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UCRL-19115
THE ROLE OF CALORTMETRY IN THE THERMODYNAMICS OF METALS AND ALLOYS

_ Ralpthultgren
Inorganic Materials. Reseerch Division, Lawrence Radiation Laboratory
Department of Materials Science and Engineering, College of Englneerlng
University of California, Berkeley, California

There ie an energy assoelated with practlcally every physical‘er chemical
change of e material. Because enthalpy (er neat) differs'only a‘little from
energy, and because it usually is mueh mbre easily_measured, let us hereafter
discuss enthalpy. | ' R

In sbme cases the enthalpy is the quantity ofndetermining importénce, as
for example, the heat ef combustion of a fuel. We will censider, however,
the enthalpy as a measure of stablllty of alloy phases, and as an important
quant1ty in understandlng the nature of phys1cal and chemlcal changes. For
example the enthalpy of formatlon of an alloy from its elements is a direct
measure of the energy of bondlng between atoms of an alloy minus the energy

of bonding between the same atoms in the elementary states. These values

. should be important in developing a theory of the nature of the metallic bond.

For another example, the enthalpy of_melting divided by the melting tem—_\
peratnre is the entropy of melting, a measure of.the disorganization introduced
when a solid melts to form a'liquid. Slide 1 shows that for many'metals
there is a_correlation between the closeness of packing of atoms in the solid
state and the entropy of melting. The closest packed elements most resemble
the liquids and have ASm ~'v2.0; the less closely packed the crystals are,
the less they resemble the ‘liquids; entropies trend upward to T. Such large

entropies of melting cast doubt

on theories of the liquid state o T
where liquids are regarded as ;O:
consisting of fragnents of the - sof

solid crystal lattice. ‘Thelex— © Saob

ceptional elements, S and Se . B q?“" Se
deviate obviously becanse the 20r

liquid does resemble the solid. Ol s

PACKING RATIO



SLIDI 2

SLIDE 3

SLIDE 4

Usually, enthalpies are most dccurately measured by calorimetry.

‘We can divide the enthalpies désired_ into three classes:

(1) 'Low_-’l‘gmperatur’e.Heati”Ca_pacities (below 298°K)

(2) High-Temperature Heat Capacdities and Heat Contlents 3

(3) Enthalpies of Chemical Reéc_tion (Enthalpics of IFormation).

Thermodynamics of alloys has, until recently, -been a neglected subject,

Chemists doing thermodynamic measurements did not understand and dis-

trusted élloys; metallurgists understood alloys, but did not do thermo-dynamics.

Slide 3 shows the trends through the years to its present po_'pullarity.

thb'er of Binary Systems Reported per Yeér

Year -

before 1929
1930-1939
1940-1949
1950-1959
1960
1961
1962
1963
1964

o8

© Cp<298°K = Cp>298°K
0 T
0.5/year 5.3/year
1.5/year 3.2/year
6.2/year 8.8/year
21 20 |
.29 24
36 23
25

Low—Tempe.rature Heét Cabacities. "This is the. area in which measqf_ements
are increaSiﬁg the fasfest. Moreover, recent fheasurem’er_lts are mostly at_
temperatures below 4°K, even below 1‘_’K; for reasohs ;zvl';,icﬁ will Ybec‘o_m‘e'
apparent; Meaéure'mcnts at low temperatﬁres are designed to determine-
one or more of the following:

(1) Nuclear-electronic interaction contributions to Cp

‘AH

30

11.3/year

2.0/year
18.2/year
67

58

59
37

(2) Electronic excitation contributions to Cp

Total

37

17.1/year
6.7/year

33.2/ycar

. 108

111

118

120

1



™

SLIDE 5

in quanta of the s

(3) Atomic vibrational contributions to Cp-
(4) Absolute entropies.’
Before going into this in'detail, let us consider some clementary fucts

about quantum thcory. As you know, Dulong and Petiti observed in 1819

that heat capacities of all solids near room temperatures was approximately

6.2 cal/g—ato’m_. ’i‘h‘is _wa.sv évenﬁial_ly’ explaihed‘ by classical st_atisii.cal .
mechanics as due to the ene_rgy.'of vib1~atiqn of aﬁomé i the spélce latlice.
Each atom had 6 degr‘ees' 'bf freedom; 3 in potentia‘l energy an& 3 ill kinetic
eiv}ekrgy. Since with ‘eéch c‘tle‘_g'i?ee"of freedom there was associated én:en_efg}r}
of —%kT, éach atom had a 'vibrati_o‘rial eﬁergy, E.'= 3»k’1‘,v and 'th"é éne_rg_y of

a g-atom was 3RT. Hence C_-= 3R = 5.96 cal/g-atom.. Adding the small’

.~ dilational term, Cp-Cv, brought the Cp up to Dulong and Petiti's value.

However, at low tempér_afures,'. Cp falls fo,' b'e.c‘o'ming'.o at‘ 0°K. The
reason for this ‘remaivns a mystery until _Eix“istein.explained it oh the basis
of the QLlantum theory in 1907. |

) Let us consider for simplicity a substance with only two energy levels"
with an ené_rﬁgy AE between them. At_b"K, a material will be at fhe lowest

possible energy level. It can _absorb‘energy from its surroundings only
;‘%e, E. Thermal energy of the 'surroundin_g's are in quanta

of avérage size approximating kT. However, there will be a Boltzmann

~distribution and some of the ;quanvta' will be conS’iderably larger. Even

when kT is much sinalle_r than E, there will be a small Cp,' but'obviously;- |

it will approach 0 at 0°K. A quantum at an excited level, will soon be

- given off to the surroundings. However, using Boltzmann statistics, the

number of quanta at the excited level can be calculated for any temperature.
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SLIDI 6

SLIDE 7

s

For T very small theré will be very few quanta at the higher level; for T

large, the levels will be equally populated.

For each",pcv)pulativon', t’h:e‘ ent'r’opy can be caiéulé’ged; S = kin W.\‘vhcrc W
is the nu'njbé»r of 'com:plexi_ons. For N quanta 'eduéil_y populated (hi'gll T),
S=Rin2, Frorﬁ 'e.ntropyvras a function of T, Cp can be calculated;
Cp :frds /dT. For two levels, the result >of151‘ide 6 is found, Of ¢ours¢,
with vibrational qu.anta, there are rh’ore 'than"2_ levels, the:entropy and
Cp g_d on increasing; the Cp é\;enfually reaches 3R. “

vLet us now cénsidéf the info-r‘ma‘tion'obtainablé from low-tempefature
meaéurements:

(1) Nuclear-electronic interactions: The magnetic moment of the nucleus

interacts with the magnetic moment of the electrons, splitling the energy
levels. ‘The spli{ levels are so near to one another, that they are fully

excited at very low tem’peiraﬁi’res.x The effect of these splittings have been

measured for only a few elements and for no alloys; The Cp anomaly is

"usually found only at a fraction of a degree Kelvin and may have disappeared

at 1°K, hence it is not detecte_d unless measurements have been carried
oul at these exiremely low temperatures; this has become possible only
recently. Holmium is the most striking of these as is scen on Slide 7.

Most elements show no such efféct; rare earths show the most important

ones but even for these many show none, others only below 1°K.

(2) Electronic Excitation. For honmetals the fifst excited electronic 1éve1

is high above the lowest level so electroné 'co.ntr_‘ibut'e to ,Cp only at high

temperatures. For example, the monatomic gases of metals may serve

as examples of nonmetals. The temperature where elecirons contribute
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SLIDE 8

SLIDE 9

SLIDE 10

SLIDE 11

appreé@ably to Cp are shown in Slide 8:

Lowest T for Electronic Contribution to Cp for Monatomic Gases

Silver  52500°K | o .
Aluminum <298 : !
Beryllium 2000 | | e
’Chron.li‘urri _. 800 |

Iron | 298

‘Molybdenum 1100

For the'metalli'c state, the situation is Quite different. The bonding electrons

in a metal are in closely spaced levels of a "free' electron gas. Since it

. is a Fermi gas, only the electrons in levels near the top contribute (Slide 9).

It can be shown their céﬁ.tribution is proportional to T, and begins very

close to 0°K. ' In fac‘t, near 0°K, Cp = 9T +.BT"-3;' the fi-'rst term is the

ele.ctronic term. av_r-xd the last is dué .to iattice vibrafion. ,By plotting Cp/T | .

versus T?, the electronic coveffi'cient., v, can be readily eValuated (Slide’ ld')’;
_The 'mégnitude of Y depends on the density of states; it is ﬁét proportional |

but incréases more rapidly. Howevér‘, it is objective evidence of the.

change of bondingvduring ailoyiﬁg and, as such, very interesting.*' Slide 11

shows in what a complex manner this may change during alloying..

Atomic vibrétional contributions to Cp. The Debye theory, an exté_nsion of

Einstein’s original.work already mentioned, enables the entire curve of ,
' £
Cp versus T to be constructed from a measurement at a single temperature. ;

The parameter determining the éurve is the Debye temperature. Expe_rime_nté‘f

points that follow the Debye theory would give a-constant Debye temperature

for measurements at all temperatures. Actually the Debye temperature.
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variCs‘:;omc\»'-.fhzz { with tempéfatﬁrc of micasurem cni,» but not too 1A)e‘z'c}'_l,y: c',\;(:ACpt
necar 0°K where it changes .c'o.n.s.ide.r_ably. T‘he Débyc' 1()1:1'11")c:1;;1‘t111;<: can be
_cal‘cuiated-al‘sg) from elastic."constants.;.. Many of the measurements have L
the purpose of rclating Debye_ t¢11i'pel‘aiu1~é .t‘o clastic constants and to
examining the é_auses. of cha;ig.inngebye fcm;de ratures.

Absolute eniropics. The motive for many of the low-iemperature Cp - -

measurements is the determination of absolute entropies.-

=8 4 f 1T /'T .
| S = 8, oJ _‘.Cp‘d /T
For pure metals and ordecred all‘oy's.S(-J = 0; for disordered alloys qO is

T is known for rcactants-and products

the cOanigu.rational entropy. If S
of a chemi_cél,rc_action,*AS is fo;ind, which may be combined with Al to give
AG, or with AG to give AH.

PP ) . I PR P43 ) . e A inos 4~0a,
rAleii L t‘lllp‘?l"?f.‘.‘_ > Henat Lap:lmtles. " Most measurcments are oUC Lnouac
Y

H

drop calorimeter and determine the enthé_lpy, H Ho 05

T These measurements

are valuable only if the _initial state and the final state are well established._
Many measurements in the lifératuré a‘r.e valuel'eés because.thi_s has not
been done. Frozﬁ the enthavlpy contents |

Cp = dH/dT .

This is a good method of 'de'termin'ing.hcat capacity only if the heat capavcii,y;

is not challging rapidly with tcmper.éfu're. In that case the curve of H_ - H »o

0 -

T

versus T is nof accurate eriOugh to byield a good slope. This 'me'thod is n.ot'
good ehpugh to trace the Cvp anomalies at the ferrdmagneti.c Curie temperature
or the detail.s; of_ch,anging Cf) as the mc;lting point is vapp‘roac:hcbd. Mostv

good heat c_:_o'ntent.n.lcasufement's are limited_tortcmperafures below 1500°K,

though in recent-ycars measurcments higher than 2500°K have been made.
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- Drop calorimetry may sometimes be used to measure heats of reaétion;
clearly the latent heat of m}elti»ng of a pure metal is readily determinable.

In a eutectic alloy system where the liquid freezvesf"t;o form the pure solid

components, the heat of formation of the liquid élloyfca’n‘, of course, be

determined. Indeed, if the equilibriwmn heat effect_s are known at all

témperatures, the entropy of formation, and consequently, also the free

energy of f_o_i{rn’atiori, may be found, -'I'f'the"fs.,olid' final state is not composed

of the pure elements, it may bé possible to make allowances for this and

proceed as before.

A number of Oelse_ﬁ_'calv'orimeters are being built in which the heat

' released and the sample temperature are measured continuously, so that

the entire enthalpy'éontent%empefafhré cui‘ire_ is determined in one experi- .

‘ment. Obviously, the expevrirnentavl difficulties in making this precise are

formidable. vFu.x"th»ermo're_,_ fhe results‘Wiil be éécurate o‘nlyli'f'equi_lib'r.ium

ié atté’ine_d at all 'temperaitures., ﬂot only juét the final stétc;l It wcﬁﬂd ’Sccm

this n.le'th‘od' éoul‘d’ hardly evéf ‘.b'ef precisé, but it .might' be Vusefﬁl for éurveys
and for approximate reSuif'é.' : |

Cp values may be f.difeétly measured "true Cp'", in adiabatic calorimeters.

: Measurements become increasingly difficult as the temperature rises; few

are'accu'r_ate much abov_e 1000°K. The reason for this is the radiation heat
transfer coefficient, which increases with T3,
Because of thesevdifficiiltiévs‘, attempts are being made to develop other

methods Qfdeterminiﬁg Cp.at' hlgh temperatures, often with scanty success.

. I shall mention only tivo_promising‘attenlpts here.

At the U.S. National Bureau of Standards Cezairliyin has an appa"ratusv



S
-in which the sample.is a lohg; hollow cyiinder.u A small hole bored'near thev
middle allows a recording radiation pyrometer to "see" the opposite wall under
conditions approx1mat1ng a hohlraum,'or black body A large pulse of elec-
trical energy heats the sample to a. hlgh temperature in a few mllllseconds "
Energy and temperature are recorded 51mu1taneously as a functlon of tlme, »
.giving the entlre Cp veérsus T curve., = ', S .t' w”
In the second promising method the sample is in the form of a wire |
perhaps 30 cm long. It 1s heated to the desired temperature by a direct:
current. Two very fine wires are attached to the sample about 5 cm apart
near the middle of the wire. Through these wires the potentlal drop, and ,
hence. the resistahce of theisample can be measured, Also, a small additional
pulse of current can be appiied‘periodically to_the centrai.part of the
specimen. This ieads to fluctuations‘of temperature.from which Cp can be
calculated. S
Results on platinum obtained by Kraftmakher at Novosibirsk are shown.
in slide 12. Kraftmakher claims’ the rise 1n Cp below the meltlng point 1s
entlrely due to the formatlon of vacan01es in the lattlce. The number of

vacancies he f;nds are several tlmes as great as have been found in quenched

samples; a reasonable result. . e M0f

: . . (:ol/g -Glam, I
r
{
i

8-

Slide 12

N

|
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|
!
b
v

250 % - 80 pvy
—. e R ris]

Enthalpies of Formation. This quantlty 1s the only one con51dered for whlch

ey

calorimetry has a rival. If an equlllbrlum-can be measured over a range of_
temperature; the entropy ahd enthalpy can be found from the temperature
coefficient (Slide 13) | |

dAG/dT = -As"- - Slide 13

‘However, measurable equilibria are hard to establish and it is easy lor the
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experimenter to make a mistake, in which case his result may be very far

indeed from the truth. E:\(e_n where measurable, well identified equilibria

-are established, usually, measurements are possible only over a limited

range of ’temperétuvre. ‘Acceptable errors in  AG are multiplied when
temperature coefficients are determined. Many results satisfactorily
accurate in AG are 'quite'u'néccept'able' in'AS and AH. Calorimetric mecasure-

ments are then very important even when AH is khown from equilibrium

measurement. The calorimetric result is usually more accurate; even

where it isn't, it is most reassuring to find a verification of a temperature
coefficient, which rein;forées the validity of the AH and also of the AG.

v-,b\vd.a.‘“Heats» of formation aré most directly measured by inducing the metallic

S
R

elements to react in the calorimeter. Pioneering work in direct reaction

between liquid metals was done by the Japanese scientist, M. Kawakami,
whose first work appeared in 1927, Many of these results have been’ fpu’nd" '
to be reasonably accura‘tef. Others, however, espécialiy between high-

melting metals, are seriously in error.’ ‘The primary difficulty is the

- measurement of calories at high temperatures, since the radiation heat

transfer cqefficie»nt increases With'the-cube of the temp'erature. At present,
attempts are beipg m'ade -Witﬁ 'vsdme éucc_ess by Kubaschewski in Teddingtbn,
England, for reaction of meta‘lv pdwdérs. -

A sebcond method is tor dissolve fhe 'alloy. The heat of solution-of the
alloy minus the heats of sol_t_;tion'c‘)fT tfxe element_s, is} the heat of fo‘rma__t’ion.'
Acid solution cén]orinmtry has been exlcngivuly_triul .but'l»n.uls lléVQI‘ pib'\"Cd
éatiéf_gctéry. 'Tlie heatl of fpfrﬁ_é"cion séllght is.fhevs‘mal_l difference b(‘:t\—ve_cfnv |

large heats of solution; also, therc is the problem of the heat content of the
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escaping hydrogen, which may 61‘ 'méLy ﬁot be satu"vrated‘ ‘.wit.h acid .va.;'.)o'r.
Liquid tin s.c.>_.1ution .calorirﬁt;iry_ ﬁas.b}éjen n‘iuch morc succesiul, even though
the ca].o}ri_e's rﬁust be fneasured at témpe.ratures zi_box}e the melting point of tin. _
: : - ;

It can be applied, 'however, 'o'nly.to the dozen or so mctals which will dissolve

in liquid tin at reasonable speeds and d(l)vnot h.‘a..ye vapor pressures too high.
Elliott at the vMa.vssachusetts Institﬁfebf Techno»logy-,- has developed a very
complex liquid iron soluiion c'alo'rimetel"‘with somc: success ai these most
difficulf tem’vperaﬁures. What 1s badiy needed is a general meiliod of deter-
mjnihg heats of formation of tile.hig'_h-melti‘ng transitic»_)nv metals v,a‘lloys.

. ’
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained ‘in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

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

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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