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PROELEMS AND PROGRESS IN THE THERMODYNAMICS
OF METALS AND ALLOYS

Ralph Hultgren
Inorganic Materials Research Division, ILawrence Radiation Laboratory,

Department of Mineral Technology, College of Engineering
University of California, Berkeley, California

Thérmodynamics of the metallic.state is a comparative newcomer in
an old and respected discipline‘ Novel problems are invélved 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 mést chemical thermodynamicists, realizing
| this, have avolded measureﬁents on metals. Otﬁers, who are well able to
measure a calorie with accuracy, have fallen into‘the trap ahd have pro-
duced measurements -of matefials whose initial or final states have not.
been defined with accuracy. On the other hand, thermodynamics has not.
been prominent among thé tools of the physical metallurgist who well
know how to prepare éémples. As the subject became Important, many
publications have appeéred 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 i1s appearing
most of which describe measurements of respectable accuracy.

The principal purpose of nonmetallic thermodynamics measurements
is the quantitative determination of the stabilify 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 physics are particu-.
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larly, important. Thus, heats of formation provide a measure of the
relative energies of metéllic bonding, while phase changes, changes,

in degree of order, changes in magnetic state, or other changes in-

o]

yolving energy -can be detected\from thermodynamic measurements; There .
are also anomaliles in heaﬁ cabacity that are still not explained and
mus£ be_dﬁe to as yet unéuspécted types of“bransformationf |

4In this paper Wé shall menfion some of thése problems and, parti-
cularly, the atteﬁpt to,deveiép téchniques which %iil permit ﬁhermo-
dynamic measurements previously impossible. It is convenient to begin '
the discussion af the. lowest températures and proceed to higher tem-
peratﬁres._ |

Measurements below room temperature with very few exceptions (Such

as the heat of fusion of mercury)vare confined to Cp measurements. At

these temperatures insulation of the calorimeter is relatively easy be- -

cause 5f 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 lowest ﬁemperatu?es there may be a large.Cp:anoﬁaly due to
magnetic interaction between the nucleus and exterhai electrons; this
_interaction is the'$ource of'the hyperfine structure found in spectra.
For most elements the_anomaly has not been measured because it occurs
at temperatures beiow the measured régién or, in some’cases, 1t dées
not exist. An inc?easing number of measufeménts of this anomaiy aré
appearing in the'liferature; particularly of those eleméﬁts where the
effect is large, as in the rare earths. This field is most inadequately

surveyed and we may expect the effort to increase.

P PP
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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
- liquid helium calorimeter. In nonmetals electrons contribute appre-
ciably to Cp only at very high temperatures, becéuse the energy states
are widely spaced. In.metals, on the other hand, the electronic lévels
of the "free" electfons are very closely spaced, more cibsely spaced
than the energy levéls of lattice vibration. Hence there is a low-
temperature region where most of the Cp‘is due to electronic eécitation
and this term, which increases linearly with T, can be measured. At
higher temperatures, the iattiéé vibfational contribution, which in-
creases with.T5,'becomés so large it masks the'elgctronic contribution.
The magnitﬁde‘of the electrénic contribution is usually expressed as the
= VTT

The value of 7y depends on the spacing of the levels, that 1is, the

constant, =, so that Célectronié
density of states near the Fermi surface. This is surely of considerable
importance in any theory of metallic bonding. Values of <y have been
determined for most elements (Fig. 1). It is striking that the transi-
tion metals, which have & as well as g and p electrons near the
Fermi surface, have much highér values of <y thanvthe others.

Very little has béen done to study fhe 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, antiferromaénetic Neel temperatures, or other second

order transformetions. 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‘ié'important in the‘phySics:
" of metals. Although the low-temperature Cp Qalues_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 Qrderéd alloys

at 0°K is zero. At any temperature,‘I,

.sT='J[“0pdT/T'_' ‘
. 0 -

Absolute.entropies:at-298;l5°K have beéﬁ‘detérmiﬁed'for mést.metallic

.éleméﬁts-(Fig. 5)1_ Hardly any work has been done on alibys. Even if

thé_measurementSVWeré mgde, disordgred'alloys‘do not have zerd entfopyﬂ:

atl .OévK. | | .
v pr'alloys WHbsg;éntropies of formatipn.have been deﬁérmiﬁedlﬁy‘

,high-temperature'thermod&namic measurements, it shouldvbe useful to

determine low—temperatUre'Cp'values to find the entropy of formation

at 0°K. When sufficient values have been so'determined, it might be  :

- possible to estimate the O°K entropies df other alloys.

Low-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

~ 1s raised. Temperature measurement, maintenance of temperature, uni-

formity of spatial distribution of temperature,.deterioration of sample

or calorimeter,vaddition'oflméasured energy to the calorimefer;.and

‘many other factors become increasingly important as thg temperature .1s,

raised.’
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To assist in insulating the calorimeter, most high temperature
measurements are adiabatic; an effort is made to keep the surréundings
at'thé same temperature as the calorimeter. Howe#gf; the radiation heat
transfer coefficient increases with the cube of the temperature, so the 
errors multiply correspondingly. Considering these obstacles, it 1s
nof surprising that untii recehtly few measureméﬁts of Cp at elevated
temperatures had been made and that these rapidly lost vaiidity és the
temperature approached 7oo-1ooo°c;

Because of these obstacles, most high-tempefature heat éapécities
have been derived from heat content measurgments. In this method the
sample is heated to a high temperature, T, then dropped into a calori-
meter near room temperature, where the caloriles gi§eﬁ off in cooling
can be accurately measured. To allow for heat lost during the drop,
usually thé heat ;ontents'of empty and fﬁll containers are 5oth deter-

’ mined.‘.The heat capacity can be found from the slope of the heat content
versus temperature curve; Cp = d(HT-H298‘15)/dT. Heat capacities obtained
in this way are reliable if the heat capacity does not change rapldly with
temperature. However, the accuracy of the heat content measurements is
not sufficient, for example, to trace details of a Cp anomaly.

Heat capacities andvheat 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. TFigure 4 indicates the tem-
peratures to which experiﬁental measurements extend. Much remains to be |
done in extending them higher with the present well established technigues.
Many of the measurements do not extend as high as the melting point, and
particularly, the entroples of melting are poorly known as can be sgeen

.
N

from the vacant spaces in Fig. 5.
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N A;key'problemiof‘metal.thermod&namics”is to increase the temperature”
_tto which accurate Cp or heat content measurements.may be made. To in-‘”
-'crease the operating temperature of the usual adlabatic calorlmeter is
.:tedious and laborious, progress is slow and difficulties contlnually
Ymultiply'as the temperature,goes up,'because of the rapid 1ncrease of~
the heat transfer’ coeffic1ent and the problems of contalners, ete. :“

A promising approach is to enormously 1ncrease the. speed of meas—

';lurement electronically recording energy added and temperature, As long

ago as 1959 Langmuir and Malter analysed temperature fluctuations during R

alternationsvof-ac current pass1ng through 8 sample.' These and later ’

: attempts at rapid measurement have in. general not given acceptable values
.-:at high temperatures until recently. Some of the pulse heating methods
. are now g1v1ng promisinv results; I shall particularly mention the WOrk -
of Cezairliyin3 at the Natlonal Bureau of Standards

In his calorimeter a tubular sample is- heated at thevapproximate
‘f rate of 6600°K per second by a pulse of electrical energy. Radiation _H
 from the 1ns1de of the tube passes hrough a small hole to a photoelectric
i cell, Which records the temperature in millisecond-unitsbsimultaneously p;
iwith the energy record'in the same time units. _Thls method hasuclearv
: advantages.in time spent! In less than a second;results are ohtainedlf
'ﬁhich would take weeks by drop Calorimetry‘ Of course, the results

might not be true equilibrium results If phase or other changesiwith'

'y_temperature occur in the sample with 1ncreas1ng temperature, the meas-

urement time might not be sufficient to'allow them to oceur., There is

- also under construction at the NBS a microsecond calorimeter which mrght

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

..fore it has time to collapsei"
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Alloys have received inadequate coverage on,héat content or Cp
measurements. In general, allbys obey Kopp's 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 alioy during the meas-
ureﬁent;= Heat contents are not meaningful if phase changes occur during
cooling unless the phase éhanges éccur very rapidly (so they are complete)
or very slowly (so they occur to a ﬁegligible exﬁent).

For meaéureﬁent of heats,’entroéies, and Gibbs energie§ of formation
of alloys the techniques are difficult. None of them are universally
applicable; most techniques can be aﬁplied only to a very limited number
of sysfemSg There is a significant amount of thermodynaﬁic date on only
a smali fraction of binary‘systems and aﬁ extremely small number of tern;
ary sys%ems. 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) 2556
Total Number with Significant Data - 166
Studied by:

" electrochemical potential , 77
vapor pressure : L1
direct calorimetry v T3
ligquid tin cdbrimetry 43
agueous calorimetry ' ol

distribution coefficlents : 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 perlodle
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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 o

. the measurement of equillbria since thus far Third Law determinations of
entropies are'nonexistent. 'Equilibrium’with a SOlid involves equilibrium
~ of a surface  The surface must be in. equilibrium with the 1nterior,

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

:exist over a range-oficompositions,'this means the‘rate of diffusion must:'

~ be sufficient to restore any changes_in surface comnosition which occur
~'while equilibrium.is being established For most alloys the-equilibrium g
must be measured at an elevated ‘temperature, w1th all the attendant
_,difficulties - | | |

Except for low—melting alloys lihe the amalgams; electromotive -
:force measurements‘with adueous.electrolyteS'are therefore‘not.applicable.
'_Most emf measurements have been made at modest temperatures (500°-800° K)
With fused salt electrolytes Care must be uaken that the main reaction

jis correctly 1dent1f1ed that all other reactions are excluded and that

the electrolyte conducts ionically and not electronically In general thenw

electropos1tiv1ty of the reacting component must be’ cons1derably greater
“+than the electropos1t1v1ty of all other components for the electrolyte_
:used.A Even then it is a laborious and difficult task to find a sultable:
. electrolytevfor a givenlproblem.h Results cannot he credited.except when
revers1bility is established by lengthy tests. Each system measured
‘may require 1nd1vidual research |

From a\suCceszul cell, the partial melal Gibbs energy of formation,
A@B, of only one component is measured. However, if this is,measured

over a range of’compositions which includes one at which AGA 1s known,

e P e, i . i, i, . = e i et dw
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the values for the other component and for the integral Gibbs energy
mey be calculated from Gibbs-Duhem integration. | ‘

| The application of electrochemical measurements on a widé séale
will probably take place only slowly. Many alldy ﬁaifs ére'nbt suifed,
for example, their electropositivities may not differ enough. bExistihg
electrolytes are not applicable to many others. One of the most promis-
ing steps at éresent is.the use of solid eiectrﬁlytes.

Solid electrolytés must havé high ionic conductivity, usuallj from
lattlce vacancies. kThus a solid solution of Ca0 in fhe Zr02 lattice has
an anion vacancy for every Ca iOn: 0 is therefore mobile. The oxygen
pressure must be kept high enough to prevent reductionvof Zr++f+; other-
wise electrons can freely move between Zr ions of_differing chérges. A
number of such cells have been made to work successfully, from which the‘
activity of 0 in cpmpoundé may be ﬁeasured.

‘Vapdr pressure measurement has perhaps moré promise fhan electro-
chemistry but has been exploited even less. Usually a system in which
6nly one component hés an appreclable pre ssure is preferred, since wilth
these chemical analysis of the vapor is unnecessarj. However, the usual
measurement is of a rate of evaporation (Knudsen, Langmuir, transport
method) which méy be subject to serious errors from surface depletion.

As thé ﬁore vo}atile compénent evaporates, 1ts concentratlon on the
surféce of the alloy dfastically 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 réte of evapora-
tion. Fortunately, standard techniques of varying hole size in the
Knudsen method, or vafying gas flow rates in the transport method, make

depletioh detectable, while it can be instantly seen in the Knudsen
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'torsion,effusion-method. Even so,vin many alloy systems studied by

vapor pressure methods, the act1v1ties found are much too low..:“i“" B

A static method of measuring vapor pressures ‘would be particularlygvh
';};desirable for alloys since it would solve the problemeof surface de;c
rfpletion One of the most prom1s1ng ideas is the absorptlon spectrum l“'
;f'study of vapors in eouilibrium w1th the alloy. This has already proved,;f'
practlcal and accurate.g Two or more components might be studied in theb
same vapor. The Gibbs-Duhem relation would provide an: 1nternal check of‘?l*l

'f accuracy. Probably a’ method could be. developed to convert absorption

coefficients 1nto absolute vapor pressures ' Even without this, it

,~ should be noted that the activ1ty is the ratlo of two pressures. that

of the- component in the alloy to the pure component 'so that absolute ,-,{'

measurements would ‘be unnecessary

-

Heats of formation are determined from temperature coefficients

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

errors in measuring the Gibbs energies are multiplied 80 that it often

. occurs that satlsfactory equilibrlum measurements give temperature co-

'eff1c1ents Wthh are of poor accuracy.: Dlrect 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 (700 -800° K) are being measured. with

accuracy. Prom1s1ng attempts are being made to develop calorimeters

which measure heats of:reaction between netal powders5 and with,liquid :

iron,

Before metal thermodynamics reaches maturlty,‘a great deal of

experimental work needs to be .done. Nuch of this consists of applying

AL At o i e e Sy
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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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