive interparticle 
forces present in these fluids. The calculations, however, are not exact and there is a 
need for a more complete theory to describe short-range forces between particles in 
metallic systems. 

It has been found by Luborsky (1957, 1962a, b) and Windle et al(1975) that, in the 
absence of any additives, iron particles grow in liquid mercury by interparticle dif- 
fusion of iron atoms. The iron atoms diffuse from the high-energy surfaces of small 
particles to the low-energy surfaces of large particles. The particle growth rate is found 
to accelerate when the temperature of the fluid is increased. The growth rate, which 
has been found by Windle et a1 (1975) to be approximately described by the equation 
of Greenwood (1956) is determined by several factors. These include the particle size 
distribution, the small but finite solubility of iron in mercury (less than lo-’ wt% at 
300 K, Bailar 1973) and the presence and coalescence of particle aggregates. However 
a significant reduction in the particle growth rate has been achieved by the addition of 
elements such as tin, antimony and sodium (Falk and Luborsky 1965, Windle et al 
1975, Popplewell et a /  1976, Dixon et al 1981), although their inclusion alone is 
insufficient to completely prevent particle aggregation. In this paper a study of the 
change in state from solid to liquid for iron-mercury fluids is reported. The results of 
this study support the conclusions made by Windle et al (1975) and Popplewell et al 
(1976) that particle growth, resulting from the diffusion of iron atoms, is inhibited by 
the tin additives forming particle coatings. 

2. Experimental procedure 

Fluid samples were prepared by the electrodeposition of iron from a saturated sol- 
ution of ferrous chloride onto a strongly agitated cathode of triply distilled mercury. 
The cathode current density and cell temperature were kept constant at 60 mA cm-’ 
and 288 K respectively. The iron concentration of the fluids was determined from their 
saturation magnetisation. The median iron particle size, and any subsequent particle 
growth was inferred from measurements of the coercivity of frozen samples of the 
fluids at 77 K (Luborsky 1962a, b). No changes in the median particle size were 
detected during the course of the experiments. Tin additives were made by dissolving 
high-purity metal directly into the iron-mercury fluid. It was usual to add sufficient 
tin to form a monolayer coating on the iron particles. In calculating the amount of tin 
that was necessary to form a monolayer coating it was assumed that the tin atoms are 
hexagonally close-packed on the iron particle surface (Luborsky 1962a, b). It then 
follows directly that the total quantity of tin absorbed is given by 

(1) 
where m,  denotes the total mass of the particles of median radius r and density p .  N ,  
A ,  and p 2  refer to Avogadro’s number and the atomic weight and density of tin 
respectively. 

Thermal analysis of the fluids was carried out using a commercial Perkin Elmer 
differential scanning calorimeter (DSC). The output of the DSC is derived from the 
differing quantities of heat required per unit time to  raise the temperature of an 
encapsulated sample of fluid and an identical empty reference encapsulation can 
through equal temperature intervals. 
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Figure 1. The DSC melting line shapes at scan rates of 3 Kmin-’  for (a)  99.999% pure 
mercury: the shaded area represents the latent heat transition, (b)  0.75 wt%Fe particles in 
Hg fluid: the broken line indicates the bulk melting edge, (c)  0.4 wt%Sn in Hg liquid alloy, 
( d )  0.4 wt% Sn + 0.75 wt% Fe particles in the Hg fluid. 

3. Results 

Figure 1 shows line shapes produced by the DSC. The ordinate is proportional to 
dQ/dt, the heat input to the sample per second, whilst the temperature of the reference 
sample is increased at a constant scan rate, dT/dt, typically 0.5 or 3.0 Kmin-’. The 
total area under the DSC line shape, shown shaded in figure l(a), is a measure of the 
latent heat of melting whilst the vertical distance between the line shape and base line 
denoted by ,!?/I’ is proportional to the specific heat of the sample. Because of the finite 
thermal conductivity of the samples and DSC sample holders, a temperature difference 
exists between the metallic fluid and the reference sample. Consequently a broadening 
of the line shape occurs as typified by those of figure 1. The rate of heat flow dQ/dt 
between the sample and sample holder may be considered to be limited by a thermal 
resistance K defined such that 

(2) 
where T, and T, are the sample and reference sample temperatures respectively. It 

K dQ/dt = T ,  - T ,  
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follows from equation (2) that as 

K d2Q/dt2 = (dT,/dt) - (dT,/dt) (3) 

then the gradient of the leading melting edges of the line shape is given by (dT,/dt)/K. 
This then defines the gradient at which the ordinate is inclined to the abscissae. This 
must be determined experimentally and is dependent upon the temperature scan rate. 
Thus, as indicated in figure l(a), the correct melting temperature is given by the 
intersection of the extrapolated leading edge of the line shape and the base line at the 
point A. When premelting is observed, as for example in figure l(b), then the leading 
melting edge of the DSC line shape does not rise sharply from the base line pp’. The 
magnitude of the premelting is determined from the area BCD. In a similar manner 
the magnitude of the post-melting, observed in figure l(c), is determined from the area 
EFG. 

Figure l(a) shows the line shape observed during melting for a 0.133 g sample of 
99.999% pure triply distilled mercury. No premelting is observed, that is, the extrapo- 
lated leading melting edge of the DSC line shape rises sharply from the base line 
defining a single melting temperature, 234.3 K. Such behaviour is consistent with the 
high purity of the mercury sample. 

Figure l(b) shows the line shape for a mercury based fluid containing 0.75 wt% 
4.5 nm diameter iron particles. Premelting is evident, even 10 to 20 deg below the pure 
mercury melting point. Premelting has the effect of broadening the line shape and 
consequently reducing the peak height. The area of the premelting region, i.e. the area 
BCD in figure l(b), is found to be related to the concentration of the iron particles in 
the mercury. 

Figure l(d) shows the observed line shape for a fluid containing sufficient tin to 
form a monolayer coating on the iron particles. The concentration of the particles in 
this fluid sample is identical to that of figure l(b). The small inflection in the premelt- 
ing region is characteristic of all tin-iron-mercury fluids and is more pronounced for 
viscous concentrated fluids. 

In marked contrast to the traces of figures l(b) and (d )  is the line shape of figure 
l(c). This is for a 0.4 wt% tin-mercury alloy. This tin concentration is identical to that 
present in the iron-tin-mercury fluid of figure l(d). For the tin-mercury alloys, struc- 
ture appears to the right of the melting point and is a consequence of the occurrence 
of tin-mercury intermetallic phases. This is demonstrated more clearly by comparing 
the line shapes of the mercury-tin alloys shown in figure 2, which were obtained with 
a temperature scan rate of 0.5 Kmin-’, with a simplified portion of the mercury-tin 
phase diagram (Hansen 1965) shown in figure 3. The structure observed to the right of 
these line shapes progressively moves to higher temperatures as the tin concentration 
is increased. That this is to be expected is seen by comparison of the line XY with X’Y 
in figure 3. The same sample was used in figures l(c) and 2(c), the line shape differing 
only because of the differing temperature scan rates of the DSC. From figure 2 it is 
clearly seen that even as little as 0.5 wt% tin in mercury caused a significant change in 
the DSC line shape when compared to the line shape of pure mercury shown in figure 
l(a). As the characteristic line shape structures of tin-mercury alloys are never ob- 
served in tin-iron-mercury fluids, it must be concluded that tin-mercury alloys do not 
form in the presence of iron particles. Thus the tin in iron-mercury fluids is not 
present in solution but coats the iron particles. This important conclusion is consistent 
with the magnetic concentration experiments of Hoon (1980), who found that the 
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Figure 2. The DSC line shapes for samples of Sn--Hg alloys at scan rates of 0.5 K min-  I .  ( U )  

0.05 wtYoSn. (b)  0.2 wt%Sn. (c) 0.4wt%Sn, ( d )  0.6 wt%Sn. MPT (234.3 K )  pure Hg is 
denoted by a broken line. 

non-magnetic mercury fraction contained no tin as determined from resistivity 
measurements. 

Figure 4 shows both the total latent heat of melting Q T  for tin-mercury alloys as a 
function of tin concentration and also Q T  for iron-mercury and iron-tin-mercury 
fluids as a function of iron concentration. The iron-tin-mercury fluids have a tin to 
iron concentration ratio of 0.54. The tin-mercury alloys exhibit larger latent heats. In 
contrast, the tin coated and uncoated iron-mercury fluids show a decreasing trend in 
Q T  with increasing iron particle concentration. The relative error in determining Q T  
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Figure 3. A simplified portion of the mercury rich Sn-Hg phase diagram 
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Figure 4. Total heats of transition for various fluids and alloys as a function of Sn and Fe 
concentration: ful l  circle. pure Hg; open triangle, Sn-Hg; open circle. Sn + Fe particles in 
Hg. Sn-Fe concentration ratio of 0.54: open square. Fe particles in Hg. The chain line 
indicates the expected decrease in QT due to the absorption of two monolayers of Hg o! 
4.5 nm diameter Fe particles. The error in each data point is equivalent to the symbol size 
although systematic errors may be much larger. see text. 

from the DSC line shape is +2%, i.e. equivalent to the symbol dimensions in figure 4. 
However significant random and systematic errors may for instance occur when 
determining the enthalpy changes for broadened melting reactions such as those of 
figure 2. where differences in specific heat between solid and liquid phases can lead to 
uncertainties in the base line. Thus nc significance is placed upon the scatter of the 
points for the iron particles in mercury-tin and in mercury. However in the case of 
tin-mercury alloys, it is possible that the apparent linearity of Q T  is not entirely 
fortuitous as this system behaves as a simple, well-defined binary alloy. A plausible 
explanation for the decreasing trend in Q T  in the case of fluids containing iron par- 
ticles could be that mercury forms a surface coating on the particles. It would then be 
possible to consider such a layer as no longer in the liquid phase above the melting 
point of mercury. In this case it would make a negligible contribution to the latent 
heat of melting of the fluid. Thus the value of Q T  for the fluid would fall as the iron 
particle concentration increased. The expected decrease in Q T  may be determined by 
calculating the mass of mercury needed to form a monolayer coating on the particles. 
This mass is given by equation (1) if the appropriate parameters for mercury are 
substituted for those of tin. On this basis, the presence of 1 wt% 3 nm diameter iron 
particles in mercury would result in a 1% decrease in Q T  per monolayer of absorbed 
mercury. A similar decrease in Q T  would also result from the absorption of two 
monolayers of mercury onto 4.5 nm diameter particles. The experimentally observed 
variation of Q T  in figure 4 would then be consistent with the absorption of between 
one and two monolayers of mercury on both iron particles and tin-coated iron par- 
ticles. These calculated changes in Q T  per monolayer are estimates assuming a single 
particle size. No account has been taken of particle size distributions which are known 
from electron microscopy and magnetic measurements to exist in all fluids. 

4. Contributions to premelting and post-melting 

In general ‘premelting’ is indicative of the presence of solute impurities in the solid 
state, whilst ‘post-melting’ is more usually associated with the occurrence of a second 
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Figure 5. Curve A :  ratio of Qpo/QT for Sn-Hg alloys. Curve B: Ratio of Qpr /QT for 
Sn-coated Fe particles in Hg, Sn-Fe concentration ratio of 0.54. Curve C :  Ratio of Q p r / Q T  

for Fe particles in Hg. 

phase (Ubelohde 1965), as in the case of mercury-tin alloys. Figure 5 shows the 
fractional contribution that premelting Qpr/QT and post-melting Qpo/QT make to the 
latent heat of iron-mercury fluids and tin-mercury alloys respectively. The quantity 
QPr is defined by the area to the left of the extrapolated bulk melting edge, the latter 
identified by the broken line in figures l(b) and (d ) .  From figure 5 it is seen that for the 
tin-coated fluid Qpr/QT increases sharply for the 1.05 wt% iron fluid. A similar increase 
in both the viscosity and resistivity with increasing iron concentration has been ob- 
served by Hoon er al(1978, 1979) and Hoon (1980). Note that there is no similar rapid 
variation in QT with particle concentration. The rapid increase in fluid viscosity at 
around 1.0 wt%Fe is attributed to the presence and interaction of particle aggregates 
(Popplewell er al 1980, Dixon et al 1981). This suggests that the change in Qpr/QT 
which occurs at about 1 wt%Fe may similarly be related to particle aggregation. 
Further as QT is not critically dependent upon iron particle concentration, then it 
follows that particle aggregation and Qpr must be interrelated. 

Also shown in figure 5, by way of contrast, is the very different behaviour of 
Qpo/QT for the mercury-tin alloys. These show post-melting (Qpo) alone. The different 
behaviour of Sn-Hg and Sn-Fe-Hg fluids is attributed to the absence of free tin in the 
latter, due to the presence of the iron particles. 

It is possible to analyse the premelting behaviour of Fe-Hg and Fe-Sn-Hg fluids 
by treating the particles as thermodynamic impurities. Their concentration should 
then determine the premelting behaviour of the fluid, in accordance with the Raoult- 
van’t Hoff equation (Partington 1952). If F represents the fraction of the sample which 
has melted at a temperature T, and To and T ,  are the melting points of the pure and 
impure material respectively then 

(44 

(4b) 
where R is the gas constant, Q the molar heat of fusion of the pure (mercury carrier) 
material and x the impurity molarity. Thus F -  versus T,, plotted for Fe-Hg fluids in 

T, = To - (To - T,,,)/F 

(TO - T,) = R T ~ X J Q  

and 
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figure 6, should be linear yielding x. The value of F as a function of temperature T is 
determined by measuring the cumulative area on the low-temperature side of isother- 
mal lines drawn on the DSC line shape, taking care to take account of enthalpy 
changes that appear as contributions to the apparent specific heat. This method of 
determining F assumes a linear relationship between the heat effect and the premelting 
fraction F .  This is a reasonable assumption for F -  -+ 1 and thus this region is chosen 
when estimating the impurity molarity x. Thus from the linear portion of the curves in 
figure 6, F > 5%, equation (4) implies impurity molarities of 7.8 x 
and 0.4 x for the three fluids containing 0.81, 0.41 and 0.14 wt% iron respect- 
ively. Defining the impurity molarity as the ratio of the number of iron particles to the 
number of mercury atoms per unit volume, implies that 4.5 nm diameter iron particles 
present in the concentrations given above correspond to impurity molarities of 
7.1 x 3.6 x and 1.3 x respectively. These figures are in fair agree- 
ment with the values of x determined from the premelting data. However the van't 
Hoff equation alone is an inadequate description of Fe-Sn-Hg fluids where inflections 
are observed in the premelting curves. This suggests that other mechanisms, most 
probably related to particle aggregation, contribute to  the premelting. For example 
iron particle aggregates are known to include open structures, and thus it is possible 
that small volumes of mercury may become entrapped within them. As the melting 
point of finely divided material or small particles is lowered in inverse proportion to 
their dimensions (as described by Couchman and Ryan (1978) or by Thompson's 
equation, see Ubelohde (1965)), it is not unreasonable to suppose that some of the 
entrapped mercury might melt below To in a manner similar to that of a small 
particle. This or any similar mechanism could be expected to  augment the impurity 
premelting of iron particles in mercury fluids. 

4.3 x 

5. Concluding remarks 

The DSC has provided a direct and novel method of determining the spatial location of 
tin in tin-iron-mercury magnetic fluids. By comparison of this thermal data to 

t 
h 
1 M 40 
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Figure 6. The relationship between fluid temperature ( T )  and melted volume fraction (F) 
observed for Fe particles in Hg fluids of concentrations 0.14 wt% Fe (curve A), 0.41 wt"b Fe 
(curve B) and 0.81 wt";Fe (curve C). 
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previously reported electrical resistivity and viscosity data it is believed that the detail 
of the solid-liquid transition is dependent not only upon particle concentration but 
also upon the presence of particle aggregates in the fluid. 
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