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JOURNAL OF THE LESS-COMMON METALS 

THE PHASE DIAGRAM OF THE MERCURY-INDIUM 
ALLOY SYSTEM 

B. R. COLES*, M. F. MERRIAM AND 2. FISK 

(Received July 5th, 1962) 

SUMMARY 

The mer~u~-indium phase diagram has been investigated over the whole 
composition range from - 7S”C to the melting point of indium, using thermal 
analysis, X-ray and superconductivity techniques. This is believed to be the 
first application of superconductivity measurements to phase diagram 
investigations. A compound, HgIn, of very limited range of composition, melts 
congruently at --1g.3’C; and gives rise to eutectics at 61.5 at.% indium and 
-31”C, and at 34.7% indium and -37.2%. The b phase extends from a.5 to 
19.1% indium and has a maximum melting point of -rq.z”C at 14.2% 
indium. It forms a peritectic or eutectic at a temperature indistin~uishabie 
from the melting point of pure mercury with a solid solution in mercury 
containing some, but less than 0.3%, indium. A transition from face-centred 
tetragonal to face-centred cubic in the indium-rich solid solutions at about 
93% indium gives rise to a peritectic at 108°C. The solubility of mercury in this 
face-centred cubic phase falls from about 22% at -3r”C to 73% at -78°C. 
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INTRODUCTION 

In the course of studies of superconductivity in mercury-indium alloysi certain 

features of the phase diagram emerged, and encouraged a complete study of the 
system. Some previous work on portions of the system are summarized by HANSEN~, 
and the existence of various compounds has been suggested elsewhere334. During 

the course of the present work KOZIN AND TANANAEVA~ published the results of 
a study of the liquidus and solidus. The only other systematic work on the system 
was the X-ray investigation of the indium-based solid solution by TYZACK AND 
RAYNOR~, who measured lattice spacings and observed a sharp transition from face- 
centred tetragonal structures (with a slightly composition-dependent axial ratio) to 
f.c. cubic ones at about 6 at.% mercury, 

We have investigated the constitution of the whole system at temperatures 
between -80°C and the melting point of indium, using thermal analysis, X-ray 
measurements, and measurements of superconductive transition temperature. The 
latter proved a very powerful method for examining the phase boundaries in the 
solid state. 

MATERIALS AND METHODS 

The mercury and indium used in this work were both of a purity stated to be greater 
than 99.999%; the mercury was “Vacumetal” from Metal Salts Corp., Hawthorne, 

* On leave from Imperial College, London. 
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New Jersey, and the indium, in the form of shot, was obtained from the Indium 
Corp. of America, Utica, N.Y. Since most of the work was done at or below room 
temperature, all compositions quoted (always in atomic percentages) are based on 
the weights of the components used. For the same reason all the alloys were melted 
in air, and although some superficial oxidation was observed it was always slight. 
Two low temperature annealing baths were used, one of melting heptanone (--_~coT) 
and the other of solid carbon dioxide dispersed in acetone (-78°C). 

A general survey of the liquidus and solidus was carried out in the early stages of 
the work using differential thermal analysis. A thick-walled aluminium crucible 
containing about 50 g of the alloy served as reference temperature for the differential 
thermocouple and was cooled by raising about it a thick-walled copper cylinder 
standing in a Dewar vessrl containing a small amount of liquid nitrogen. For alloys 
with melting points above room temperature this crucible was heated in a small tube 
furnace. The output of the differential copper --constantan couple was amplified and 
fed to the Y terminals of a potentiometric X-Y recorder, the X terminals being fed 
directly by a copper-constantan couple located in the wall of the crucible. Thr~ S 
scale of the recorder was calibrated during each experiment with voltages from a 
Iiubicon potentiometer. 

Fig. I. Low temperature portion of the mercuryindium phase diagram. ‘<, ~l‘hcrmal analysis 
data; 0, single-phase alloy; I], two-phase alloy; A, alloy containing liquid; l , boundary from 

superconductivity measurements. 

This arrangement proved very sensitive and was particularly useful in revealing 
the presence and extent of invariant reactions, but the absolute accuracy of the 
temperatures given was not very high. All the temperatures shown in Figs. I and z 
have therefore been taken from direct temperature-time heating and cooling curves 
obtained with constantly stirred 50-100 g melts in alumina crucibles, the copper- 
constantan thermocouple being enclosed in a \rery thin-walled glass sheath dipping 
into the specimen. Before and’ after the series of measurements the couple was 
calibrated at room temperature, o°C, and the melting point of pure mercury; and 
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during the course of measurements on the indium rich alloys it was again calibrated 
at the melting point of pure indium and IOO’C. 

X-ray diffraction data at room temperature were obtained with a G. E. Diffracto- 
meter using Cu Kor radiation. To obtain data for the low melting point alloys a special 
specimen holder was constructed, which could be cooled with solid carbon dioxide 
and acetone. The specimen was cast directly into the holder and protected against 
condensation by a stream of dry nitrogen. 
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Fig. 2. Indium-rich portion of the mercury-indium phase diagram 

The superconducting transition temperatures were measured by monitoring the 
self-inductance at I kilocycle of a coil containing the specimen. (Such a method, 
relying on the change in the magnetic properties is inherently more reliable than a 
measurement of the resistivity.) Coil and specimen were directly immersed in a 
bath of boiling helium for temperatures in the range 1.0~--4.2~K, or suspended in 
the temperature gradient above the liquid helium for temperatures of 4.2’-5o”K, 
the temperature then being measured by a carbon resistance thermometer. Most of 
the specimens used for the phase boundary determinations had transition widths 
of about 0.02’K. 

Liquidus and solidus 
EXPERIMENTAL RESULTS 

The results of thermal analysis are shown in Figs. I and 2, and are in good general 
agreement with those of KOZIN AND TANANAEVA5; Critical points, with experimental 
uncertainties, are : 

J. Less-Common Metals, 5 (1963) 41-48 
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Invariant reaction 0~2.5 + 0.2~/, indium, -38.9 & 0.2’C 

(probably a peritectic : Liquid N o”,& indium + solid u 0.2% indium 
-+ liquid + ,5’ 2.5% indium.) 

First maximum : 14.2 h O.Z~J& indium, -14.2 5 0.2’6 
First eutectic : 34.7 & 0.2”& indium, -37.2 k 0.2“C 
Second maximum : 50.0 & 0.2~/~ indium, -19.3 & 0.2OC 
Second eutectic : 61.5 & 0.4% indium, -31.0 5 0.2’C 
Peritectic : Liquid 86.6”i0 indium + a(~ 93.8% indium --f Liquid 

+ XC 92.7% indium, 108Y -1 1°C. 

The steepness of the solidus of the (XC phase made it impossible to obtain reliable 
solidus temperatures from thermal analysis, and Fig. 2 shows the results of annealing 
experiments on quenched and homogenized samples in the form of 2 mm thick plates. 
The presence of more than I or 29/o of liquid in grain boundaries was detected at the 
annealing temperature by the separation of grains under light pressure with a 
screwdriver. Heating curves of alloys with around 80 ‘$4 indium after holding for 
some hours at room temperature revealed thermal arrests near ho“C, but a long 
series of experiments showed these to be spurious. They were not seen in hrating 
curves of alloys held overnight at --14°C nor in heating curves of alloys thoroughl! 
stirred for as long as possible during cooling. Similar arrests seem to have been oh- 
served by KOZIX AND TANANAEVA~. 

The phase boundaries in the solid state 

Almost all the detailed information that we have obtained on the solid-state 
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Fig. 3. Examples of superconducting transitions; coil inductance in mh. plotted against tempcra- 
ture in degrees Iielvin. (a) Alloys annealed at -78°C. (h) 8o”{, indium alloy after diffcrcnt 

annealing treatments. 

constitution has been derived from measurements of the superconducting transition 
temperatures. The transition temperature of a single phase alloy is normally, like 
the lattice spacing, a function of composition. In a two-phase region the two transi- 
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tions of the component phases may, under suitable circumstances, be observed, 
especially when a small amount of a second phase of higher transition temperature 
than the major component is present. Since the inductive method used is especially 
sensitive to the surface of the specimen, the presence of a second phase is more clearly 
indicated when it is the phase separating during the initial stages of solidification. 
Figure 3 shows some typical transitions, the ordinate being the mutual inductance 
of the coil surrounding the specimen and thus a measure of the permeability of the 
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Fig. 4. Superconducting transition temperatures and phase boundaries. 

specimen, and Fig. 4 shows the application of such data to the OIC andpphases. We 
believe that this is the first recorded use of superconductivity measurements as a 
technique for the determination of phase boundaries. Normal annealing times 
were one week at -40°C and four to six weeks at -78°C. 

The mercury-rich solid solutions 

Within the accuracy of the thermal analysis technique the solidus temperatures of 
alloys with up to 2.5% indium could not be distinguished from the melting point of 
pure mercury; but superconductivity measurements showed a distinct solubility of 
indium in mercury to exist, the transition temperature of the mercury-rich phase in 
alloys of I--2% indium being about 4.12’K as compared with 4.15”K for pure mercury. 
The most probable invariant reaction is a very limited peritectic; and from the data 
for alloys of 0.1, 0.3 and 0.5% indium we would estimate the solubility limit to be 
between 0.1 and o.gq/, indium. 

The p phase is a substitutional solid solution, and its conductivity gives no indica- 
tion of ordering. After annealing at -40°C the limits of this phase, as indicated by 
superconductivity data, lie at 2.5 f 0.2 and 19.1 f 0.3% indium. No significant 
change was found after 6 weeks annealing at -80%. A change in slope of the transi- 
tion temperature-composition curve near 11% indium may, like corresponding 
effects in lattice spacing curves in other systems, be connected with a change in 

J. Less-Common Metals, 5 (1963) 41-48 
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electronic structure; but the X-ray diffraction pattern (see Appendix) is identical in 
the 7.7% and 14.3% indium alloys. 

The HgIm compound 

Superconductivity data show this compound to have an extremely limited com- 
position range, well annealed alloys of 49.5 and 50.5% indium having indistinguish 
able transition temperatures (3.81”K). Results for these alloys after short periods of 
annealing at -4o’C suggest, however, that while the liquid + solid boundary on thr 
indium-rich side is accurately vertical a slight slope exists on the mercury-rich side, 
for the 49.5% indium alloy then has a range of transition temperatures from 3.03” to 
3.81”K. The compound is evidently ordered for it has an electrical conductivity of 
the same order as that of pure mercury at 4.2”K, and unlike the other phases is not 
ductile at -80°C. It has an X-ray diffraction pattern (see Appendix) which we ha\-c~ 
not yet been able to solve, but which is clearly not the simple CsCl structure shown 
by LaHg and MgHg. 

The indium-rich solid solutions 

One of the most interesting features of the diagram is the occurrence of a two-phase 
region (and the consequent peritectic) between the tetragonal and cubic solid solutions. 
This had not previously been reported in this system or the related In-T1 and In--Cd 
systems, and TYZACK AND RAYNOR~ had concluded that the tetragonallcubic transi- 
tion was of second order in these systems; but MOORE, GRAHAILI, ~$‘ILLIA>ISON ANI) 
RAYNOR~ considered the reproducibility of two-phase tetragonal 4 cubic indium~ 
thallium alloys strongly suggestive of a first order change. 

Recent work on In-Cd alloys8 shows a peritectic and an even narrower two-phase 
region. In the present system X-ray methods showed an alloy of 9.3::) indium to bc 
single-phase cubic after quenching from 85”C, but two-phase after holding at room 
temperature for six weeks. At about --78°C it was wholly tetragonal, having presuma- 
bly transformed martensitically. The superconductivity data indicated that the 9200 
alloy also became tetragonal on cooling to liquid helium temperature. X-ray exami- 
nation at room temperature showed no second phase in the cubic 92.5% alloy or the 
tetragonal94% alloy but the axial ratio of the tetragonal phase in the 93%) alloy was 
significantly less (1.038) than that of the 940/b alloy (1.042), indicating that the limit 
of the tetragonal phase must lie at slightly less than 94.00/b indium. 

In the f.c. cubic solid solution range the lattice spacing is almost composition- 
independent, and even had it been possible to make accurate parameter measure- 
ments below room temperature a determination of the solid solubility by the lattice- 
spacing method would not have been possible. Fortunately, however, the super- 
conducting transition temperature is very strongly dependent on composition, and 
its behaviour has been used to detect the shape of the boundary, as shown in Fig. 4. 
Annealing times of more than 50 days were needed to produce equilibrium at --- -78”C, 
and it is therefore not possible to use the technique to establish whether the boundary 
will intersect the cubic/tetragonal transition at lower temperatures. 

DISCUSSION 

Mercury and indium have rather similar atomic sizes and the general form of the 
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diagram is much what one might therefore have predicted, with extensive ranges of 
solid solubility. A rather surprising feature however is the occurrence of the equi- 
atomic ordered compound of negligible range of composition. It is conceivable that 
this owes its existence to zerovalent behavior of mercury, with the localization of two 
electrons in the 6s shell as an inert pair. The stability of such a pair has been strik- 
ingly emphasized by the existence of the semi-conducting CsAu compoundg. 

The mercury-thallium system, with which comparisons might be profitable, shows 
no equiatomic compound but a simple close-packed solid solution in the 20-30~/~ 
thallium region2. 

In view of the occurrence of the B-mercury structure as the extensive secondary 
solution of the mercury-cadmium systemlo, an attempt was made to fit the diffrac- 
tion pattern of the mercury-rich mercury-indium secondary solid solution to this 
structure, but without success. It would seem therefore that the stability of both 
mercury structures is related to the presence of an electron/atom ratio of 2.0. 
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APPENDIX 

X-ray diffraction results for p and HgIw 

Although reproducible results of low-temperature X-ray measurements could be 
obtained, it did not prove possible to solve the structures. Table I gives the plane 
spacings for the two phases, with rough estimates of intensities; but it should be 
noted that the use of a solid sample which was not necessarily either fine-grained or 
random in grain orientations makes these intensity estimates rather unreliable, 
although they are based on the results of a number of different experiments. The /3 
phase spacings in alloys of the 7.7% and 14.3% indium were the same to one palt in 
1,000, and can be reasonably well accounted for with a tetragonal unit cell of 

a = 3.88 kX, c/a = 1.34. 

J. Less-Common Metals, 5 (1963) 41-48 
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TXBLE I 
X-RAY DIFFRACTION DATA FOR@ AND HgIn PHASES 

3.983 medium 

3.735 v. strong 

3.490 medium 
2.781 v. strong 
2.268 strong 
2.092 medium 

1.74’ strong 
1.630 medium 

I.474 strong 

I.379 strong 

’ ,237 \WQk 
1.123 \vc-ak 

4.48 
3.90 

3.735 
3.50-I 
3.160 
3.080 
2.846 
2.712 
2.279 
2.LI.j 

2.102 

2.010 

I.XI1 

I .(17+ 
1.5”) 
1 qoo 
I .+I0 
1 .3Oi 
1.210 
1.101 
I.133 
I.109 

medium 
medium 
strong 
medium 
weak 
weak 
v. strong 
v. weak 
strong 
strong 
medium 
weak 
strong 
medium 
\veak 
medium 
medium 
strong 
medium 
medium 
\veak 
weak 

A’ote added in $voof 

G. JANGG (2. Metallk., 53 (1962) 612) has recently examined the liquidus and 
solidus of the Hg-In alloys by thermal analysis, and suggests the existence of com- 
pounds of very limited composition range forming peritectically at HgJn and 
HgTInj. Our superconductivity data cannot be reconciled with the existence of the 
latter compound, for T, remains constant at that of the HgIn phase over the range 
25549% In, nor could we detect any variation in the temperature of the first arrest 
in heating curves for alloys of 35-45% indium. The existence of HgJn also seems 
rather unlikely, although we did observe slight anomalies in the cooling curves of 
the 17, 18.5, and 20% indium alloys near --21’C, and ascribed these to the rapid 

change of slope in the ,8 solidus curve at this tempeature. In well annealed alloys 
of 19.5, 20, and 21% indium the superconducting transition of the indium-rich /j 
phase is observed at the value corresponding to 19.1”b ’ indium ; and although a higher 
temperature transition is also observed in the 21~i, alloy it seems very likely that 
this is due to the small amounts of the HgIn phase present, its value of 7‘, having 
been depressed slightly by a small particle size 




