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APPLIED THERMODYNAMICS IN HIGH TEMPERATURE REFRACTORIES SYSTEMS™
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and Department of Mineral Technology, College of Engineering,
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Perhaps there is no more appropriate way’to'begin thié iecturg on

| applications of thermodynamics to.studies of high temperature chemistry

" than By repeating a statement-of the first and second laws of high tem-
berature,chemistry which I first suggested for the guidance of féequently
frustrated‘high ﬁemperature sclentists and engineers at a conference in.
1959;1 .(l) at high temperatures everything reacts with everything.else,
and (2) the higher the temperature, the mbre'sériously everything reaé;s
with everything else,

These '"laws' can be viewed as the factitiéué hybrid that results-
:from crossing the laws of thermodynamics wi;h'bitter experience, . And
because continual evaluation of experience in terms of}the laws of
thermodynamics provides the best single avenue for expanding ouf undef;

standing of high teﬁperature reactions, the first and second.laws of

high temperature chemistry provide.the‘théﬁe for one of the two principa1~ :

~sections .of this lecture: a discussion in simple thermodynamic terms of B

how and why equilibrié in chemical and physical pfocesses change with

temperature,

* _ ' : .
‘Presented as an educational lecture before the Electrothermics and
Metallurgy Division of the The Electrochemical Society, San Francisco,
May 11, 1965,
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The other principal.section‘of the lecture is»dependent in part on
the firet: This'secend section describes the Aevelopment for high tem-
perature use of somethxng equivalent to'the famxllar act1v1ty serles;
which has a value in facxlxtatlng systematic predlctlon and understandlng
of aqueous :eactions that is thoroughly app;eciated by all»electrochemlsts.
Most of the iaeas of this lecture have been presented at greater'iength‘
and with an extensive list of references in one of several recent

- 2=4
papers.

The Exponential Increase in Disorder with Terg;gerature4 !

Ifeeomplete.equilibrium could be established at absolute zero for
any set of cﬁemical elements, the maximum number of phases fofmed would
be pfedictable by the phase rule. Any changee in the éroportions'df the
various elements present :at that temperature would change the relaﬁive
proportions of the phases present butlwduld not change the cdmpositioh'
of any‘of the phases--that is at absolutevzero, Dalton's iaw of-Definitet
" Proportions is obeyed, *

Why Dalton's law is obeyed at absolute zero is feadiiy understood "
ih terms ofﬁthermodynamics plue experiences 'aﬁ_ébsolute zero; therme-b‘
dynamics tells us that the stable phase, or set of.phasee, will:be that x:ee
phase, or those pgasee,,iﬁ proporﬁions and et the compoeitions that havé .
.the'minimuﬁ possible enﬁhalpy of formaeion per.gram aiom‘of materiai,

i.e., the maximum bond energy per atom, . Experience teaches us that

“Scientific caution requires that I admit that this statement, while :
widely accepted, is unproved, and I can conceive of possible exceptioms.. .
These exceptions, however,. are not important to the llne of argument "

_ here developed - : T
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enthalpies of férmaﬁion'per gram'atoﬁ vary in égch a way_that lower
values of the enthélpy of formation per gram atoﬁ aré obtained by
'changing the proportions of the phases than by varying the_compositions
of the individual phases. |

Ther;odynamics furthef tells.us>that‘at,ény teﬁpe;atufg above.
absolute zero the state of maximﬁm stability is no 1onger”thét of mini-
vmum enthalpy but that of minimum‘free enérgy per gram atom.'-Now, the
free energy change for any process i; related to the enthé}py changel

for the process by

: AF = AH- TAS , | @

where AF is the free enefgy change, AH is tbe‘enthalpy change,.T'is the:

. absolute temperature, and AS is the entropy cha;ge. | ' ‘ o
The entropy change in anylprocess is a reflgétioﬁ of the‘changé in

order that characterizes the process. Expefience, amply bolstered add

explained by statistical mechanical theory, teaches us that all dis—J.

-ordering events such as order-disorder transitions, fusion, véporization,

~and solution of one substance in another produce an increase in entropy.

Experience again teaches us that for any given process, changes in

" entropies and enthalpies with temperature are relatively small and tend

to cancel with respect to their effect on the free energy. Acéordingly,
-we can for qualitative discussions treat both entropy and'enthalpy as

independent of temperature, '

We then see by reference to Eq.~(1)ﬂthat any equilibrium changes

" that occur 'as the result of an increase in temperature are characterized

by an increase in total entropy, i.e., increased disorder, at the expense
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of an increase in the enthalpy, i.e., a decrease in the total bond

energy per atom. Thus, for example, a reversible transition from a

v‘low temperature to a higher temperature quification of a solid is
accompanied by an increase in entropy ana entbalpy.' The ifalicized
rulé which I first saw applied by Buerger5’6 in reference to crystalloA
graphic changes is valid for 211 equilibrium changes. I have called it
._the-p;incipig of successive entropy states. | o |
As a more specific example of the principle, the hea£ of Ehe
‘reaction between (-iron saturated with oxygen and magnetic iron oxide

saturated with iron to form wustite (approximately Fe0) at 570°C must E

‘necessarily be endothermic (Fig. 1). On the other hand, we canhoﬁ'know :

without experimental measurements whether the‘rgaction of Fe,03 with
‘iron to form wustite is exoﬁhermic of endo#hermic,because iron andv
Fe203 are not at equilibrium aﬁ any temperature,
Another implication.of Eq.. (1) is that any reaction that'océufé .
exothermally duriﬁg heating is neéeésarily irreversible;"‘For-example,
if we §¢at silicon with graphite to high températures wé may observe a.-
highly exothermic reaction to form silicon carbide. This:reaction mus;-:
be irreversible at and near the témperafure at which it is observed,
..Furthermore, because the reaction is highi& exothermic, we can be
confident that silicon carbide will remain stable-with respect'to

decompoéition back to elemental silicon and carbonm on cooling to any'

lower temperature, No reasonable changes of AH or AS for the reaction -
with temperature could be sufficient to reverse'the equilibrium at lower

temperatures, We cannot be sure, however, that silicon carbide may not

be unstable at low temperatures relative to decomposition to silicon

[
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" means L-phase.saturated with M,
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"and some- presently unknown silicon carblde phase such .as 8102 or to

carbon and some presently unknown phase such as SLZC

By introducing now the definition of activity in terms of free‘ .
energy, we place.ourselves in a position to explore'the tmplications of;
Eq. (1) to!the:effect of temperature uponvthe equilibrium solubilities

of one phase in another and upon the equilibrium concentration of defects

such as vacancies and interstitial atoms, The activity a; of any com~

~ponent i can be defined by the equatlon RT /n a; = AE‘ , where R is

" the gas constant and AFi is the difference between the partial molal

free energy of component i and the partiai molal free energy when com-l
ponent i is in its standatd state, Now if two components L and. M react
to form one gram atom of solution in which the mole‘fraction ot i is XL;
for the reactnion X.LL-' (l - X.L)M = LX_LMCL . X‘L)’ AF. = XLZ-EL_{- (1 —XL)ZFM
= X; RT /n ay -+ Xy RT zn aM. This same expression can be used to describe
the free‘energy change even af the_composition’LxLMkM corresponds to an. |

intermediate phase, or for that matter even if it corresponds to the

-composition of a two-phase mixture of stable intermediate phases, We

need only choose to retain the pure components as the standard states

and express the activity of each component accordingly.

Suppose now that it happens that- component L and component M of a
two-phase system form no 1ntermed1ate phases and are only very sllghtly
soluble in each other, If the system 1s brought to equlllbrium, L dls— .
solves enough M and M dissolves enough L so that aL(Lsat) = aL(M t) and

aM(L at

sat aM(Msat)’ where M, means ‘M-phase saturated w1th L and L

T



6. UCRL-16256

In dilute solid solutions, generally up to at least 1 at.% solute,
Henry's law behavior is closely approximated by the solute and Raoult's
law behavior is approximated by the solvent, Focusing our attention on

the actxvxty of component L, we see that RT zn aL(W y = RT ﬂn aL(L

sat sat>

= AFL = AHL - TASL, where AHL and ASL are the partial enthalpy and
partial entropy that correspond to ZEi. But for low.solubilities

= a4 that '\~ 0 and 25, be
AL (Lgqat) XL(Lsat) & 1 so that RT 4n aL(Lsat)_ a and AS; can be

~ written gs -R /n XL(M + ASLCMsat)’ where -R In XL<Msat> is a non.

sat) |
figurational contribution to the partial entropy which statistical

-mechanical considerations demonstrate we should expect for dilute solu-

"tions and ZEE(V ) is any other entropy change that may accompany‘the

‘sat
transfer of L to the saturated solution of L ln.PL Thus, RT zn aL(M )

sat
Y 0 AHL(M) - T “R In kL(N) + ASL(M)] so that flnally we get by

rearranging and writing in exponential form

= o~OHpan/RT _OSpan/R ‘ .
XL(Méat) = e ) e ¢! : S (2)
‘But aL(M co1n) L<Msol Y where‘7 is the activity coefficment ‘ Bnt

¥° is 1ndependent of composition over tbe Henry's law range, and because

‘here ay o 1, » = 1/XL(M at) so that the product eA‘HL(l"I)/R'r ‘ASL(M)/R o

sat)
must be a constant equal to 71; For this product to be.lndependent of
composition (but, of course,‘dependent on temperature), both ZEL(W) and

ASL(M} must be independent of comp051tlon in the Henry s law range o

Finally, since XLCM) = aLCM)/7° we can- wrlte :

oo = cLap e'AHL(M)/RT Ay e
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This expression' tells us thét for dilute<édlu;ions if ﬁe knoﬁ the
activit? we can predict the temperature vafiationvof solubility just
as we-can do when the activity.is unity éé that 1f one or more inter-
mediate phases of kﬁown stability are-formed we can still predict the
variagion of solubility with temperature, The slope of a plot of .
-R /n XL(M) vs 1/T at constant solute activity is the partial heat’ of
\.solutlon of the solute in the solvent and the intercept should be the
excess;partial entropfrof solution, Determination of the solubility
.at two temperatures ailows prediction of the solubility.bver a range
6f:temperatures. |

WeAcan now éée why at high temperatures evérything reacts with
everything else and why the higher the temperéture the more sefiously’
everything reacts with everything else. Eéch gtéﬁle bhase is in a )
miniﬁum'enthalpy state at absolute zero so that the enﬁhalpy of reacfion' 
"of these stable phases to form solid solutions islalways positiﬁe.
Equation (3) reqﬁires that mutual'solubilities ofvphases that ﬁix
endothermally will increase ‘with temperatufé. »

If the partial enthalpy of solution of oné sqlid.in the dthef_is
high; the actual 1eveivof solution may remain_low? but it must bévfinité
rat any finite temperature. Any transformé;ion'bf one of the solids to
ra highér temﬁerature modification‘necessarily results in a 16wer bond
energy pé: atom so that the partial(enthélp& of.solution.df the éecéﬁd

phase in this high temperature modification is‘uSually (but notvalWays*)

%

For example, solution of carbon in transition metals requires the carbon
to occupy interstitial sites in the metal lattice, The solubility of
carbon in ®-iron is decreased over that in y-iron because the unfavorable -
strain energy that must be overcome to place carbon atoms on the more
sterically crowded sites in d-iron is greater than the small favorable

-energy of transition between ¥~ and 6-1ron
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decreased ovef’that in tﬁe 1ower‘temper;turg'modifi;étion. The entropy
change that cﬁaraétéfizes solution of the second bha;e in the high ;emf-
perature modification of the first solid is usualiy liﬁtle different
from that in its low temperature modification, Equation (2) tells us
“that a lower partial enthaipy of solution in the high temperatufe |
‘modification coupled with an unqhgnged entfdpy will résult,in an‘in-
creaséd solubility, ‘Fusion of either phase further weakens fhe %verage
bond enefgy per atom in that phase, which favors an increased-solutionv'
for the liquid, . Again, solubility of the secoﬁd phaSé in the molten |
\ _phase is usually higher than in the solid,

The concentration of vacancies and oﬁlfree.electrohs and éleétrdn
holes in semiconductors (provided that the energies-arevhigh énéugh so
that Boltzmann's statistics are applicable7) afe govefned by Eq; (Z)J ’
since the activity may be considered unity fo% each'éf thesevlattice
~con$tituen£sAat equilibrium., The enthalpy of,formation of vécancies
~and the enthalpy required to freé‘electrons or create electron Holes
are all positive.' So an‘exponential incfeése in concentratién of each -
~with témperatﬁre can be expected, | |

Neitber Eq. (2) nor Eq. (3) is strictly applicable_for inﬁerstitiai»
bsoluﬁions but:.a similar expression can béiﬁéed'at cbnéentr€tions low
enough to alléw application of Heﬁry'g;léw.v Am§ﬁg interstitial-solu-
tions are solutiéns of hydrogen, carbon, n#trogen,‘bpron,'aﬁd-oxygen
vin transition metals, Atoms that have leff ﬁhéir regulaf 1attiéé sitéé';
to occﬁpy interstitial positions cén alsp'be viéwgd as being in inter;l‘ . 5‘,5

stitial solution in the parent lattice.
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For a dilute interstitial solution of L in M, the equation that
governs the solubility limit is
l'____ . ' . — _.'v' o b . . : o .
- “DHp iy /RT ST (/R Wy
XL(Msat) = # aL.e (M) e (M) ,' ) ( )

where 6 is the ratio of the number of interstitial positions that may

- be occupied by solute atoms to the number of regular lattice positions,

Values of @ are 1 for octahedral sites in close packed lattices, 2 fof’

‘tetrahedral sites in close packed lattices, 3 for octahedral sites in. -

body centered cubic lattices, and 6 for tetrahedral sites‘in quyf '

centered cubic 1attices,8 L E '

Measurements of solubility of a solute at known activity and two

S
Lt

- or more different temperatures are required'to«predict the temperature

‘variation of solubility by means of Eqs. (3) or (4). - If, however, the -’

’

solubility at any known solute actilvity has been measured at one tem-
perature-only, a reasonable estimate of the temperature variation of

the solubility can usually still be'made~becéuse the partial excess

molalAentropies of solution in the Henry's law rénge_are to a good

approximation.dependent only upon the kind of subs;ance dissolved,

For example,. the partial excess entropy of solution of a solid solute

in a metal phase can be assumed equél to 0 + 2 cal/deg/g atom and the 5if:-’

partial excess entropy of interstitial solution of H, gas in a metal

phase is about -15 % 2 cal/deg/l g étoﬁ of hydfogen;

Activity Series for High Temperature Reactions®?3

The activity series for prediction of reactions in aquéous Solu-f@"

-tions is a powerful generalization from thermodynamics; the electromotive
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force for a givén half'reactién iévnothiﬁgiﬁpre.nof iéSS“thaﬁ thg free
energy per mole of électrbns exchanged, Certainl&, Qe would like to be
able to usé the activity series or a thermédynamic genefalizatién:

similar to it to predict the coursé of high temperature feactions. But
it ‘is quickly apparent that the aquéous a;tivity series'itself is not

a reliable guide fof predicfions of high temperatufe-reactiéns. For
example, although the heavier alkali metals such as rubidium and cesium
‘stand above:aluminum and titanium in the aqueous'activity sefies, rubid-
ium and cesium oxide are readily reduced at high‘temperétures by aluminuﬁ)
" and titgnium. |

We require a new series that describes the relative activities of

‘the elements toward oxygen, In fact, since the different metallic

elements differ in their relative reactivities toward the wvarious non-.

‘metals, we require a separate activity series for the metals toward
‘ . '.;,: .

each nonmetal, Furthermore, because free emergy of reactions are depend-~-
‘ent upon temperature through Eq.?(i), we require a means of incorpofatingv'
the effect of téﬁ?erature into our highvtempefatqre‘activity'series.. |
Fortunatély, neither of these new, problems proves to be difficult tov
vsolvé.u Let us coﬁsider first the matter of thé'temperature.aepgndence;

- As we héve seen froﬁ Eq.,(1) the-change in the free_enérgy of the
reaction with temperéture is.a functioﬂlof the magnitude of the entropy
of the reaction, Entropies of reactions depend almost exclusiveiy-on r
broad classes of reaction and very little gpon‘p#rticular compounas1l’

-within the classes. Trouton's rule is the most familiar example of the

generalizations that can be made about entropies for a class of reactions:

Ce
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the entropy of vaporization of normal substances at'theit standard'
boiling points is approximately 22 cal/deg/mole of gas, Richards' rule

tells us that the entropies of fusion for metals are approximately 2 .to -

.' 3 cal/deg/g atom,

Varlous other classes of reactions ‘are as regular in their entro-
pies as are vaporization or fusion, Table I shows average ehttopies
and average deviations from these averages for various classes of
reactions. Note that the largest single factor that determines the
ehtrbpy is the number of gas molecules that are‘formednor cohsumed infl
-a;reaction; For any reaction in which one solid metallic‘élemeht dis-
,places‘another from its solid compound, AS‘for the everall reaction is
'approximately zero, TFor example, the entropy pfbthe reaction éa(s)

+ 1/2 09(g) = CaO(s) is -24.6 cal/deg, the entropy of the feaction.
2/5 Ta(s) + l/2A02(g) = 1/5 Ta205<s) is 21.6 and the entrop§ of the" -
reaction Ca(s) + 1/5 Tazos(s) = 2/5 Ta(s) + CaO(s) is the dlfference
‘between these values, 3.0 cal/degn Neglect of the entropy 1ntroduces p
" about 3 - T calories error per gram atom of oxygen exchanged,

Because the ehtropy ef reactions that:lnvolve only solidtfeactants
‘and reaction products is alwa&s close‘to zero, the free energies are
‘approximated by the diffefence between~the enthalpies df'formationAof :
the products of the reactlon and of the reactants at any temperature

for which all reactants and products remain solids

For displacement reactions involving only solids,"the enthalpy of-. o

formation per gram atom of nonmetal can play the role that the emf does
in the act1vmty series, For example, we can.subtract.the enthalpy of ."

formatlon of-1/5 Ta205 -97. 7. kcal frem the enthalpy of formation of
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Ca0, -151.8 kcal, to obtain -54.1 kcalgvthe eﬁchalby.of*ﬁhe displ;cemeﬁt
| reaction of the péfagraph aﬁove, and this“enthalpy'approximates the |
free energy of the reaction.
Furthermore, because the enthalpies of formation per gram atom of -
any particular nonmetal are regulafl& arranged in fespect to the posi-_

tion of the metals in the periodic table, an arrangement of the enthal-

pies of formation in the form of the periodic table provides a convenient

‘means fof orgénizing high tempéfature activity informatioﬁ;Q? " For
example, Fig., 2 illustrates such an arrangement for solidAokides. In
Fig. 2 for each glement the oxide whiéh has tﬁe most negative'énthalpy'
of formafion pe; gram of oxygen‘atom is listéa witﬁ that“enthal?y:,
Usually when a given metél forms more than one solid oxide, the one of"
most negatiyé enthalpy of formation per gram atom df oxygénvis.the‘oxiAé
of highest meﬁal_content.

The most stable oxides are arrayed aiong a.diaéqdal that'ektends
.from‘lithium through calcium_and ghe 1anth;nide elements to thorium;
Oxide stabilities fall off in either‘direcﬁion from_this.diégénal;v
though a second less prominent staﬁility maximﬁm is found.ip oxides of
gallium, tin, and lead_v,Simply'by quélitaﬁivelylﬁéting the position.ofA
“an element relative to’therband of ﬁaximuﬁvstability) one:can pre&icg
its approximate position in thg aétivity series:for qétgls relative to .
oxygen, For example,btitanium which lies closer‘than vanadium oxr ”
chromiﬁm,to the band of maximum_stability'wili displace vanadium and - ;-
chromium frém.theirioxideé at high temperéturés;_'fhis qpélitative
predictidn<caﬁ be proved and‘seﬁiquantitativé ﬁsékdf fhé activity
series for metals rel#tive to oxygen can be illuétratédhby subtracting R

i

o
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the enthalpy of formation of chromous -oxide per gram atom from that of "

titanium monoxidé; Thus, for Ti(s) + 1/3'Cr203(s) = TiO(s) + 2/3 Cr(s)

M = -124,0 - (-90.9) = -33.1 kcal. The actual free energy of this
reaction at 1000°K is -31.3 keal and at 1500°K is -30.7 keal.
Obviously the same kinds of limitations that apply in use of the

aqueous activity series must be expected for our high temperature

’

lactivity series., TFor example, if titanium is heéﬁed with an exceés of

" chromium oxide, titanium dioxidé rather than titanium monoxide can be
expected as the feaction product, just as in aqueous solutiéns iron métal
may be:oxidizedﬁto the +3 state in the presence of an excess of oxidizing-

‘agent despite the fact that the emf for the overall oxidation reaction

" to that state is less than that for oxidation.to Fe' 2

1
)

’

Similarly, reactions may occur that cannot be predicted from the-

y

activity series alone, For example, if silica is equilibrated with
aluminum metal the reaction products may be alumina and elemental sili-

con, but if excess silica is present the alumina will react with this

silica to form mullite,

’ﬁ‘?itative predictions of dispiacement reécﬁions from enthaipies 
of formation of the solié compound from the'éolid elemeﬁts are usually
dependable even if a reactaﬂt or a prodﬁét dfvthe displacement reacﬁioﬁ_v .

-happens to be a liquid at the temperature of interest so long as the

other reactants and products are relatively insoluble in the liquid

+

phase, .However, if either a reactant or product is.a.gaé unde:vthe
conditions of the experiment or can vapérize‘out of the reaction mix-
ture, the effect of the entropy of reaction upon the free energy cannot

be negleéted. Sodium is a poor,reducing agent fbf oxides at high

W ¢
' '
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.temperatures in part because its ogides héve relatively;low eq;halpiesl
of formatioﬁ, but also because the elemeﬂt itgelf is highly v§latile.
Carbon, silicon, and germanium, on ;hé other hahd, ére all excellent
reducing agents for oxides because tﬁe monoxides of these'elements,
while having relatively small enthalpies of.férmation in comparison td
the stable solid oxides of other elements, ﬁaﬁe entropies of formation
of about +21,5 cal/deg/g atom of_oxygeﬁ compéred to =22 cal/deg/g atom
of axygen for the solid oxides. ‘\ o |

By taking entropies as well as the éﬁthalpies'into‘account,iwe can.
incorporate these elemen;s which have importaht gaseous oiides into
our oxide activity series. TFor the reaction 1l/4 Fe304(s) + C(s) =

'3/4 Fe(s) + CO(g), M,nq = -26.4 - (-67.0) = +40,6 keal while AS,gq &

298
+21,5 = (-22) = 44 cal/deg. And AF° 7 40,600 - 44T so that at 1000°K ;-

" or above the reactipﬁ has a neéative standard‘free<energy even though |
the.enthalpy is positive. | | |
A particﬁlarly convenieht fo%m of high temperature activity'series_
was'demonstratéd by Ellinghau;in 1944,;0 Eilingham plotﬁeduf:ee enefgies
of formation per gram atom of nonmetal vs temperature, ?igure 3 shows
an Ellingham plot for a few selected oxiéés.' | |
iIt is apparent thatithose oxides whi;h 1ié towara the bbtfom’of}
Fig. 3 érexstable relative to reduction by the elements with oxides
“that lie higher in the figure, The free eﬁergy change for displacement
of one element from the oxide of ‘another can be bbtained by'findingvthe.
difference between the free”energies at.the deSi?ed teﬁperatufe: ‘For |

example, at 1000°K for the reaction 2/3 AL(£) + ZnO(s) = 1/3 AL,0,(s)

+ Zn(2), AF ¥ -110 - (-60) = -50 keal,
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Notice that just‘as the emf of haifvreécti6ﬁ$ for solution reactions
are affected by concentrations of r;actants or.prbducts, the free ener-
| giés of formation of oxides,are affected byvpreésﬁ;es.of reactants or
éroducts. The entries on the plét are free energies forvoxygen réapting
.at one atmogphere pressure, The liné labeled PCO ='10"3.atm is diéplaced
from that labéled.PCO =1 atm by:RT In ¥0-3. | »

The Ellingham plot clearly illustrétesysoﬁe points about the éffgct
of entropies on relative stabilities with chaqging temperaturé. The
curves for solid oxides are all nearly parallel below the melting points
of the metals since the.intercept for each curve at T = O°K is ﬁhe heat
of.formation at 0°K. It is appafént thét for a displacemeﬁt reaction
involving only soliacreactants and products the differencé in free
 energ§ of}p;oducts‘aﬁd reactants is little differént ffom the diffef;nce
) befween the enthalpiés of products and reactants, | !

The stabilities of solid oxides decreasé wigh teméerature because -
the numbér of moles of gas is déereased,‘and'theventroby écéordihgly
increased, by the reaction ﬁ/n M(s) f 1/2 Oz(g) = 1/£ Mhpn(s). The
-free energy of formation of carbon dioxide changés little with tem-:
perature,because the number of gas molecules is unchanged by the
reactionkp(s) #.Oz(gj\f COé(g). ‘The s:égility,of Co(g) inc£eases Qith'_;
temperature because the reaction C(s) ; 1/2 Ozfg).% Co(g) inVolves'a‘_{ y
net increase in the number of moles gf gas‘and a corrééponding increaée_
in entropy, o | |

, v o S .
Actiyity series for metallic elements.rélétive\tolotﬁer nonmetals
can be deveioped in.exac£1y the manne£ tha£:Wé have iliugtrated fofl

metals relative to oxygen. When the series thatfrésult'aré examined, .

[
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the most stable fluorides are found to bo on tﬁe'same bénd across the
periodic tzble as are the most stable oxides,‘while tﬁe most stable
chlorides, bromides, iodides, sulfidos, and selenides are displaced
from.that band toward the lower left-hand corner of the periodic tablé,_
and the most stable nitrides and carbideéxére displaced slighﬁly to the

right in the periodic table from the band of stable.oxides, Thus, there

- is a gratifying and understandable pattern in high temperature stabilities

.-

which emergés Qhen chemical experienceis evaluated in terms of thermo-
dyn;mics. We.could extend the onalysis farther and deVelop activity
series for nonmetals relative to' various metals--but a prudent professof_.
never. extends his lecture boyoﬁd the hour, to do so is'to waste wisdom,

or at least to waste effort.

[y

When I outlined for one of my graduate students what I planned to

cover in this talk he remarked, "Oh yes, the first half of your course

in High Temperature Materials, " There is a distressing germ of truth

to his statement,

Perhaps I have flown over 2 bit too mnoh ground. I can only" plead
that a scan from the air is the bestrmeans for dlscernlng the main )
features of tle terraio I hope that thls paper may provide perspective

that w111 be helpful to some of you in pursulng in depth toplcs that

have been skimmed over here, R  _ . v . .

G

e
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- N_umber'of Average

Reaction type exampl_es - AS®s (cu)

(2/n) ManNa(s) = (2m/n)M(s) + N:(g) 7  45.2 & 2.0

(2/m)MnOa(s) = (2m/n)M(s) + Os(g) 64 44.4 = 2.6

(2/n) MnSa(s) = (2m/n)M(s) + Sa(g) 19 43.0 & 4.2

(2/n)MF,(s) = (2/n)M(s) -+ Fi(g) 22 30.3 + 3.2
(2/n)MCla(s) = (2/n)M(s) + Cl(g). 92 86.5 4 2.4
(2/n)MBra(s) = (2/R)M(s) + Br:(g) 9 35,5 & 2.4

(2/m)MILu(s) = (2/n)M(s) + Lo(g) 6 37.3 & 2.4
2M(s) + O:(g) = 2MO(g) 18 41240

2M(s) + Falg) = 2MF(g) 14 416 = 6.5
M(s) + O:(g) = MOs(g) w85 =21

M(s) + F:(g) = MF:(g) 8 5.9 = 3.2
Zo(g). + Xa(g) = 272X (g) 62 3.6 =25
15 . 23.9 & 3.0

Zo(g) = QZ ()

* From Kelley and King (1961) and Stull et al. (1962).

Table I. Entropies of varidus classes of reactions.
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Fig. 2. Heats of formation per gram atom of oxygen
‘ ' for solild oxides,
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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

B. 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 behalf 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.








