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CHEMIS'l'RY AT UIGII 'l'El>!l?T:~..'J.WJi:S: 

THE PROBI..Eli OF REDUCUIG ClD~·I!C.AL N.r'l'ACK 

.Dep,or~ment of l·:!inel~a.l Techl"lolot:.'Y o.nd 
IaMr<:1nca Rctdi€1-tion L.<J.boro.tol"Y, Inorcw..ic I"'i1.:1.t<;lrio.lo Research Di V.i.Eiion, 

Univer::licy of California, Ecrlwlcy · · 
\ 
\. ' 

' .• 
I 

\ !i Introduction 

The cernnliot or met<:!~lureist seeks for high tel.i1}_)era·ture a.pplicatiol).s 
\ ! 

. . I t 

substances t·rhich are as resistant to all l:'..inds o:f' reac·ciona as posnible. :. : 
. I' 

I 

·.HI.?! 1-rlshes, if possible;, substa.nces thn.t are thermodynamically stable in \ . 
i ' 

' I ! • \ 

their high temperature envil~onmcnt. If ouch materials e.re not av~lable : 

or a.:re prohibitively expensive, he vrloheo subet.o..nces whose reactions lrith 

chemicals in the environment are uo slm1 and. ho..rmleso O.D pozsible. · 

. ' l 2 
In t1-ro recent pcyers. ' the author h:.;.s cliocussed the thennodyiw.mic 

gen .. ~ral:i.zo.tiono that can be for.mulatccl for hiGh tem;perature reactions. The 

Ol"ientat:i.cn of the Pl"esent paper 1-rlll be deliberately more practical. For 

o.mplification of the discussiqn of thel--m.odyn.."'lmics (Part. II) and for maey more 
I , 

Ol">Oci:f'ic eim.m;ples and ref'crences, the reader mey consult references l. and 2. 

· In this paper '"e i·lill briefly ruwJ.yze factors that' determine thcrmody-. . . 

. nomic stability o.nd factol~s tho..t i~fluence · the kinetics of rGlaction ·of A 

coli d. The rea.cti vi ty of. solid 1nciteri~s to t1vo impol'tant high tem;perature 

:r.cDgents, oxygen and cru."bon, l·rill t.hen be outlined •. 

. .. 
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A reaction can o.ccur at a gtvcm tempera"tm·e end pressure only i:f the . ;.;:.' 

Gibbs free energy of reaction is negative •. The thermodynamically stable 

vroclucts of reaction al."e ·chose substances that can form with greatest de~.· 

crease in the free energy of the system. Changes in chemical stabilities .,.,ith.· 

. increased temperature can always be· .traced to changes in the relative impor- · 
' . . . . . . 

tance of the t~qo terro.S' that together determine the Gibbs free energy of the .. 

possible reactions. 
. - * . ' 

Al.lve:ys & = .6H .. 'US where !iF is the Gibbs free en~r~ 

of reaction, .6H :U;; the heat of reaction, T is ·the absolute temperature, and 

1::S is the entropy of reaction. 

:For qualitative discussions of che.."lges in the free energy of reaction, I 

both .6H and t§J can be considered to be independent of tempera:liure so long:~ . 
2 . 

no reactant or product undergoes a change in state. lvith this approxima:t.ion, 

. the free energy of reaction is a. linear :ru.riction of temperature. ~'he key to 

understanding and predicting the changes with temperature in the thermody

namically stable subst~ces in DJ."ly particular system lies in evaluating the 

changes in bond energies and the chane;es in entropies in the possible reac .. 

t;ions. At temperatures clos~ to absolute zero the entropy term can ma.1{e only 

a small contribution to determination ot the free energy of reaction; but 
. . . . : ~-

the importance' of the entropy terra increases \-Tith temperature, and the l,arger 

the a.boolute valu~ of !:13 the more rtt-pidly the free energy of' rea.c!"t;ion changes 

.as a. function of tell).pera.ture. At 10\v temperatures the them.odynamica.lly 

stable chemical species in any system will be those of maximum total bond 

energy, but as the temperature rises' species that have lesser bonding energies 

but higher entropies become increasingly important. 

.: . 

. :.'' ., 

···\ .. 
1, ·. 

I• 
I 
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Fo::ctU11.[1tel;y•, entropy chunces depend to a good firot approxinm:cion only · · 
-.,;~ 

on "ilhe.:c G,"<.me:~.~al kind of rea.cti6n occurs ond. only secondc.ri.J.y depend on the 

ntle is that the entropies of 'V":'lporizo.tion of' t!1t.i.r.IY substances at their no:nnal 

the ent.rox)ieo. of. fusion of' most met~ element a are about 2. 2 col/ dcg/ gram-

o.tondc 1-reight of the metal. 3 ~ 

Siffiilnr useful generQlizations can reediJ.y be developed f'or VP~~iOUS other 

classes of' high tC!ill)er.ature reactions·. Fol~ €XQlll]?lC the entl'"O}!ies of :rea.ctiono 

in 't-ihich all. reactants o.nd :products .a:rd ordered crJsta.lline solid.s are about 
,l 

0±1 caJ./deg/ grnm-atomic 1reight of' reactant or product. As a result solid 
' 

sto:tc reactiono are o.lru.os.t eJ.iJey"S cxotherm:l.c 1 i.e. t2ke place with a net · 

increase in the bondiv..g cmel"gy' '1-rhich, by convention, me~s that they tol1.e' 

:place 'tdth o. neeG.tive heat of rea.ction (but see references 1 or 2 for a 

d.iscussion of the circl.U113tances that give rise to endothermic solid state 

reactions). l!'"'ilrthc:rm.O:re 1 if ·an · e:~tothermic solid state reaction is foulld to 

occur' o.Jc oxry tcmperat'l.ire; the reaction can . be ej;:pcc-'ced to occur at any other-

t~mrpcratm~e p:ro·v-lded that the temperature is not lmrerod to tcmperatm--es o.t ~. 

1rhich the. reaction rate becoo.es. in~canu~o..bly slow· and lll~ovidcd tho.t. the 

. teril.J?ero.tm~e is not raised high enou.gh sq that some reo.ction 1nvol Ving a 

chane;e .in state supervenes.. This· fact f'ollo1-rs because n(n·r subnta.nces can b<i-

come the stabie ·reo.ction produc"'c;s .as a result of' o. chonge in the tem:pc:~. .. o.t1.u'e 

only if' the di:t'f'crence bet1--:-oeen the contributions of the TD.B term to the free 

enerw of the com;:?eting re~>.ctions is conlp::.trable in magm:t;ud~· to the difference 

be·~v.;cen the heats of the C011f,.Oe1:.ing reactions. For solid state reactions the 
.. ·· :,·. i. 

T6;S l">er e;x·o.m-o.to:mic t·might of reacta.nt is usually of the 6rder of' ±1 kcal 

·, ""'· 

I 
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·and .t:.H per ~am a. toni is usually of the· order of -10 !teal. 'rhe difference 

· between tvro ·such small TCS terms wtll seldom be larger than the difference 

between the generally much larger heats of possibly CO:tlll>eting reactions. 

Illustrations may be helpful in demonstrating practical applicationS 

of the above a.re;umentG. 'To predict, for example, whether or not one solid· 

element can displace another .elemen~ from a solid compound to form solid 

. reaction products, we need only knotl the heats of :formation of the compounds.· 

of the tvro element~. Thus, to determine whether or not the reaction " ; . 

can occur at sxry temperature pelovl the melting point of a reactan·t; or product 
i 

. 'w"'e need. only calculate the heat of the reaction• This heat is simply 

AR£'(1'103) .. t.Iif'(Al203) = -201 + ~.00 = +199 kca.l (at 25°C)
4 ·~ . 

Because the heat is positive, reaction would not be expected and, i"urther

mOl~c, since the.free energy of such a displacen~nt reaction is little changed 

by fuSion ot one or more of the reactants or products, reaction is . not ex

pected even above the rn.eltin~ point of both ·P:Xides, although here tre must be 

· cautious because some solution ·of a "b.mesten oxide in the·.molten alumina 

might occur. The possibility of solution c'a.n.not be. evaluated :from the above 

calculation. 

' Our chief danger in using a calculation such as that above to predict 
. . . . 

' . . . 

whether or not two substances may react ~men heated together lies not in 
\ 

the boldness of the assumption that only the heat of reaction neG:d be calcu.:. 
. . . ' . 

ln.ted to enable us to reach ~ decision.? but in the possibility that we have 

overloolt.ed some other reaction that m.t;;;y occur instead o:f the reaction for 

~¥h1ch we have .Performed our calculation. E::..rperiment confirms our prediction 
. ' 

~.:t. ' ' ··: + 
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that ~(;ungstcm viill not; react ~r:.tth a.luminur.t oxide at or even above the 

me::~lting point of ·alumilta. to jd.Cld conc1ensed pho.so r·3ac·cion products. But 

if tt:mgsten end e.ltunino. are hea~ed tog~t.her in. vacuo 1 they do react to 

yield a gaseous sub-oxide of a.lumillum plus tungsten tr:i.oxide ea.s. The 
. 6 ~ 

p&rtio.l preooul"Cs of these oxides are bet\ll'een 10"" Md. 10-::> a.tmos at 

2500°K so for some purposes ,for which tungs~en end. alumina mig.ltt · be used 

in contact' the ga.Geous products vTOuld cause no trouble. Hoi·7ever, for 

other ;applications, in particulnr those that require tungsten and a.lum:J.uo. 

to be held in contact for long periods, vaporization mi~t remove signifi

co.rit quantities of material.. A method for setting on upper limit to the 

rate of reactions ths.t yielcl gaseous products is presented in section · 

III .. B of this paper. · 

The pl .. o'blem of selecting the reaction that i.s most likely to occur 
., 

when a metal is heated vrith a metal carbide, ~ metal silic1de 1 or a metal 
. . . . 

boride . is :pa:rticularly difficult because me.ny of the transit ion metals 

form more th.an one compound -vrith carbon, boro111 or silicon. Often a metal..·· 

ll1."l.Y react with one of 'chose compounrls, not to displace the other metal as 

the free .element, but to form a compound of the reacting metal and a new 
. . . 

COTilpOUl'ld of' ·the· second mete~. Furthermore the uncertaintieo in the. heats . 

of formation of metal carbides, borides and s11icides are often so iar(i$e 
. . . . 

·. · ·that the calculated hea.t;s of displaceni::mt reactions tnvolving those sub• 
• ' ' f' 

ste,nces become highl;f uncertain. Under these circumstances, the "t-risest 

course is to reso~ to expcr:i.mental test of whether or not a suspected • 

ree,ction ce.n take place. :Because entropies of solid ctate reactions are 

·. s1nall, we need. only establish that a given rea..ct.:ton does or does not occt1r 

·.·.at one -temperature to be nearly certa:!.n that the sD.!ll6 reaction does or does 

• I, 

': \ 
=: 

,·. 
·· .. 

i 
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not occur at all temperatures for which only solid state reactants and 

products· are important. So, for example, to dec ide whether or not boron . ·· · 

will displace silicon. :from tts ·carbide, we need only heat boron with silicon. 

carbide at _a single temperature. If reaction to form boron carbide end 

silicon is found to occur, we have our anslver for all practical tempera-· 
I • . 

tures, but if reaction is not :found to occur, we should attempt the reverse 
' 'I "< '• l, • ' 

. . ,. . . ' . . 
reaction in order to be sure that ·a. positive free en.ergy rather than un-

favorable kinetics prevented the first reaction •. 
. .~. 

The worl5, o~ performing a. solid _state ternary reaction study such as 

that for.the silicon-b~ron-carbon system just mentioned_can be facilitated 

and the interpretation much stmplified if any available reaction information 

is used to. develop e. simple isothermal ternary phase diagram. This approach 
. I . 

. 5 2 
is outline ·in previous papers. 1 .. 

I 

We haVe seen that when solid state reactions are under consideration, , 

reac~ion products can be predicted usually from knowledge only pf the h~ata 
. . . . 

of the possible reactions. Ho~rever,· when a reactant· or product of reaction 

is a gas, the entropy of reaction has great influence in determining which. 

substances will. be stable at high temperatures. The mos~ important c~~ ,: 
I 

of_ ga;s-solid reactions is· probably that in wh;ich a reactant or product .1~\ a 

diatomic molecule. Among substances· stable as ·diatomic gas molecules ove~ a 

wide range of pre.ssures at hfgh temperatures are oxygen, nitrogen, :hydrogen, 

the ha.l.ogens, the hYdrogen halides, carbon monoxide, sulfur 1 selenium, and 

· phosphorus. This· list includes most of the · gases that cause serious corrosion 

of materials at high temperatures. When a mole of one of these diatomic gases 

reacts with a solid to yield only solid rea~tion.produots, the. entropy change 

is about -40 cal/deg. A''.better average entropy change for reactions of a 

·, _-
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the.t gas are conoidered. 'J'or oxygen and ·nitrOgen ·reactiOnl treated ea a 

separat~ clasa, .. better average 11 ...44 to J.:' .ci.l/des/D»le u4 tor bromine' 
. t' 

ge.S ~eactions a better ave~ ··u .i1]6 o&l/Aes/'IIJOle. '· 

. . . . :~~~~---··~· . : , . . . -: 

Th~se high negative entropiea ot re~tou .... a large poaitiTe contri•'. . · 
••' ,o I '0:, ' • • 

, • •·• ·:· ·! 'bution to the tree energy ot. :reaotion• r~ ·t~ reactiOn·eo(•) + iOaC·sl* ' :.:· ~ '· 
• . ' ' y. .... . • ; ;' 

CoO(s), tor example; Ali29S • •5! kcal, tso·s.a -~-~ ~0 ~al./deg~, and ·.-< ~ · 
the approximate contribution ot the .,..W;t•rm to tluttrH' energy ot re• ~ ·:.'.; 

. . . . . ' \ ~~ ~ . . ' 

action is about +20 kcal. at· 1o0oex: and +40 kc&l at 2o0otx. Becawae of . . , 
. - ; ,'# • • - •. • ·, - .~ •••• 

• • I I - ~- •• < ~ ' '·· ·." . : .. I • ' • : f ••• 

their high negative entropiea''•ar formation ~-:the_ metal and 'the 41atom1a '• ,·_: .. ;: 
. . . . . .._ ', ._.\; ..... ~_~,. ·-: ~ . .-, . . . . . . · .. ~- -~ .. ~, 

gas, oxides, nitrides·, lcy'dridea, aul:t14ea and. hal:idea han. tzoee energies · '· ;t· 
, ' 't •' :l I 1 • ' ' ,·I \ 

1 

.' 

I '~ ' • 

of formation th&.t become rap14J.¥ l.esa negative vith ib.areuing temperatures. . . ~ ! • 1 
! , •' ~ , ,. ' • • 

0 00 !) ' 1' :~ . ', ',', ,• ~' ' I ·, • ' 
1 

: i :':' ,
1 

· ·' . At sufficiently high temperature• aome ot auch · _COJitpO'Wlda decompose back to · .. 
• • . • • • ;_1_\' • :!:;·:·1:>,; . ! '·. , • ~;.·.· t j 

. ',> . the elements. The de~sition 8D4 vaporizatiOn. ·reaot1ou ot retraato~ . ·. i 

>··: I -: ' . ~ .·· • .. ';. -:.,1! ~~~···.~~.;i_ '_:-~ : .. ·. , . . : . . 1. 1 ,{·-l/ 

compounds wUl be discussed sn· a eubaequent aection• At thia point we need,· j 1 

. . . . • \'' I -~ . • •• ' ~ .-, • ~ . ~ •·. ' I • • • ' • ·_ • 1 

.bn1.y alte tvo ·importAnt··exmzti,~a· ot·the etteet·:·ot·'·tb.' htsb negative entropy: ··· 
• ' ' • • • : • ,.! • ',!~ ~-.·~:;~'i :· ... '. _:. ~ . . ! . ·. ·: ... •. 

of condensa.tion ot these 41itomic ps molAculJiil · t.ud' the high poaitive 'en• · -',' 
• i '•', ·::'1 .'·: '.(:_ 't • :/: ~~. ·_,' ,,,: •I ~ .. ~-.:':'! 

tropy ot theil' tormatioD. in 'intluanoiq the -oour•• of reactiona• .. ·. · · 
' · I • • '· '·ji 

I I 

0 

.\ : ~ .. ~ ! I '1 ~: ~~·:. !' ::·~-.: 1 ;.~' ' ' t' • • .. I , ', 

· · · A· familiar example ia provided by the ra~id· 'ibcn!ue 111 the ettectiv~na'ss · ;· 
• ' ; ' • 0 • •· ' • ii • • ;ll' ', ;: r ' ' ., : ' '/,,~ 

·_: . ot c~bon as & reducing agerit .it1th inareutni{tlm.Peratlire. Carbon mOnoxide,· :.::;~r 
;,:: 

1 

• • • ' , o •: ;' .f~ ,. ;{;·~;,:':,>••,: · ... J • :' • ~ '·.~.\ 

. silicon monoxide, and ·ge~i~ monoxide b&ve. more negative heata ot formA• __ 
. ·-1~ ·. ~1'."!,'~~.... ~ ,-

. tion than any other saleoua ~idee, but the~ beata ·of formation, all·. 
• . . ; ~ • ' . t . 

\; 

near ·20 kcal, c. very low c~ to the bU.t~- o~'·ro:nu.tion' ot most aolid . 
. . . 

• \' 1 ' f' • ~ •, ' t• , . , ,, 

. metallic oxides. The heats ot 'formation ot ao114 oxidea range up to ··150 kcal 
' . , ~ 't t ( rj . ;~ _. •. ;, ~: • ., ', ~ . . . , • 

per gram-atomic weight ot oxygen in the aol14. M a aouequenae, at low· 
·. ,,, '· .... ' . . . . ' 

temper~tures, where the _w_ c~tr1but1on to -.~::re~io~ au~h- aa re3(\(~) + ~(e) • 
\ .... 

4 CO(s) + 3 J'a(a) 1a amal.l, carbon vUl ~·reduce· moat utall.S.O ox14ea, bat 
, 'p:• (' :·~·~: :t.'' .... ~ ,; J I 1 I . 

';• I . . . . ' 
. -~ .. ( ~ i.\~ 

' 



.. 

. • 

·:·•' .. 

at nigh tamperatures, l;.srtiaular~ ~ the carbon monoxide 1a cont1nuousJ.1 · 

re~ed by.pwnping or by awe~~ With a Cai"rier 8U1 reaction can be 

· carried ·to eompietion. · · '· 
·. 

0

0 ° ' 4 0 , I 

0 

' 
0 

I 
0 

' \ 
0 

O : :, .. I ~ 
0 0 

, < ' 'o I 0 , : !'· : I 0 ' • ' • • 

A oomewhat leas tam1l1Bl" · axfilllJple ot t~ importance ot entrow changas · 

in infl~nc~g reaction.'eq~iltb~ia' 1s :pr~idad by the 'lJebaVior ;of 'tnmait~n .. l 

' '• ; ' · .. ' • •'; •, :4. •. • ,· ' ,I • : o' : • •, .' ,' \' : .\'.; 

metal carbides, silicida.a or nitrides When heated in nitrogen. Such cOm• 
. . 

pounds are often. att~ked 'by nitrOgen ·-at relativ~li ~ temPe~attires~. sq.·. 
: . : ~. . . : .. : . . . . . . . . ~ . . ·: . . .. : . . . . . ' . ' ·, ". '·:· ... 

around 15oo~,- but are not attacked at ~isba~ t~·raturea,:· ·~ .. 2ooo•. to 
• ' i { • \ , .' I 0 , • 'I • , r • , • ; ' • ' • • ' • • ' '~ , • • · '! ' • 

·2500°K •. A ciispla.Qement reaction :such as '.riC(a) ·.+' iN2(s) •··'.rm(s) ·.+ C(s) .. ·:, 
,' .. ;'. . . . ,'.' . ' .. _- . : . . ,'; .. : . ,. •. ::I· .. I. .... .', . ' ' . ,,. '-: .. , ... 

· proceeds to the right ·at loW .temperatures because at 10v temperatures the.·. 

~re negati~e ·h~~t ~t :rormatio~ or· Tm ·(about ..So .1tc8.1 ~~ ~~·or 'rm· . 

' , . 

. .. ' ' ~ 

) 

. ~ :· . 

~ . 
•\. 

\ 
. ·'· 
• 1.·. 

• • .. : :· • • • • : • • • • • • • • • • • • • t • • • ~ , : • • ; r .. , · 
compared ~ about -45 'kcSJ.. pEir mOlt! ot TiC) dete~G I the~ reaction. equi],.~po .'. .• . -\ ·:: 

e\. 
. ·,~, b~ium,. ~t at' hisher. te~rat~~ the ne~ti~e ent~w. Of reaettOn~ ~22 eai/ . I 

; . . 
•, • ' ' • ' _l • • • :· ,.\ • • : ·'" : : ' 

deg, ovarbal.ances the differen~e in the heats of fol'I'IIAtion.· It should be 

remar~d, ~ever~' that the k~et1c,~ of readtio~- tbat involve .nitroge~ as 
' . . . 

a. reactant or ·~ product are · somet 1mes · much sl.ai(Gr . than reactions of other. 
. . 

diatomic gases, and the thermodynamic~ predicted reactions involving 
. I . f . 

J • t' 

nitrogen sometimes do not occur in the time ot e.n experimental study. . . . 

More deta.i~d ci1scusa1ons of the use of thermodynamic ganer&l1Zat1ons 
' . . \. 

to predict or understelld the course of' hiSh temperature ·reactions can be . . . 

found in the earlier ~bliee.tions. of .t~ author112 and in reference~ 6 and 7. 

In applYing thee~ thermod;ynall11c generalizations ~o atud1ea ot apecifia sys- · 

telnG, compilations of thermodynam1o data ere e.n indispensib_la atd.· · A~ndix 
. . 

I of' this paper contains a. list of such compilations -that J1JS¥ bt useful. 

'· ... 
. !.. • 

I. , 
! 
! ... 

• 

.. 

: ~· ' ·; 
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!!! ... Kinetic Considerations 

A. General Comments 

't-lhile ·the final equilibrium that can b~ attained among reacting sub· . 
, , : • • , ' , • ~. 0 ' 

0 0 
I ' 

0 
' , 1 

. I 

sto.nces .. ia pura4' a function of the chemical components present end ot tem-
.' • 0 I 

0 
, 

1 
\ O O 0 •',,;. • 0 

0 
o 1 I O I 

0 
o O ( 

· . perature. and pressure 1 :the path ot t'M · rea.ction · 8.nd tb• rate ~t the reaction ·. 
... ' o • o • • ': < • •' o• o :, • ., ', o . I ••.·.,.·,. ' f' ,•,'•' ' ·' ,' ', I ' ' ', • ' I •' 

o • H . ,• • 

·:·· .,. 9-epe.nd <:>~ ~ Y.a.;"iet~ .of.:eddit~~ v:ar~b~s.1 : ~.ft:Etnj.~ :r.~~he~.~ubtle:v~.·. 
' ; o ( o • • • • • ' ' ' ' , ' '• I ' • ' ' • • 

· · .. ·.Among these variables. are particle size, ·1'ho ... ,«tXtent of. mixing, .rate .of. .. dif'· 
. ' ·, ., . .' . : ,. . • • . ' . : . . ' .. : . \, . . i 1 

• • . ; . • : . • II ..... • : •• \ • I: l ; I • ,. ' • . . • • I • • . .. ~-- • c : , • I •. ' ..... • . • ••• ~ . ' • . : ~ . . .. ; • t .t ~· • : 

. , .. :fusion,. the. presence Or absence Of irlert 6QS$S 1, ~d eYGn 4'\l~b peyaical 
o ' ' I ' ' ' I • ' ' : • ' ' o ' \ I ' ' ' ; I' o ; ! : ' ,• •) ': ~ ' l, ' ; ' I :• ' • '• ,., : I • I• ' ' l i I ' : ~ .:. :' '! • • • ' ' • ' ~ ' • • • ' '' ' ' ' • o 'I 

. propert.ies of~ t~ .sol~s 9r liq.uids. ~~ttrn,c;t ae. $,t~~h1 .. 9-osff~ient of , 
' o • ' • - • • ' • , • • : • ' • • , ~ • ~ ,' • • ' / I • ,; :) .•' j, • • ·, ' ' ' , • I ~ 

• , , • ' 1 I 1 , •' I 1 ; • ·') . 

,,. the~ ~ans~on, .. ~ viscosi~Y•. : . :····.;. :. :· .. , : ... ·: ... : ,: : ... : .. r :.: 
. . . . . . . . . 

... . . An. :understanding ·o~ the ~c~.is~ ~~ lo~id .. a't~~ reactf:ons, c~. ~ of '.'. 

v~ry practic.al ve.J.us.: . A. s~r;Udns .example, of this fact .. is .. p~ided. by th~ 1 . 
' , I 0 

0 

' ' o • • 1 .,.1\ • ' 'o ' • , 
0 

• 

0 

l 
0

0 

I :· 

.. beh~Vio~. ,of e~~et;lta.l ~~.1~ ~~e.rd 9:X:~da~~o.~· .. ~~. usua+ ~ctatio.n is 
, • ' ~ • ' ... • ~ • .. .. • ' ' ' ' ·, ' ' I I ' •' ' ;_.. o • ' o • 

it\' ' : 

. that ths rate .of oxidation or .. rp,.'ey m~tal.viU increase with .increased QXYgen 
! ' • . ' . ' ' ' • J' ·, ,; • ,· o ' : '•' " '\ \' ·,. ' ( ,'~ ~ ', ' :, ' '• ', •\ • • o • ', i • • • i' ' '• : • :' ' •' • .·' ' : • : I ' •' I 

. , pressure 1 . but· tpis. expectation. ~· somet~es .wrong •. , Ov~l". a ;eonsiderable . 
. . . . . ' . ' . .. . . . . . . .;· ' . . . . . . ·~ . . . ' ' . 

' . . 
, . temperature:range the rat~ ,.ot .. ~idation,ot ge~1UD1:actu.e.l.q ·decreases· 

. . . . ' . . . . . . . 
with increase .in the. oxygen pressure ~ the sys~em~ This ,'peculiarity. has 

.. ,: : . ; ·, . ·. . '. . .. ·:· .• . ..·. ' . . . ., . . :. 8 . : . . . . . 
been satisfactory explained .~Y ~eJ11Stein. and :~'bicc1ottt •. ~.:They haye shown 

'· ·,;: '· •' . . .. : . . . 

that tWo ~()mpet~g processe~ I oc~ on, the ·surface, of germaniUm in .oxygen 
I, . • ' • 

••, I ' . . ~ ! • I 

atmospheres •. :A condensed .phase .layer ot ge~ium.d;toxicl~ torms .end.1gaseous 
' • . i ' ' • : • • • I • • ' • ~. ' . I '• • •· . ' ' I '•' : ' ' ·, ! ' • ' . : I ~ \ •' ' ' ,' ' • • lo ' 

GeO is evolved •. At high oxygen pre.SS\l.l'eS. :the 'formation .ot the condensed 
. · .. ·.. . ... : . ... ::~ ·····~·i.l!:··. ,-t~.~.\1 •• :··.·.·t.· ':''. . 

phase dio~~de .:Predominates ~d a ~h~ck protective .. l.qer is built up~ .. At low 
' ·, ' ' ' 

1
,. 1 • '• • 1 I 0 ' 

. oxygen pressures tho ~r remains .~hin end. th~,..di:f~ion process ·necessary 
, . : • . · • ', • ,· '••, _'' : 1 '1 ' ' i ' ,• ' . '· ' . ' 

for evolution of ,GeO goes at a nte~ rapid, rate. Perkins, .R$1dinger. and · 
' ' • . ~I. • .'.! ' • '• • \ -' '' ' ' o ·; • ; J ~ ' ' • : :, ' ' • .. ' ' • I • • ' -; ' ' ~ ' ' ' ' . • ' ' • 

Sokolsl~ have sb~;-.the.t t~ ;ate of .oxidation ot ·mo~enum diailicide 
' •' • • I ·~. J • I' ' ' . . 

is also faster at raduce~.oxygen pressures· thaD 1t.ia at one atmosphere 
• • I ~ j ._ ' 1 t I. 

oxygen pressure .• 
' I o '~ . ; ,' 1' 

• 
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In this section of the chapter the author will present and illustrate 

some generalizations about reaction kinetics that 'llJIXY help the materials. 

scientist or engineer to overcome chemica.l problems that he encounters in 

development of hish: ~ratUl'e materials. The reader is warned that this 

is a greatly simplified treatment of a complex subject. For fUrther rea.ding 

in topics related to solid-state kinetics the e.uthor pa.rticularly recommends . . . . ' 

. . , . . 10 
11Reactions in and on Solids" 1 a. recent translation of a text by Karl Haut:f'e. . 

Other help:fu.+ books include referenoes ll; 121 131 14 and 15~ 

B. Reactions L1mi ted by: the Rates C1f Arrival of Gaseous 
Reactants or Departure of Gaseous Products 

AJ.though for rea.ations in general there is no pr~tical cOnnection 
' . . _,.: 

between thermodynamics and kinetics, tor sublimation reactions, condensation 

reactions1 and gas-solid reactions usef'ul u;pper limits to the rates ca.h be 

calculated. from combination of kinetic theory tor gases with thermod.ynGmic 

data. This methOd of calcUlation ·is very useful because for many 'high tem-
01 • • I 

:perature e.ppli~a.tions ~e choice of materials is limited o/ the rate at\ 1 

' . 
Which the Illl!l.terials sublime or react with gases .in their envir011ment1 e.tid. an 

• ' ' II 

' 
upper limit to the reaction rate often i~ all that is needed to establish 

. ' 
that a substance will last in its envi,rcmment for same specified design time. 

· Reaction cannot proceed at a rate faster· than the rate vi th 'Which 

reactants are su;pplied. to the reaction surface or than the rate at Which 

products leave the reacti~ surface, 'Whichever rate is smaller. The rate 

a.t which a reactant gas 1s supplied to the surface can be calculated :f'rom 

tha preasure of the reacting gas through the application of simple kinetic: 

. . 16 /( >' . theory. . Z a P ~hrMRT 1 Where Z • moles ot reactant that strike the . 
. . 

-~ ·' 

· . surface per un1 t tiln$ per un1 t area~ P • pressure of ·the·· reactant gas 1 · 

M = the molecula.r weight of the ga.s1 R • the gas constant,· arJ.d. T =- the ( 

absolute temperature. With P in atm, T in degrees K, and. Z in grama/cm2/hr1 

this bec~s Z a l-.596 x 10~ P/(le)i. The ma.xiinum. rate at which product 



.. 
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gase~ can ieave the reaction surf'a~e can be calculated fran the oa.me equation 

(the Hertz-I..rl:nglDu.ir eqtla.tion) it the eqUilibrium· pressure of the product 

gas a.nd its' molecular Weight' are substituted into the equation. The equilib

rium pressure can bG calculated tram the equati~ /SI0 
a -RT.tnK, 'Where !::3° is 

the standard free energy 'tor the reaction e.nd K 1a the· equilibrium constant~ 
! • ' • ' ' • t \ i •': 

· · Application ot the La.ngmu1r equa.t1Qn to calculation of the· ma.ximuni, • 
• • I 

. '. 
• • '.. ' •• • \ • : • • ' # 

rate at which a solid will sublime can readily be illustrated by 8.n exath:ple. 
' 4 ' ' : '·,1 

,:-~ . _ According to CoUghlin, the tree er:ergy cit f'ormat'ion · ot ~sium: oxide is 

.-76 kcal at 2000°K. Magnesium oxide is known to sublilDe 'by 'the reaction 

;,··." 
. . ,. . MgO(s) .•. Mg(g) + i o2 (g) .. . : 

and since both magnesium and oxygen are gases in their standard states at 

2000°K, the tree energy ot formation ot magnesium' oxide tabulated by Coughliil 

is the negative ot the free energy fflr the sublimation reaction (i.e., 
' ' . \ . 

+76 kca.l). The pressUre ot magnesium e.nd of' oxygen then are calcUlated tram 
~ ' 

& 0 = -RT£nPMg• · P0 
2 • For free surface evaporation und.e~ neutral conditions, 

2 ' ' , ' . ' • 
the number of magnesium atoms that leave the surface must be equa.l to twice · 

. . 
( 

. the number of oxygen molecules that leave the surface. Therefore, 

~ = 2z0 ., PMS • 2P0·'iy0 , .Eind +76,ooo • -2000 x l.987.en(2P0 -i~~/M0 ·) 
. 2 2 2 ' 2 2 

·. . . -6 ' ' . . ' ~6. 

So P
02 

= 1.5~ x lO and _PMg • .3.t2 x 10 1 and_ the number of' moles, ot Mg 

lea~ the surface is ~ •. 2 •. 75 x 10•3 mole~/am2jhr. 
.. . . . '' ,. 

In the reaction of a 'gas with a solid to produc,e a gaseous reaction 

:product, the tirst step in establishing the minimum ~r limit to the .rate 

that can be set by the Langmuir equation is to determine 'Whether the rate 
I ' 

of a.rri val ot the reactant or the rate ot departure of the product should · 

be the slower process. For example, suppose the reaction W(s) + o2(g) • 

wo2(g) is ,~der conside~~i~•. Acc~ng to Ac~rmann and,'l'horn1
17 tor this. 

.. 



. . 
-> ·. 

.. ' 

' . 

. . ·.' 

reactian at high temperature, t;;r0 = 7136o • 5.80 T cal._..· At 2500°K; theref'o;-e, . 

. _£n(Pw
02

jP
02

>. ~~~.+ 71l4o/2500 ·x 1.~7 ... 
·, ,.,. 

or Zwo VMwo' a 4.2~ Zo iMo I and Zwo ~ 1.6 Zo •.. 
2 . 2 .2. 2 . . . 2 . . . 2. 

under equilibrium condition.S. · 
;-·' 

Since the rate of departure ~f wo2(g) f'rom the surface cannot exceed . . 
the rate at which oxygen is supplied. to the surface,· the rate ot oxygen· .· . 

't .. 1 
. A.l . , . 

. ~ I • 

. ' 

. :.-' 

. : .',. 

. ' 

arrival sets. the smal'Jer upper llm1t to th~ rate of reaction at· 2500°K •. ·,. ·. 
·: .. 

:· 

, 
Although the ~ate ot subllma.tion ~a.lc~ted by the ~· equation .. .· . ,, 

.. L 

.. ' 
• •• 1., •• . , .... 

. ··, 

· must be looked on as r:m uwer limit to the actual eubl1:ma.t1on rate, exper~- · 

ment baS .. established ·that fw ~ kinds of substan~e~ the actua.l rate· ~ . 
. ' - . ~ 

sublimation will closely approximate that calculated. ·from the lAngmuir . 
. . . ' ' . '\ 

·~ .. '\\.' :. ' 

' ' 

. equ:a.tiem~ Present.ev1dence, tor example, indicates that essentia.u.Y a.ll'ot · 

. the :m:etallio elements. sublime· at rates tb.S.t lie between 0.3 and. 1.0 times. 
. . . ' ' . . . 18 
the rate ca.lculated by recourse to the !Angmuir_ equation. Most simple 

oxides and other salts appear :-to sublime at rates tbS.t are at least o.ol· . . . 
times the rates predicted by the Langmuir equation. 

. . 

In the event, however, the.t some surface reaction is necessary. to pro .. 
' • f _1 

due~ the vaporizing species from those that e.re p:-esent in ·the crys:ta.l lnt~ · 

tice, an act~va.tion energy ~ier'for this surface reaction~ re~uce th.e 

a.ctua.l rate of sublimation -~o a value .. many orders of magnitude below the 

predictions of the La.ne;mu1r equation.·· Brewer and I~el9 have pointed out 

that mod.ifications of arsenic, :ph99phorous; a.nd. arsenous oxide, which contain 

as units; in the crystal lattice those molecules Which are the equilibrium 

vapor s~cies 1 show apprOXimately the rate ot sublimation predicted. by the 

I.angmuir equation, 'While other modifications ot the same substances which 

have different lattice ·units show rates of sv,blima.tion as little as io·6 times 

the predictions ot the Ioangmu1r equation. . . 

' . 

'.\ 

· .. 

.l 

,. 
,j 

·~·~ 
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.Among solids of high tempera.tu.re interest, the nitrides and phosphid.es 

are classes of materials which can be expected to show lower rates of sub· 

lima.tian than predicted by the Langmuir equation. Gallium nitride has 
. ' . ..6 . 

recently been shown to sublime at a rate that is approximately 10 times 

the predicted rate. 'l'he experimental 4ata lend support to the concluaion 

that the slow step in the ·gallium nitride subllma.tian process is the forma- . 
• . 20 ' 

tion of the N2 ·molecule on the surface. · · 

Reactions between gases and solids to produce gaseous reaction products 
" . 

rr:.ay also· sanetims be contro~d by the ,rate of a slpw reaction on the sur:f'a.ce 

of' the solid. Rea.cti~ of m<:y-gen w1 th .'bare. tungsten . to produce gaseous tung• 

sten oxides, tor example, proceeds at high temperatures and low gas pressures . ( 

at a rate that I11B¥ be only 0.1 to 0,01 times the rate at which oxygen is 

supplied to the reaction surface even though equilibrium coiisideratioria pi-e':" 

diet that essentia.lly. all the arriving oxygen should be ccinverted. to gaseous .· 
21 . . ··. 

tungsten Oxides. In tact, although the rate of reaction at a constant 
0 : ' M Oo 

oxygen pressure increases With temperature 1n an apparently normal exponential· 

manner over a Vide temperature range, at very high temperatures the rate 

passes through a maximum and decreases 'With further increases 1n tertpera.ture. 
. - • ' t . 

The .temperature at which the maximum is reached is increased by increased 

oxygen preas-qres. For example, t11e maximum is at 2l00°K when P
0 

"'\ 10-1 a.tm; 
. . 2 . 

. ..:6 22 
and 2250°1! when P 

02 
= 10 atm. . · . 

· The ma.x1mum cannot be correlated w1 th a decrease in sts.bili ty of the 

gaseous reaction products. Apparently, the. maximum occurs when the competing 

reaction of desorption ot axygen Without reaction becomes more rapid ~ 

. that of; :formation of the gaseous tUllgSten oxide• 

Meyer and Gomer23 demonstrated 'the interesting fact that 'When .cold gases 

a.t low pressures impinge on a hot surface, the rate of reaction between. the · 

e;a.s, and the surface ~ sanetimes be limited by the efficiency 'With which . . . 

. t 

I 

I 
\ 



.~ 

the cold gas is heated. They found,· in particular, that methane gas at roan 

tmnpcrature undergoes almost no cracking on a clean, graphite surface when 

the gra.phi te is held at 2000°K1 despite the fact that methane is highly' 

unstable at that temperature relative to decomposition to carbon and hydrogen. 

De Poorter and See.rc/4 :tound simiiar· behavior when carbon dioxide at 

roan temperature and 10•5 atm pressure impinged on a hot tungsten surface. 

At l8o0°K there is no measurable reaction t~· torm carbon monoxide and tungsten 

dioxide a.lthoueh thermodyna.mic calculations predict that some reaction should , . 

· take place. At 2100°K a small amount o:t reaction becomes observable. 0t 

. the ,carbon dioxide mo~cules that strike the surface only one in· 7000 reac}s, 

however, compared to the prediction of the thermodynamic data that one in 

two should react •. 

Oxye;en shows an entirely different behavior vi th hot tu.ngsten. A"J!J)8r

ently1 oxygen molecules interact much more strongly' with a tungsten surface 

than do carbon dioxide molecules during the time of a single collision a.nd 

can·became heated at the surface to a te~rature sufficient .for reaction 

to ta.ke place.' The chemical· factors which give rise to this striking dif

ference in behavior between oxyge~and carbon dioxide are under investigation. 
' ' 

. One important conclusion to be draw frCil!l the results of tw!eyer and .Gomer 

and of De Poorter and Searcy is that experiments intended to demonstrate 

the chemical interactions between hot gases, such as might be for:mod for 
' ' 

example in a rocket exhnust stream, with materials at high temperatures can

not necessarily ·be satisfactorily .duplicated in apparatus in which the gas is 

introduced cold against a hot surface. 

Obv1ously'1 a static inert atmosphere can reduce the rate of sublim~.tion, 

or of a. reactian between a ga.S and a solid below the value calculated ey 

means of the Langmuir equation. It seems probable, however, that in· a stremn 

of awiftly flo·dng ·gas the observed rate would approach the . yslue predicted . . 

by. the equation. . ~\ 

i . 
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The rate of reaction of a gas with a solid ma.;y be reduced by even a 

monola,yer ot adsorbed impurity. For example, the rate of oxidation of 

graphite or cnrbons by ce.rbori dioxide is reportedly reduced by a factor of 
' . ' ·~ . ~ 

1 at ll00°C 1n the presence of phoapharows oxychloride. Darken and Gurry . 
\ 

report that the rate of solution of nitrogen in molten iron _is reduced by 

a. very significant' extent by such small qutmt1t1es of oxygen that we must 

' ·presume that the oxygen is present as a. surface layer which inhibits the 

. adsorption and subsequent solution of the n1 trtgen molecules~ Solution of . , . 

hydrozen in zirconium metal goes rapidly at l50°C, but 1t oxY'gen or 'Water 
. 27 

. vapor if? present the l':ate of solution is greatly reduced. 

The rate at which a substance vaporizes or sublimes can similarly be 

reduced by adsorbed films. Monomoleculs.r films of· fatty acids and. long-
. . . ! 

chain alcohols have been demonstrated to reduce the ~ate of evaporation Ot 
4 28 .. 

water by factors as much as 10 • The use of such films is being actively 

qons1dered for conservation 0~ water stored in open reservoirs.29 

c. Reactions lVhose Rates Ma)y be Controlled by Solid State Ditfu31on 
I . 

For preferential sublimation of oxie component ot a solid solution (e.g • ., 

Ag tran a .Ag-Pd alloy} or for reac-tion of a gas With a ~olid to form ~ solid 

sol:ution (e.g., the reaction ot silver vapor 1,dth pallad.i:um to farm a silver

palladium solid solution), the rate' ma.;y be limited by a slow rate o:f di:f'f'Us1on 

in t:he solid rather than by the sublimation step. Similarly 1 in a reaction 

between a. ~a.s and a solid phase to produce a new solid phase (e.g • ., ) _______ i 

2cu(s) + l o
2 

.. (g) = c~o(s)). or in the decomposition of a solid on heating 

to yield e. second solid plus _a vapor (e.g., SiC(s) a O(s) + Si(g))., a solid 

state diffusion step %Dey' limit the rate. In order to understand these gaS• 

solid reactions, as well_ as solid-solid reactions and man;r,li~d-solid 

reactions 1 we need to analyze the factors that control solid state ditfu.sion. 

! 
j .• 
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For gas~solid and liquid-solid reactions or tor decomposition ot solids 

to produce a secand solid plus a gas or l1quid1 the ratio of the volume. of 

the solid. produced 'by· th~ reaction to the volume of' that quantity o:t solid 
I 

which he.s reacted is im;portant in .determining the mechanism and, theref'o~e1 
\ 

the ~ate ot ~eaction. i 

Claarly1 unless the solid reaction product is removed 'by same means, . ' 

reaction can only proceed by transfer of' the gaseous reactant or of' the 

escaping gas. through or past the condensed phase reaction product. Pilling 
~ . 

~ ' 

and. Bedworth first noted that for such reactions, when the volume occupied.. 

by- the solid reaction :product is greater than that occupied by the solid 

reactant, reaction can only' proceed by diftusion of a reactant, or of a' 

· reaction product, through a protective ~er of the solid reaction product. 

·Reaction tllen is relatively slow e.nc1 the quantity of ~terial reacted usually 

varies in direct :proportion to the square · ot the time of reaction. On the 

other hand, if the ratio of the volume of reaction product to reactant is 

lees than unity, the reaction rate is usua.lly relatively rapid and the quan-

tity of material that reacts is directlY :pr~rtional to the time of reaction. .. 

The criterion of Pilling and :Bedworth for prediction of whether a 

rea.c.tion will 'be .slow and will have. a rate that decreases with time, or 

'Whether it will be rela.ti vely ra.picl with a linear dependence on time has . , 

proved extremely' useful as a guide in predicting and understanding whether 

attack of oxygen or other gaseous· reagents on a solid will produce a protec

tive or a nonprotective cOa.ting. .A sa.~isi'a.ctory volume ratio does not e.lwo.ys 

result in a protective coating, however, as recognized by· Pilling and Bedwortb 

themselves. A coating which occupies greater vol'llm$ than the substrate may 

£a.il to yield protection tor several reasons: the strains . set u:p 'by volumG 

miSillS.tch ma.y CS.U$e the coatinG to cracks dift~nces in the coefticients 

• 
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of therma.l expansion ID£cy' cause the coating to crack during thermal cyclingJ 

mechanical forces in the environment rrsay abrade or shatter the coating. 
. . r . . 

On the_ other hand, ins~ce~? are known in which a pore-tree protect1~ 
I , ' , '. , 

coating~ becm produced even .th~ the reaation ~oduct occupies a sma.llcr 
. . 

vol'UTI!.e ·than the rea.ota.nt. F~ ~le1 the iron produoed _by reduction of · 

vruatite by hydrogen a.t 68o°C ':forms e. pr;tective layer over the iron o::d.de.3~ 
1-!etal.llc_ niobium produced by the reaction Nb

5
ae(s) ·~ 5Nb(s) +, Oe(g) ~~·a . 

pore-free protective :film over the, niobium germa.nide phase and gree.t:cy re..:. · 
, • ' ' <1J • • ~ • , I, 

· duces the ~ate . of' the deccmrposi tion reaction. 32. 
i 

In both of these_e~les the :formation of~ protecti~ coating is 1 

observed at temperatures in ·excess of the sintering temperature of the mtal. 

' . 
It seems probable that 'Whenever the temperature is high enough so that the 

- , ' ~ : . . 
product :phase 'fl'JIJ¥ sinter, s1m:1lar. protection can be pr~':lced. In any reac-

tion in which a. new solid phase is formed there ma;y be an induction :period . . . . '' . . 

before reaction becomes o):>servable.. rnu.s peri~ is the time necess~ for 

. nuclei of the product phase .to form and (!rOW to· obe~ble d.imensions. Until 
. . . 0 

••• "I • 

I 

I 
\. 
·' 

:._ .. 
'I 

the product la.yer· becomes_ relatively thick, sey o~ the order of 100 to 1000 A, 

the reaction rate ~·b~ controlled by the electrosta.t1.c forces a.ero~s the 

phase boundary' or lim1 ted. by the rates. of the_ phase boundaey' processes. 

For leyers of greater ~hickness diffusion us~ becomes ra~ deter· 

mining and the quantity of. material reacting varies with the square root of . . . . 

the time of reaction6 unless 1 or until1 the product .~.r becomes stressed 

to .the point that cra.cld.ng or s~ng occurs 1 ·in which case sudden increases 
. ' 

in the rate of reaction 'J!J1J3 be observable and subse~en.t reaction ma.y be 
, · . I I 

linear "d th time. 
. . \ 

. Because the initial stages of .reaction may be marked.ly influenced by 
' •• ' ' ' t \ 

. . . ' 
small concentrations ~ ~aae 1m;purit1ee, by :pa.rtfcl.e shape; a.nd even by 

• 
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previous mechanical treatment, experiments in which the relative degree .of 

protection provided. by different coatings is determined from the cx~nt of 

reaction that oo·cu:ra in fixed short-time poriocl.S. ffJB:3' be misleading. For 

eJtample, a. protecti~~ coo.ting of oxide farms On MoSi2 more quickly than on 

1<1o
5
s1

3
, and. after a ·heating period ot 30·minutes at 1500°0 in· 0

2 
a.t 8 mm . 

vressure the d.isilicide has been co~id.Cra.bf,y ~ss attacked than has Mo5st3 ~ · · 

Within a. period. of 90 minutes, however, a sound ;protective coating of oxide 
. .,.. . . ' ' . ,' ' ·. . .. 

on Mo5st3 has normally farmed, and the Mo5si3 may show longer life at high 

temperatures fua.n does an MoSi
2 
s~le. 33 . . . . 

The rates of ditfusion..;controlled reactions clla.r'actUistically can b;t 

expressed. by equations of the form 

Rate = A exp ( -I::II• /Ifr) · .. 
i.e.; the rates of such reactions increase exponential.ly With "telllperature. 

The smaller the value. Of M+,. the activation energy 'tor t.h.e d.ittuGion'pr~

cess1 the more rapidly will d.it:tu.sion take place at any given temperature. 
'· 

·.J 

For alasses of compounds of genera.lly similar bonding types, values of the 

activation energy for self diffusiOn vary rough.J,y in proportion to the heats 

Of fusion or to the he:;l.ts Of SUblimation E.~-~ 'of the compound.. Thus, 

for' a.ny given temperatUre d.iftusiq,n in1 for eXample, a grO'I.ij? of oxides will 
. . . 

of'ten be slO"...rest in that QXide Wich has the greatest thermodynamic sto.bili ty. 

r.rhe TCllilrlalUl tem:perature is the approximate temperature at which bulk diffu

sion through solids and diffusion-controlled solid-state r~a.ctions become 

observable for given classes of materials. For metals and· for inorganic 

solids the Ta.mmEinn teml>erature is approximately 0.5 of the absolute melting 

temperature. 

There are some dra.matic deviations f:ran predictions based on thermo

dynamic stabilities or melting points, however. Fm: exam.ple1 uranium dio.xida 

... 

': ... 
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is one of' the most stable oxides and has a melting point ot at least 2700°K1 

but. reaction of oxygen With uranium oxide to produce a pb.e.se of excess 

~gen content CNer too stoichiometric uo2 va.l.ue can be observed _below 500°k;. 

' Al thoueh there is far from universal agraemant a.mong experts upon the 

:mecha.nioms of diffusion in solids, it can be concluded tha.t most bullt solid

state dif:f"Usion is d.ependen~ upon either movement ot atOII.IS through inter- · 

stices ot the regular lattice sites or u;pon exchange ot atoms With vacancies. 

In the event· tha.t the vacancy concentration' in the lattice ·is ~~~- the e.cti-. 

vation energy for difi'u.sion is frequentzy the sum ot the activation energy . 
! . 

of vacancy formation and the activation energy for vacancy movement. J:?if'-
1 

· 
' . . 

:f'usiOll on grain bound.nriea 1s more rapid than dif:f'Usion inside . the cryste.l 

becaUse· of the ·high concentration of vacancies in the boundaries · and· beeause . 
. ,·~. . '. - . . . 

of the lower thermcxlynamic stability and resultant'lowe;- activation _energy'' 

for a. tam movement at the bounda.ries • 

. Rates of diffusion at tempara.tures low reia.t1ve to tb:e absolute me'ltlng .. 
. ' . . - .• 

point of. a. solid are highly structure-sensitiye. · That is~ they del;)end- .. · · 

strongly on the concentration ot 1mpur1t~es1 vaaa.ncies, . .-d.isloca.tions1 grain· .. 
I 

boundaries and other ~r.tectians.tbat have been introduced by-previous .I 

'I 

'. •' 

. . ~ . . r ~ 

trea;tioont.. Mechanical. working, of course, introduces vacancies and dislOca.· · ··.:·: · · ... ~ 
tions1 whose prosence reduces t.he·a.ctivation energy for. dif'f'usion. 1 

· 

. . 

The a.ctiva.tion energy: t6r grain boundary diffusion is apparentzy alwcys 

·: ~ower than the activation energy for bulk diti"us1on. .AJ3 a res~t, grain 

boundary' diffusi-on be~cames significant at. temperatures below those at which · 

bulk diffusion is observed. In fine-grained materials, grain boundary di:f- · 
·. ' ., . ·. ' 

· · 'fusion tney account for very significant amounts of material tra.npf'er ~r : · 

a considerable temperature ranae. At high temperatures re.l.atiw to the 

. j 

/•· .... 

. ' ~ '• 

·· .. ·, 
·.··i . ·\ . 

melting tem:Pera.ture1 ho-vrever, the introduction at ~ities is aimost al~ .... \':- .· 

. ·I 

• 
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accompanied by a significant change in the concentration ot vacancies or 

interstitial a. toms or ions. Introduction into a. salt of' ions of different.: 

charge from that .of' the :major ion of the same sign, e.g., e.ddition of +2 ions 

· into the ·salt of a +l ~tal1 .is particularly effective in changing the rate 
I 

. of dif:f'USion. Thua, for example, solution of divalent cations 1n o.l.lw.li 

halide salts·· increases the concentration ot cation vacancies. Because 0t 
. ' 

the. increased concentration of vacancies the rate ot cation diffusion a.t · 

·. low temperatures is increased (but shows a. lesser temperature dependence ., ' 

than does diff'us~on. at high tem;peratu:res )~4 .. 

' On. the othe:n hand., if' d.i:f':f"usion at a metal prooeeds by movement of metal 
. I . 

ions on intersti tW ·sites. of e. semiconductor; ad.d.i tion of metal ions ot 

higher valence ·~ significantly reduce the rate of cliftuSion .• 35 For example 1 
• . ~ J 

Al2o3 additions reduce the' rate ·Of diffusion ot zin~ in zinc oxide while. 

addition of lithium oxide increases the dittusion ra.te.36 
The reasons are 

·1,1nd.erstood but ca.nn6t be discussed here. 

Diffusion at temperatures. near the melting point is insensi t~ve to im-
. 

purities and t'o mechanical working because the equilibrium concentration of' 

vacancies produced by ··high ·thermal excitations ot the ~ttice becomes large 

in comparison to the concentration of vacancies a.ssocia.ted. with the introduc

tion of the impurity atoms, and e.bcive the annealing temperature of ;the material 

mechanically introduced ~:_erf=~tions are, o:__:~s2._~ea._~~t out. 

· D. Relative Dif':f'usion Rates arid the Mechanisms Of Diffusion Controlled 
Reo.ctions 

For a. variety of reasonS it is helpful to lmow the relative rates Of' 

di:f':f'usion ot the ions1 atoms, and electrons in that solid phase for 'Which 
I 

diffusion determines the rate of some ch~ca.l reaction. One reason Which .. ' . . 

might not be immedia.teli apparent is that the physical :form and dimension 
' . 

of objeats made by solid $tate diffusion of one substance into another a.re i . . . 
... 
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determined 'by the relative diff'usion. rates. 'For example, if' tantalum ear-
l 

bide is made by thermal decomposition of a hydrocarbon on the surface of' ',a 

heated tantalum rod., the end prod.uat of the proaess is s. !2! of' tantalum · 

carbide. If' 1 on the other hand, tantalum ea.rb1de is made by thermal decampo

ci tion ot a ta.n:talum hal.idG WPOl"' on a srQ.l)hi te rod, the :tino.l product is s. . 

tube of tantalum carbide which has s.n inner diameter that s.pprcod.ma.tes the 

initial diameter of' the graPhite rod from Which the tube was formed. This: 

difference ~ behavior in these two systems w1 th the same chemical end pro.;. . ,. 
· duct provides a. gr~;~.phic illustration of' the fact that carbon diffuses in 

' 
. tantal'U!ll carbides much more rapidly than does tantalum. 

In ionic substances such as the e~ds formed by metals in their +l 

or +2 oxidation states w1 th the halogens or oxygen ta;in!J.y elements 1 the 
! 

metal ions norma.lly diffuse more rapi~ tha.n do the nonmetal ions. The.· 

rates of' diffusion of'. the slower ions1 however, usua.l.ly increase more:·: 

ra.pidl.y With increased temperature s.nd ~ beeome comparable with the rates 

of the faster ions e.t temperatures close to the mel.,ting pciint. 

For ionG of a giwn charge, rates of diffusion appear to be faster for. 

the smaller ions• ThWJ, sodium c~ be expected to d.if:ruse more rapidly in 

salts than does potassium or heavier alkali meta.ls. The charge of the ion, 

howver, is probably usually more important in determining its diffusion 
' ' 

rate than is the size1 and. the h;tgber the charge ot the ion the more slowly 

it can be ex:pected to diftuse. 

Knowledge qf the relative rates of' diffusion of' a. tams or ions through a 

product phase can help the investigator in finding mea.ns to control the rate · 

of reaction. We have· already seen that a.ltervalent ions may be used to 

·change the rate of ionia diffusion very si~icant)3. Similarly, the reac

tion pf tantalum with carbon .. repla.cement of some ot the carbon by nitrogen 

... 
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aould conceivably' have a marked influence on the rate ot diffusion of the 

re:mo.ining carbon. 

The rates or .dif'fusion of the nonmetallic· components 1n those carbides, 

nitrides, end borides that show meta.lllc conductivity are orders of mgnitud.e 

f'a.ster than the rate ot diffusion of the metallic caixuxments •· In solid ',iron, 

the rates of d.i:f'fusion ot interstitial ele~nts ve:ry in the Order 
I 

R > c > N > Si at MY given temperature. The same relative order probably 
~ • ! il 

would be found in other intersti tisi solids. The ~ates of d.iffus:ton ot the 

slower atoms normally increase with temperature more rapidly than do the 

rates of the faster at·cms. 37 In general, the difference 1n rates of d.if'

fusivi ty Will '0$ least at the mel~ing point and S:reatest at the minimum tem-

perature .at 'Which diffusion can be measured. · . . · 

In interstitial carb1~1 silicide, boride and. ~trid.e solutions the 
\ t 

rate of diffusion of the nOllliietal appears often to be strongly dependent 
.. 

u;pon .tpe concentratipn ot the nonmetal in the solid •. Chara.cter1Gtica.lly1 for 

metal-nonmetal systems in which more than ·one, ~termed.iate phase is stable, 
\ • f, 

· different J;hases form on the surface of the meta.l in ),.ayers in ·the order of' 
. . 

incre:J.Sing nonmetal content. Usua.l.ly' the l.ayers of phaSes of low nonmetal 
5 '\..-' 

content· are very thin relative to the )..eyers Ot the phase of highest nonmetal ... 
.. 

content for ea.ah sistem. , : . 

There is same evidence· that for·~ class ot interstitial solids 1 sa;y 

the ca.:rbidea 1 rate of diffusion of' the no:nmeta.l in the solids is highest 1n 

the phases that have the lowest heats of f'cxt'mati~• 'l'hus, a ~r of mo:J.¥b· 

· d.enUDl carbides, which a:t"e . of relatively low s ta.bili ty cCIIIIP3.l"ed to· tantalum 

or niobium carbides, forms m~ rapidly at a _given temperat'llre than does a 
·' 

la.yer ot tantalum or niobium carbides~ : . . . 

" < 

. 1,' 1\t, .• 
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Ql.a.litative data. suggest tha.t rhenium is a less effective barrier to 

carbon diffusion than is molybdenum or t'Wlgsten despite the tact that rhenium 

does not react with corbon to form a rhenium carbide phase. Ca.rbon dissolves 

to a. small extent in rhenium meta.l and because it is only Wea.kly bound, 

ctittuses thrO'Ilgh the metal rapidly. 
J 

In the transition meta.;L carbides, sili~ides 1 nitrides, end borides, the 
I 

non-meta.ls diffuse as atoms. The rate ot reaction depands onl;y upon the 

ra.te ot ditrUsion of the non-meta.ls 1 which are th~ most rapidly diffusing 
'·. 

ccmponenta ·of the .prOO.uat );lhases. For sane reaations1 however, the rate 

'!IJD:Y depend 6n d:t.:rf'usion ot the second fastest kind of particle. This point 

.can be illustrated by contrasting tbe mechanism ot a reaction ot a gas with 
' . 

a meta.l to form a semiconductor o.nd. the mechanism. of reaction of a gas w1 th 
) •. .~:' . 

a metal to form a salt tJla.t has no electronic conductivity. 
. ' 

In formation o:f' silver s~ide, which is a semiconductor, the rate of 

reaction is controlled by the rate at which ·silver ions dift'u.ae outward to 

' 
. react with the gas at ·the exterior surface of. the product layer. Electro-

neutral! ty is :mainta.ined by the rapid transfer of • electrons as well as the 
. ·; . . . 

silver ions outward through the sulfide ley'er. 

· In :f'arma.tion ot an electronioal.l.y insulating alkaline earth halide from 
·.• .. 

the metal an~ the halogen, reaction can only proceed through the movement of . . . 
. , 

counter currents of positive and negative ions. The. reaction product mtis:t 
.,"f 

remain eleotrica.ll;y neutral end reaction prooeed.s at a rate limited by the 

movement of the second fastest of the two ions that pass through the proctuct 
" . 

leyer. 

Diffusion controlled reactions that yield gaseous products have another 

limitation. The :rates of such reactions must norma.lly be limited by the 

ra.te at which the solid reactant is transferred outward through the :protective 

.. 



coating, no matter whether the solid or the gaseous. reactant difi"u.seo more 

rapidly through the coating material. For example, in the rea.otion 

2Ge(s) + o2 (g) == 2GeO(g)1 the .rate Will be ~ted by the transfer of ger

Illtlnium out through the germanium dioxide layer. This statement is OO.Sed 
. ·' . ; 

· on the premise that the gaseous reaction product i:t' formed. anywhere other , · 

than on the outer surface would be unable to escape except by formation 
·,. 

of bubbles 'Which have sufficient .pressure to fraature the coating. No such 
. .· . . ' . 8 ' 

boiling J;lhenamenon was mentioned in an experimental study. At high tem- · ' . 

pera.tures this process Ina\V' in fact become importantj its occurrence should 

be signaJJ.ed by obviollS bubble formation under1 or ·in, the oxide phase • 

. E.. Corrosidn by o.r thr?W!}l Liquids 

Diffusion through liquids is very much faster than diff'uaion throueh 
'· . f 

solids. Sometimes an OXidation reaction that initial.ly follows a slow, 

parabolic rate la,w has been observed to undergo a. sudden transition to a,, 

ra.pid1 linear reaction 'Which can be associated with simultaneous tu.sion of 

the oxide surfa.ce film. 38 The presence ot oxides .that a.r~ low melting ~ . 

that Will contribute to formation ot low-t~atu.re eutectics1 e.g., l-ioo3, 

v2o
3
, Pb01 or B12o31 1s therefore. often undesirable Wb~n oxidation ~sis

ta.nce is sought. 

'Often a liquid pha.se may seriOusly corrode a solid even though the 

solid 'has ·a. very low solubility in the liquid. This corrosion occurs 'When 

a slight temperature gradient exists in th~ liquid so that the solid can be 

dissolved a.t the higher temperature and be precipitated at the lower tem-
, I 

I 

perature \~here the solubility l:1mit iS exceeded. Whenever a liquid is used 

as a heat transf'er medium, the possibility that mass transfer in the temper

ature gra.dient Will cause corrosion must be seriously' considered. This 

problem a.s well as other possible sources at metal corrosion are discussed., 
. . 8 

with illustrations.; in a valuable short reviev article by Cubicciotti. 3 .. 
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IV. · Stability: of Solids in 'rwo Rig1l-Te!nJ2era.ture Environments 

A. Sto.bili ty tov.ra.rd O'..cygen 

As exanr,ples of the a.na:cys1s of the problem of finding sui table materials 

for high temperature use we 'f1J1J:Y' consider the reactions or various ma.terie.ls .: 

With two important high-temperature reagents: oxygen and carbon. These·· su'b- . . ' 

perhaps as heat-transfer fluids. 
I 

Most of the familiar solid oxides are, of course, stable toward (xxy~n 

a.ttaek.1 but a. few exceptions are. wprth noting. Uranium dioxide reacts at 
' ' 

only a. few hundred degrees to absorb additional oxygen. Ignition in e.i.r at 

ordinary burner temperatures produces. u
3
o8• Above about 1350°01 uo2 becomes .. 

stable toward oxygen attack because at such temperatures the dissociation 

pressures of higher uranium oxides exceed l atmosphere. Similar oxidation 

reactions are un®rgone by Ce2 o3 and several other rare earth oxi®s. Normal 

barium oxide (Ba.O) and stronti~ ·oxide (sro) can be oxidized at ·relatively 

low temperatures to the super-oxides :Ba.02 and Sro2 • .. 

• 

I. 

\ 
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None of the high-melting sul:fides1 nitrides, phoaph1des1 carbides, 

sil1cid.es1 or borides are thermodynamica.lly stable in oxygen atmospheres. · 

Same of these cam.pounds show moderate to good oxidation resistance, however, 

because of formation ·ot a protective coating of e. metal oxide. A~ently 
', ; I 

the greatest oxida.t1an res1stanee yet e.c.:hieved tor compounds of· this class 

is sho~m by silicon ce.:rbide and mol.ibdenum disillcide (see seet1on III-C). . . •· .. 
These tvo subata.nees can be. used for many hours in oxygen or air atmospheres ·. 

at temperatures up to l6oo or l700~C. Above this temperature dit'tusion 

becomes rapid through the silica. coating that provides protection to both 

of theoe substanees •. Qf' the solid elements only gold1 silver, pla.t1num1 

palladium, iridium, and rhodium are thermodynamica.l.l;r stable toward oxygen·, 

e.t high temperatures. ot these, rhodium and iridium are the highest melting. 

The prospects of obtaining solids, other than oxides, that are thermodyno.m- · 

ice.J.:cy' stable toward e.ttaak by oxygen at normal pressures above the meltihg 

point or' iridium (2454°0) can be canpletely discounted. The probabilities 
. . 

of success in developing effective protective oxide coatings for use above 

this temperatura are perhaps sma.ll1 but .must be explored vigorously • 
. ' 

:a. Sta.bill ty tov'ro.rd. Carbon • 
'' 

When carbon is heated With a stable meta.l. oxide, the Usual reaction. is 
... 

one that produces carbon monoxide gas plus the metal carbide. The extent 

to 'Which such reactions proceed e.t. 13XJY given telJ?.Peratura may depend to some 

degre~ on the rate of transport ot reaetants t.hrousb the carbide layer. 

Beryllium oxide ·is sa.id to be the· oxide that is most resistant to carbon 

attack. 39 Though it- is by no means certain that this conclusion is rigor

ously correct, the relatively negative heat of formation of :seo and the. 
' . 

fairly low stability ot .:se2c make BeO tbermodynamica.lly less vulnerabl~ to 
. \ 

carbon attack than almost any other o:ld.de. 
\ f 

' 
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All the· oxid.es react w1 th carbon a.t high temperatures unless the 

carbon monoxide :pressure is maintained highe~ than the equilibrium carbon · 

monoxide :pressure for the oxide-carbon ·rea.o:tion~ The effect of the CO .. 

pressure on the effectiveness. of carbon as a reducins agent is discussed ... 

in reference 2. , 
. . 

The stabilities of borid.es1 sillcides1 and nitrides toward carbon e.re , :I 

'i ~ .. · { ~ ' 

best ~scribed 'in terms . of siln:Plif'ied te'rne.ry :pbase diagrams· as discussed in ~- · 
. . . 2 . . . . . . . ·. '. _/:,:. 

' a. previous review. The im,portant ;campOUlld.s of these c.la.s.ses for taa.teria.ls ·:i 

.. ·.·.applications ar~ those of the transition metals of groups rv, v,. and V! • . 

Cantlllonly the most stable boricte of a. given transition meta.l is stable to 
reaction With ca.rbon1 wherea.i3 1 ts borid.es ot higher or lower non-metal cori-

·\ . 

. :-' 

-·:·· 
; 

· ... 
• !• '• 

.. ··' ... ·.: 
tent are unstable. For example, ZrB2 is stable :oward rea~t1on With ca.t"bon1 i &·.· 

While ztB .and- ZrB12 are not~40 Tr~ition metal nitrides. are usua.l.ly etabl~ : .. :J.·· 
toltard carbon· a.t low temperatures but becana unstable above sOiile Character-

..... 
··t -: .. 

\ istic temperature for ~ given nitrogen pressure. For l a~• r~2 pressure, 

. the. cba.ra.ateristio ·temperature~ lie from 1200-2200°0. depending on the transio. . 
. ' . 

tion metal. For a spec:itic ·nitride this temperature c:an be. estimAted from·. 

the equation ,., . 

. ~ ( 

. . 0 • 0 . 0 : . .· . • . . 

where .6H298, &
298

, and bS29B are the hea.t1 the free energy1 and the entropy 

change at 256 C for the rea.c:tion ~(s) ~"~ x M(s) + ~q2(g). The entropy change 
. ·.. . . :. . . •l' . . ' . 

far this reaction is always e.bout 22±2 .cal deg. Storms has recentl;y'. reviewed 
. . . ·. . ' . .. 4i 

the properties of high·malging nitrides. 

Of the high-malting meta.J.e, .all ot the six platinum metals and rheni'UIIl. · 
. i' . . . 

a.re stable to attack by c:a.rbon e.t temperatures below 2000°C. Above that . 
. . . . . . . . . 42 

tem;perature soma ot these meta.la have been demonstrated to farm carbides. 

• I 
I 

• !· 
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APPENDlX I 

Sources of Higb. Temperature Thermodynamic Data 

.source 

Kelley, Bull. ·u.s. :sur. ·Min .. , 

Kelley 1 Bull. U.s. Bur. Min.,. 

371 and 476 - .,-

Bichowsky and. Rossini, Re1nhol.d1 

New York 

KeJ,;Ley1 Bull, U.S. Bur. Mint; 1 

407 --
Rossini, et al1 C1rc. u.s. »ur. 

Stand·., 461 

Rossini, et al, Circ. u.s. :Bur. 

Stand., Series III compilation 

NBS·NACA 'Tables of Thermal Prop• · 

erties of Gases' 1 Circ. U.s. 

Bur • Stand • 1 564 ( 1955) 

.Title or Description Date 

. ' 

Entropies ot inorganic substances 

High temperature heat contents and · 

entropies ot inorganic substances 

1932-
1950 

The Thermochemistey ot the Chemical. 1936 

Substances 

Properties ot carbides and nitrides 1931 " . . J.·., . 

,.., 
t,. 

1947, ,-· 

Inorg&.nic substances to 5C>CXtK (issued 1947-' 
date 

in sections) 

0; 021 N, N2 ,_ H, ~~ He, Hg, Co2, C01 1949-
1951 

NO I and A to 5000°K '· 

'r· 

Brewer 1 Bromley 1 Gilles and Lo:t'gren1 E~ts a:oA inorganic subatances · 1950. 

National Nuclear Energy Series 1 

Vol. IV·19B1 ed. Quill, McGraw-

Hill, N.Y. 

Latimer, MDDC-1462 (rev)· 

Latimer, Prentice-Ha.ll1 lf .y •· · 

Ribaud1 French Air Ministry Pub. 

No. 266 

I 
. : \ 

inclUding nitrides, carbides, 

sulfides, sUicides, phosphides, 

halides 1 and common gases 

Diatomic gases to 5000°K 

The Oxida.tion States ot the Ele· 

menta, 2nd edition 

Gases at -~igb. temperatures 

... 

1952 

1952 

1952 



' · .. 

Source 

Rossini, et. a1; Circ. U ttS• lhtr. · 

Stand., 500 

Brewer,. ·Chem. Rev., _21 l (1953) 

ROSf?in11 Amer. Petrol. Inst. 

-30 .. 

:Title or Description 
I 

I . 
. Selected Values of Chemical Thermo• 

dynamic Properties, Series I and II 
. . .. . 

. Properties of oxides and their · 

. vaporization processes 

OrsaniC molecules to ·1.500~ ': .. · 

Date 

1952 

1953 

1953 

Project ~ Rep., Carnegie. PNss · ·. 
' . . . t 

Coughl1n1 Bull. u.s. Bur. ~.1 
'' 

\ 542 

Zeisej s. Hirzel, Leipzig 

Ficket and Cowan, J. Chem.. Peys.1 

§_, 1349 (l955h Los Alamos 
I 

Rep. LA·l727 

Hultgren,· Orr 1 et ·al, ·Minerals 

Res. Lab., Univ. Calif. 1 Berk. 
.. ' . ~ . . '(, ..... 

''t' 0 0 
,. I o 

Heats and free energies "of formation · 1954 

ot inorganic oxides 

· . Thermodynamik . auf' den Grundlagen der 

Quantentheorie, Quantenstatistik 

1954-
1957 

und Spektroskopie·. Bd. III1 . · 

Ergebnisse in tabellarische und 

o # I •,: \, -I! ' . ' 

"' :.,_ gra;phische Form 

. ~ Properties ot ~rg, ·co, :s2, NO, o2 , c2, · 1955 

· ···: co
2

, ~o and ·~aphite to ia,oooOx · 

. . ' 

Properties ot metals and alloys 

{'issued ·in sections) 

1955-
date 

!Ca~z and Margrave, J. Cham. Phys. . Free energy functions for. gaseous 1955 

23, 983 (1955) 

General Electric 1 McGraw-Hill, 
.~ : . . . •, . 

N.Y. 

' .. 'I' 

atoms from H to Nb 

·. Properties of CombUstion Gases 1 Vol. I 1956 
·•:; 

. ~--.I, Thermodynamic Properties. Vol. 
';•.( '' ' 

: II, Chemical Composition of-Equi• 
\' 

·.' ·.·: l 

:. , librium Mixtures 
I < ' ' .. ' •• ;~,! 
: t•'/~ ,:.·1 ··~ '• o' I • ~ . . . ~. 

I '• ,of; 

. . .. . . . ~.· 3 .. · 1 1, •• 
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. '• 
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Source Title or Description 'Date 

Kolslcy, Giluer and Gilles 1 J. Chem. Plzy's. 1 Properties of 54 .Elements con- '1956 

gr, 494 (l957); Los Alamos Rep. LA·2ll0 

Kubaschewski & Catteral.l, Pergamon,London 

Roginskii1 A.E.c. translation No. AEC

tr-2873 (1956); Nuclear Sci. Abs., ll, 

'lo488 (1957). 

Stull a,.nd Siilke, .Amer. Chem. ·~Soc. 

Adv. in Chem. Series, No. 18 
. -"'!-

Glassner, Argonne Na.t. Lab. Rep~ ANL5750 

Kuba..schewski & Evans, Pergamon, London 

lk>ck.ris 1 White & l.fa.cKenzie 

?nYsico-Chemical Measurements 

at High Tem~ratures, artterworths1 

London 

Brewer & Chandrasekha.raieh 

UCRL-8713 

Dow Chemical, J.ANAF Interim. 

'l'hermochemica.l..Ta.bles 
.'· 

''- .. . • ~ . 
.. I 

i 

sidered as ideal monatomic 

.. c.::gases 

Thermochemical Data of All91:s 
. ~...... ~ 

The:rm~l! tunctio~ for 

isotope molecules 
~ . . 

. . 
. Properties of oxides 1 fluorides and 

chlorides to 2500°K 

Matellurgica.l Thermochemis;tr,y, 

3rd edition 

1956 

'1956 

1957 

.1958 

Free energy functions 1 beat of forma- 1959 

tion for gaseous atoms 1 some common 

gases, condensed phase binar,r and 

~ ternary oxides, carbides, hydroxides, 

8.nd sulfides, Free energy 1"unetions . . 

.. ·for condensed phase elements. 

Free energy fUnctions for gaseous 

monoxides 

1959 

pomplete thermodyDBmic data over ex- · 1960 

tended •;-,temperature ranges for 

substances or rocket propellent 

~ interest • 

• 

,\ 



Source 

Rand & Kubaschevrsld1 

Acker.t:tJSml & Thorn, ~og .in . 

Ce;ram; Sci. 1 .!_, 39 .. 88 · 

ed., J. E. l3\.:Q:'4e · 

llre't-rer & ;Brackett, Chem~r . 

i .. ...:., r ·-

1,· • 

~~r & Ro~enblatt1 Chem. 

Rey_. i §2:, 257-63 

Brevre~ & Pitzer, ,l'he~cs,... 

McG:~;aVT-Hill, N.Y.· · 

Kelley ~King, Bull. t].S. . .. 
atr. Min., 592 

~itle or Description 

·lUsh tem,perature heat content, 

heat ca.pa,ci ty and ent~py data 

for el.en:lents and iJl.OrGaniO com-

. ·pounds 

Date 

. The:rmochem:icaJ. Properties o~ 

ura.nitttn. com;poutlds . 

.·1960 

,. 
\Te.poritation properties of oxides · 

Free energy fUnctions for condensed 

and gaseous diatomic aJkalj halides, 

EnthaJ.pieo of sublimation and disso""' 

ciation;. · 

iEnthalpies of' for,matipn ~f condensed 

.. 

and gaseous diatomic alkall ha.lides 

·Dissociation ene;ogies of gaseous metal l96l . . 

· dioxides 

Free~enel;'Q' :f'unctions end heats of ~or-
. . . " 

. /, . ,.. 

·mation for gaseous elementsJ solid, 
l I 

liquid, and gaseous halidess solid 

and gaseous oxidesJ carbon canpounds 

. end relAted canpounds.. Free enerf!Y 

·functions for solid and liquid elements 

·Entropies Of the elements and inorganic 1961 

CCIIlij?ounds 

• 



I. 

t 

Haa.r 1 Friedman, & :Beckett 

Nat. Eur. of· Stand~ 

Monograph rf/eo 

',' 

Freeman, Olaahoma State Univ. 1 

Res. Foundation Rept. #60 

Kelley, ·Bull. u.s. :an-. f.1'1n. 

6ol (A l"'GP~it:ti. of l3ulletins 

383 (1935), 384 .<1935), m 
.. 

(1936), and 4o6· (1937)] 
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Title or Description· 

. fberm.odynamic functions (up to 
,,_,, 

"' · 5000°K) of gaseous binary 

' eydrides, e~uterides and tri

tides 
'. 

Heats of formation of ~inar,y sulfides; 
·, 

solid, ,.liquid and gaseo'lis 
. ' 

'Free energies of vaporization and va.Por · 

pressures of inorganic substances. 

Correlatioris and applications of the 
. ' 

thermodyna.mic properties of metal 

carbonates. .Heats of fusion of inor-

ga.n:Lc substances. · Thermodynamic pro- · 

perties of sulfur and :1. ts tnorga.nic . 
compounds. 

Searcy & Flnnie, J. kn,., Ceram. .Hea.ts of formation of metaJ. silic:l.des 

'Soc. 1 !±2, 268-73 

Storms, L.A.M.S.-2674 (I) 
~. 

-5a.1 and -6a.. carbides · · 

Thermodynamic· pra,perties ·of gro-u;p 4a.i 

-5a.1 and -6a nitrides 

'. ··.: 

•. 

Date 

1962 

·1962 

1962 
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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 information con
tained in this report, or that the use of any information, apparatus, 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 information, apparatus, method or process dis
closed 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 Qf the Commission, 
or employee of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract with the Commis
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