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PROBLEMS AND PROGRESS IN THE THERMODYNAMICS 

OF METALS AND ALLOYS 

Ralph Hultgren 

UCRL-17467 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Mineral Technology, College of Engineering 

University of California, Berkeley, California 

Thermodynamics of the metallic state is a comparative newcomer in 

an old and respected discipline. Novel problems are involved because of 

the tendency of metals to form phases stable over widely variable compo-

sition ranges. Phases may be segregated, the degree of order may vary, 

and equilibrium may be attained only slowly. These difficulties are un-

usual in chemical practice and most chemical thermodynamicists, realizing 

this, have avoided measurements on metals. Others, who are well able to 

measure a calorie with accuracy, have fallen into the trap and have pro-

duced measurements of materials whose initial or final states have not 

been defined with accuracy. On the other hand, thermodynamics has not 

been prominent among the tools of the physical metallurgist who well 

know how to prepare samples. As the subject became important, many 

publications have appeared in which calorie measurement has been done 

with lamentable accuracy. 

Happily, these days are departing and a veritable flood (compara-

tively) of thermodynamic measurements on metallic systems is appearing 

most of which describe measurements of respectable accuracy. 

The principal purpose of nonmetallic thermodynamics measurements 

is the quantitative determination of the stability of compounds. From 

this the course of many chemical reactions may be found without the 

necessity of other measurements. In metallic systems, besides this aim, 

the data provided as a basis of theories of metal p~ysics are particu- . 
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larly, important. Thus, heats of formation provide a measure of the 

relat.ive energies of metallic bonding, while phase changes, changes, 

in degree of order, changes in magnetic state, or othe~ changes in-

volving energy can be detected from thermodynamic measurements. There 

are also anomalies in heat capacity that are still not explained and 

must be due to as yet unsuspected types of transformation. 

In this paper we shall mention some of these problems and, parti~ 

cularly, the attempt to develop techniques which 'wiil permit thermo-

dynamic measurements previously impossible. It is convenient to begin 

the discussion at the lowest temperatures and proceed to higher tem-

peratures. 

Measurements below room temperature with very few exceptions (SUCh 

aq the heat of fusion of mercury) are confined to Cp measurements. At 

these temperatures insulation of the calorimeter is relatively easy be-

cause of the low radiation heat transfer coefficient. Adequate tech-

niques have been developed to measure Cp within a fraction of a percent 

from a few tenths of "a degree Kelvin to room temperature. 

At the lo'vest temperatures there may be a large. Cp anomaly due to 

magnetic interaction between the nucleus and external electrons; this 

. interaction is the source of the hyperfine structure found in spectra. 

For most elements the anomaly has not been measured because it occurs 

at temperatures below the measured region or, in some cases, it does 

not exist. An increasing number of measurements of this anomaly are 

appearing in the literature, particularly of those elements where the 

effect is large, as in the rare earths. This field is most inadequately 

surveyed and we may expect the effort to increase. 
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The electronic contribution to Cp can be identified and determined 

for most elements at temperatures well within the range of an ordinary 

liqui?- helium calorimeter. In nqnmetals electrons contribute appre-

ciably to Cp only at very high temperatures, because the energy states 

are widely spaced. In metals, on the other hand, the electronic levels 

of the flfree fl electrons are very closely spaced, more closely spaced 

than the energy levels of lattice vibration. Hence there is a low-

temperature region where most of the Cp is due to electronic excitation 

and this term, which increases linearly with T, can be measured. At 

higher temperatures, the lattice vibrational contr,ibution, which in­

creases with T3, becomes so large it masks the electronic contribution. 

The magnitude of the electronic contribution is usually expressed as the 

constant, "'I, so that C 1 t .' = "'/T. e ec ron~c 

The value of "'I depends on the spacing of the levels, that is, the 

'density of states near the Fermi surface. This is surely of considerable 

importan~e in any theory of metallic bonding. Values of "'I have been 

determined for most elements (Fig. 1). It is striking that the transi-

tion metals, which have d as well as sand p electrons near the 

Fermi surface, have much higher values of "'I than the others. 

Very little has been done to study the electronic term in alloys 

although clearly this should give important clues as to the nature of 

bonding in the alloy. That complex relations would be uncovered by 

these studies is shown in Fig. 2, a study ·of the Cr-Fe system.
l 

Many anomalies are found in low-temperature Cp measurements. 

These are caused by transformations occurring at ferromagnetic Curie 

temperatures, antiferromagnetic Neel temperatures, or other second 

order transformations. For some of these anomalies such as, for 
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example, a prominent one in the Cp of europium at l6°K, no explanation 

has yet been found. study of these anomalies is important in the physics 

of metals. Although the low-temperature Cp values have been determined 

for most of the elements, practically nothing has been done for alloys. 
'. 

A fourth field for which low-temperature Cp measurements are 

pertinent is the determination of absolute entropies. According to the 

Third Law of thermodynamics, the entropy of elements and ordered alloys 

at OOK is zero. At any temperature, T, 

Cp dT/T 

Absolute entropies at 298.l5°K have been determined for most metallic 

elements (Fig. 3)~ Hardly any work has been done on allpys. Even if 

the measurements were made, disordered alloys do n:ot have zero entropy 

. . 

For alloys whose entropies of formation have been determined by 

high-temperature thermodynamic measurements, it should be useful to 

determine low-temperature Cp values to find the entropy of formation 

at OOK. When sufficient values have been so determined, it might be 

possible to estimate the O.oK entropies of other alloys. 

tow-temperature Cp values contribute to our understanding of .atomic 

bonding forces since they depend on the crystal lattice vibration. 

Measurements of Cp become increasingly difficult as the temperature 

is raised. Temperature measurement, maintenance of temperature, uni-

formity of spatial d'istribution of temperature, deterioration 9f sample 

or calorimeter, addition ot' measured energy to the calorimeter,and 

many other factors become increasingly important as the temperature.is. 

raised. 
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To assist in insulating the calorimeter, most high temperature 

measurements are adiabatic; an effort is made to keep the surroundings 

at the same temperature as the calorimeter. However, the radiation heat 

transfer coefficient increases with the cube of .the temperature, so the 

errors mult·iplycorrespondingly. Considering these obstacles, it is 

not surprising that until recently few measurements of Cp at elevated 

temperatures had been made and that these rapidly lost validity as the 

o temperature approached 700-1000 C. 

Because of these obstacles, most high-temperature heat capacities 

have been derived from heat content measurements. In this method the 

sample is heated to a high temperature, T, then dropped into a calori-

meter near room temperature, where the calories given off in cooling 

can be accurately measured. To allow for heat lost during the drop, 

usually the heat contehtsof empty and full containers are both deter-

mined. The heat capacity can be found from the slope of the heat content 

versus temperature curve; Cp = d(HT-H298.l5)/dT. Heat capacities obtained 

in this way are reliable if the heat capacity does not change rapidly with 

temperature. However, the "accuracy of the heat content measurements is 

not sufficient, for example, to trace details of a Cp anomaly. 

Heat capacities and heat contents of most of the metallic elements 

have been measured with reasonable accuracy to moderately high tempera-

tures. There is a great need to carry these measurements up to much 

higher temperatures for many of the elements. Figure 4 indicates the tem-

peratures to which experimental measurements extend. Much remains to be 

done in extending them higher with the present well established techniques. 

Many of the measurements do not extend as high as the melting point, and 

varticularly, the entropies of melting are poorly known as can be seen 

from the vacant spaces in Fig. 5. 
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A key problem of metal thermodynamics 'is to increase the temperature 
" , 

to which accurateCp or heat content measurements may be made.' To, in-

qrease the operating temperature of the usual adiabatic calorimeter is 

tedious and laborious, progress is slow, and difficulties'continually 

,multiply,as the temperature goes up,because of the rapid increase of 

the heat transfer coefficient and the problems of containers, etc. 

A promising approach is to enormously increase the, speed of meas-

urement, electronically recording energy added and temperature • As long' 
, 2 

ago as 1939 Langmuir and Malter analysed temperature fluctuations during 

alternations ,ofac curren~ passing through a sample. These and later 

attempt,s at rapid measurement have in general not given acceptable values 

at high temperatures until recently. Some of the pulse he?-ting methods 

ELrenow giving promising results; I shall particularly mention the work 

of Cezairliyin3 at the 'National' Bureau of Standards. 

In his, calorimeter a tubular sample is, heated at the approximate 

rate of 66000 K per second by a pulse of electrical energy. Radiation 
. 

from the inside of the tube passes through a small hole to a photoelectric 

cell, which records the temperature in millisecond units simultaneously 

with the energy record in the same time units. This method has clear 

advantages in time spent! In less than a second:,results are obtained 

which would take weeks QY drop calorimetry. Of course, the results 

might not be true equilibrium results. If phase or other changes with 

temperature occUr in the ~ample with increasing temperature, the meas-

urement time might not be sufficient to allow them to occur. There is 

also under constr1.l.ction at the NBS a microsecond calorimeter which m:ight 

even take measurements in the liquid sample after it has melted but be-

,fore it has time to collapse: 

I 
I , 
I 

I 
i' 
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Alloys have received inadequate coverage on heat content orCp 

measurements. In general, alloys obey Koppts law of additivity of Cp 

pretty well except where anomalous changes occur.' Most measurements 

have been for the purpose of tracing magnetic, degree of order, or phase 

changes in alloys.. Care must be taken in these measurements to allow 

sufficient time for changes in equilibrium in the alloy during the meas-

urement. Heat ,contents are not meaningful if phase changes occur during 

cooling unless the phase changes occur very rapidly (so they are complete) 

or very slOWly (so they occur to a negligible extent). 

For measurement of heats) entropies, and Gibbs energies of formation 

of alloys the techniques are difficult. None of them are universally 

applicable; most techniques can be applied only to a very limited number 

of systems. There is a significant ('j,mount of thermodynamic data on only 

a small fraction of binary systems and an extremely small number of tern-

ary systems. Our last complete survey was in 1963; the statistics are 

shown in Table 1. 

Table 1. Thermodynamic Data in 1963 

Total Number of Binary Systems (76 metals) 

Total Number with Significant Data. 

studied by: 
electrochemical potential 
vapor pressure 
direct calorimetry 
liquid tin cruorimetry 
aqueous calorimetry 
distribution coefficients 

77 
41 
73 
43 
24 
5 

Not only have very few systems been studied; most of the work has 

been done on the easier systems, so that whole areas of the periodic 
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table have had little or no work·. Very little has been done with the 

high-melting transition metals in the middle of the periodic table •. 

Determination of the Gibbs energies of formation of alloys involves 

the measurement of equilibria since thus far Third Law determinations of 

entropies are nonexistent. Equilibrium with a solid involves equil:\.brium 

of a surface. The surface must be in equilibrium with the interior; 

else the measurement is meaningless. For-alloy phases, which cQnimonly 

exist over a range of compositions, this means the rate of diffusion must 

be sufficient to restore any changes in surface composition which occur 

while equilibrium is being established. For most alloys the equilibrium 

must be measured at an elevated temperature, with all the attendant 

. difficulties. 

Except for low-melting alloys like the amalgams, electromotive 

force measurements with aqueous electrolytes are therefore not applicable. 
" . . 

Most emf measurements have been made at modest temperatures (500°_800°1<) 

with fused salt electrolytes . Care must be taken that the main reaction 

is correctly identified, that all other reactions are excluded, and that 

the electrolyte conducts ionically and not electronically. In general the. 

electropositivity of the reacting component must be considerably greater 

than the electropositivity of all other components for the electrolyte 

used. Even then it is a laborious and difficult task to find a suitable 

electrolyte for a given problem. Results cannot be credited except when 

reversibility .is established by lengthy tests. Each system measured 

may require individual research. 

From a successful cell, the partial molal Gibbs energy of formation, 

~GB' of only one component is measured. However, if this is .measured 

over a range of compo~itions which includes one at which t::fiA is known, 

\ .. 
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the values for the other component and for the integral Gibbs energy 

may be calculated from Gibbs-Duhem integration. 

The application of electrochemical measurements on a wide scale 

will probably take place only· slowly. Many alloy pairs are not suited, 

for example, their electropositivities may not differ enough. Existing 

electrolytes are not applicable to many others. One of the most promis-

ing steps at present is the use of solid electrolytes. 

Solid electrolytes must have high ionic conductivity, usually from 

lattice vacancies. Thus a solid solution of CaO in the Zr02 lattice has 

an anion vacancy for every Ca ibn. 0- is therefore mobile. The oxygen 

pressure must be kept high enough to prevent reduction of Zr++++; other-

wise electrons can freely move between Zr ions of differing charges. A 

number of such cells have been made to work successfully, from which the 

activity of 0 in compounds may be measured. 
'. 

Vapor pressure measurement has perhaps more promise than electro-

chemistry but has been exploited even less. Usually a system in which 

only one component has an appreciable pressure is preferred, since with 

these chemical analysis of the vapor is unnecessary. However, the usual 

measurement is of a rate of evaporation (Knudsen, Langmuir, transport 

method) which may be subject to serious errors from surface depletion. 

As the more volatile component evaporates, its concentration on the 

surface of the alloy drastically decreases unless it is replaced by 

diffusion from the interior. Thus measured vapor pressures are too low 

unless the rate of diffusion is rapid compared with the rate of evapora-

tion. Fortunately, standard techniques of varying hole size in the 

Knudsen method, or varying gas flow rates in the transport method, make 

depletion detectable, while it can be instantly seen in the Knudsen 
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· to'rsion. effusion method. Even so, . in many alloy systems studied by' 

· vapor pressure methods, the activities found are much too low •. 
,{.". 

. . 
A static method of measuring vap'or pressures would be particularly 

, desirable ·for alloys since it would solve the problem of sUrface de~ 

. pletion. One of the most promising ideas is the absorption spectrUIll 

study of vapors in equJ.;I..ibrium with the alloy. This has already proyed .. 
. . 4 

practical and accurate. Two·ormore components might be studied in the 

same vapor. The Gibbs-Duhem relation would provide an internal check of 

accuracy. Probably a method could be developed to convert absorption 

coefficients into absolute wpor pressure s. EYen without this,' it 

should be noted that. the activity is the ratio of two pressures: that 
, . . 

of thecamponent in the alloy to the pure component, so that absolute 

measurements would be unnecessary. 

Heats of formation are determined from temperature coefficients . 
'. " . 

of Gibbs energies. However, in taking the slope with temperature, 

errors in measuring the Gibbs energies are multiplied so that it often 

occurs that satisfactory equilibriUm measurements give temperature co-

· efficients which are of poor accuracy.' Direct heats of reaction,. like 

. heat capacities, become more difficult and more subject to error as 

· the temperature at which the calories are measured is increased. Direct 

reactions at moderate temperatures (7000 _8000 K) are being measured with 

accuracy. Promising attempts are being made to develop calorimeters 

which measure heats of reaction between !J12tal powders5 and with liquid 

6 
iron. 

Before metal thermodynamics reaches maturity, a great deal of 

experimental work needs to be.done. Much of this consists of applying 
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proved techniques, but it is especially necessary to develop new and 

better methods of measurement at high temperatures. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

8. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






