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UCRL-10821
. CHEMISTRY AT NIGH TEMPIRATURES:
THE PROBLEM OF REDUCING CHRICAL ATTACK

' 'Ala.n V. Seavey
Dcparbmem:. of Mineval 'I'c.chnolog_w and

Laurence Radistion Loboratory, Tnorganic Moterisls Research Division,
TUniversicy of Cc.li;omia, Berkeley ) '

I .In“croduction :

_ \-
The cc.rmim or metallurgiet secks for high ‘ccrr@emturc anplications

_ P
substances which are as x‘eqsta,n’c to 2ll kinds of reactlons as pocs.f.ble. !

‘He wicm.s, if possible, gubutmccs thn.t axre thermod\/mmic.ally stn'blez in \

i

thelr high tcmmcra*cure envix omacnt. If such materials ere not available -
or are prohibitively expensive, he wishes substances whose reactions with -
chemicals in the enviromment are asg slov and harmless as possible.

- 1 : | R
In two recent papers’ ’  the outhor has discusged the thexmodynsmic °

" generalizations thdc can be .Lov'nmletcu for high tC'nper ture reactionu. The

ovientation of the present poper will be deli'berately nore practice.l. Tor .

omplification of the discu sion of thelmadfmmics (Paxt II) and for muny nore

..;pcciuc c},ample.: and mmx’ences B Jz:]ma reade may consult refercnces l.a.nd 2.

-~ In ‘bhls pcper we will ‘bmc 1y arw.lyzg_ factors that’ determine thembd:}-

-

“nomic s'babili‘ty_ end factoz;s that ingluence‘ the kinetics» of reaction-of &

solid., The reactlivity of‘.vsqlid materiale to two impoz*tant high temperature

xcégcn'bs s OXygzen and carbon, will ’c.hén'be outlined, .
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| . :‘n reaction can oceur at & gﬁven t@mperature and pressure only i; the

1bha free ener@y of reaction 18 nerative., The thermodJnamically stable
'  prOdICCa of reaction ere »!sse Subatances that can form with greatest de—f{_ "x‘
. crease in Lhe free cnmrgy of Lhe system. Changes in chemical atabilities ﬁith

' ‘inCreased temperature can always be traced to changes in the relatxve_impqr~.f

“tance of £he two térmé“that tbcéther'aéterminé the Gibbs-ffee'ehergy'éf tﬁé:”

possible reactions. Alweays AF = AH TAS where AF is the Gibbs free enﬁrgy B

of reacbion, JaV:| is che heam of reaction, T is the absolute temperature, éhd'

55 is the entropy of reaction.

For oualitative discusszons of chanﬁes in Lhe free eﬁergy of reacnion,)i
-':botn‘AH and AS can be considered to be independenc of temparabure 80 long au; : : J;
no reactant or product undergoes a changﬁ in St&t@ee Nith ‘this approximation, a
~the free éaérgy of reaétion is a linaarrfunction of temperaxure. The key to
"underSuandinﬂ and predicting the changes with temperature in the thermody~
namicelly stable substances in any particular system?lies in evaluating the -
| changes in bond énergies and the changes in entropies in the possible Ir2ace

tlons. At temnaratureg cloee o absolut° zero the entropy tarm cen make onﬁy
& small contribution to determinetion of the free energy of reaction, but

the imnortancé of the entropyvterm increases with'temperaturé, and tﬁe‘larger

the abs olute value of AS the nore rapidly the free energy of reaction changes

88 a function of tvmp»rature. At low temperaxures the thermodynamicelly -

gtable chemical species in any syaﬁem will be‘those of maximum total éond

energy; but as the temperature riées, species thaﬁ have legser bonding energies

but higher entropies become incressingly importent. - ' o

»
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For'*:,una'teiy, ém‘:row ch&ngeé dépen& to a good first app Llon only.
on‘ whet gtmemi k.izid. of reaction oceurs "snc‘l only gecondurlly ucpend on the
porticulor chemical ésubésiancea involved. For example a famliox end useful
:mle‘ .w; 'thr.i" the entroplies of vv‘pori'"”’w.on of mony substances at"thé-ir nonmal
boiling polnt are about 22 cwl/deg/mrﬂm of gas ("‘routan 8 ru.lc) Si.milarl;/,.
"i:‘ﬁe ntI'OP’@u of mbion o.c' rost nets callic clc.mentu are “bouo 2.2 cal/dcg/gram-—
Qtulflic weight of thé me‘tal.s R S - )

| u.m:s.lﬂ,r mc“ul gcn\,r‘ﬂlzzations cen read..gly be dcvcloped for ‘V"l'lO‘L.S ot hér
clgcgc& of high temnerature reacr,ion.a. Fur }“_mplc the entropies of reactions
in vhich ell reactants and producbs o.rc ordered cryaca.lline golids are sbout
Ozl cal/dcg/(,fmr‘-awnuc vei,_,ht oi‘ reactant or product. As a re ult sol:.d

st e reactlonu zu'e a.'l.mos‘c.. e.lwsgrs e.xmhcmlc, i. e teke pla,ce m‘c‘l & nnb

incrense in ‘che bondi 4 energy whlch, by convemion, means tha:t they. tal«;e\

‘ Q}.ace w:mh & ncg,""s.vc heat of reaction (but sce re.{‘ercncms 1lor 2 for a

5.is<;ucs ion of the circmtances tha.t give rise £o endothermic solzd ctb.tc
reactions).v Furthermore, i'f'-an ‘exothemic solid' stote reaction is fouid to
cecur ' ab a.ny 't;e.me.catwe ’ “the. reaction canbe expected to occﬁr'at a.n;y other*
tcz;wcrﬂtwfe vrov'lded 'Lha*c the teupera uurc is not lom_.ced to %onmeracures e:b —
.rhich the reaction ra.cc becomcs i:;zmc,ewurg,bly slow and providcd thot the |

c.maera.ture is not reised high ncugh so that some rcact:.un 1nvolvinb a

cha.ne;e ,in state supemne .‘.:“I]:ziu fac'z; follo‘rs bec@usc new pubﬂmnces cm be-

'c.ozhe the &1 table resction produc ts .08 a resu_'l.‘“ of a chamge in the tempcm"mwe :

only if the dl""erencu between thc contributions of the TA\.&: term to the frce

enerw of‘ ‘thc, cc,m;pc.bixw réactions is ccmnaraole in ma‘_,ni tude to the o.iﬁerence o

bet tween the heats of the com’veting rea.ctlon.a. I’or solid state I'CG.C'tJ.ODB the o

%3 per ga:*am- atomice mlgnt of rcactant is usually of '&:ne order of .z.l kcd.

1
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‘and Aﬂipeﬁ gram atam is ﬁsuélly of the order of -10 keal. The difference

“between two'such small TAS termsvﬁill seldom be larger than the differ;nce
between the genéraily wuch larger heats of possibly campetihg'reactions.

Illustiaﬁions may'be helpfu; in demomstrating practical applications

of the abovelarguments. To predict, for example, whether or not one solid’

 element cantdisplace'anothér,ele@ent from & solid compound to form solid
4fegc£ion producés, we'néédwonly kﬁow the heats of éﬁrmaﬁion of the ccmpounds'
»Qf_the two element$. Thus, to deterﬂdne whether or not the reaction |

W(s) + a1,0, (s) = WO (s) + ’>Al(s)

"can occur at any tempvrature bolow the melting point of a reactanb or product
“we need only calculate the heauro; the reaction. This heat is simply

M, (wo ) - AH (Al 03) = =201 4 400 = +199 kcal (at 25°c)

Because the heat is positmve, reacticn would not be exnected and, further-

mo?e, ainece the-free energy pf such & displacement reaction is little changéd
by fusion of ome or more of the reactants or producté, reaction is not ex-
.pected even above the melting point of both oxide;; althouéh here we must be
'cautioug because gome solution of a tungsten oxide in the molten gluming,
might OCCUr's The po;sibility of solutiqn cannot be evaluated from the above
alculation. . c -

Our chief danger in using a calculation such a8 that above to predict
| whe%her or not two sub tanccs may react vhen heated togethcr 11es not in |
thé 'bomnéss of tize é.ssumption that only the heat of reaction need be ca'lcu-'-
glated to enable ug to reach a decision, but in the possibility that we have B

overloohed gome other reaction that may occur instead of the reaction for

“hich ve have performed our calculation. Experiment confirms our prediction' ST
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that tﬁngsten will not react with aluminum oxide ét or even above the
melting point of;aluminé to yield condenéed phaso rzaction products. But
17 #ungéteh end alwning aré heated togethériin.vacuo, they do react to
risld @ gasebué pub-oxide of aluminum plus tungesten trioxide ges. Tﬁev
parfial pressurcs of these oxides are between 10‘6 ond 1077 etmos at.
2500°K so for somé puﬁ?béeégfor'which tungsten end'a;umina might be used

in éontact, the casédus prodﬁcts would éause no troubie. Howevef, for |
Othcr applications, in particular those that requlre tunﬂsten and alumine
Lo be hnhi in contact for lonz perioa vaporization mibht TEmoOve Signlfl-
cant quantities o; material A mpthod for setting an uppnr limit to the’
‘ﬂatﬁ of reactions that yield ﬂaueous products is presented in section

' ILI-B of ﬁhls papcr.-» |
The problem of selec~1n" the reaction that is most 1ike1y to occur f;'
:wﬁen a ﬁ@tal isaheated With e metal carbide, a matal silicide, or a metai1
bbri&é'is partiéulariy'difficult Sacausevmany of tﬁé transitionfmetais -
' foxn more than onc compound wlth carbon, Doron, or éllicon. bften'g_ﬁéiél,Vv"
'F:may rcact wlth one 01 thesa compeunds, not to displace-the ouhér metﬁi'éé' P‘;
the free clemont, but’ ;o form a comvound of the reactlng metel and a ﬁew :5E’
vgcmppuné of -the ge cond metals Pur@permore tha yncgrtaintigs in thelheaﬁe,:h
. of fdfmatioﬂ bf metal carbides; borides and silicideg are often soiiérwé  ff

. vcbqt tho calculated heats of cisplacemant reacclonu 1nVOlVin” taese aub« [

' ‘~_stances bccoma hiuhly uncermaln. Under these clrcanctance =y tho visest

. cour&e iq ‘o’ rcsorﬁ to evnerjwmntal test of whothnr or not a SUSPBCqu

o “r@ection can'take place. Bﬂcause entropies of solid state reaction* are

|  :small Wﬁ ne@l only establish that a grven roaction does or does not occur:'V?v 

‘v"5vat ong temperature to be nuarly certain that uhG some reaction does or doesl‘fﬂ? -
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not occur at all temperatures for which only solid etate reactants‘ahd

productS'are importanﬁ.v So, ior example, to decide whether or not boron ‘L'

Towill displace silicon. from ‘its carbide, we need only heat boron with silicon"

- carbide etAa single temperature. Ie reaction to form'boron carbide end

silicon is feund to occur, we'have'oﬁr answer-for all piactical temperae~"
tures, bué it reaction.ie net found to occer, ve should aﬁtempt the reverse
reection ‘in order to be sure that a positive free energy rather then une
favorable kinetics. prevented the first reaction.,

The work of performing & solid state ternary reaction'study sﬁch as

that for the silicon-bofon-carbon system just mentiohed ‘cen be fecilifated

and the interpretation much simplified if any evailable reaction information
is used to develop & simple isothermal ternary phase diagram. This epproech
is outline 'in previoue papers. 3 2 . o s

We have seen that when solid state reaetiens‘are'under consideratioh,"

reaction products can be predicted usually from knewledge only of the heats

of the possible reactions. However, when a reectant or product of reaction

1s a- gas, the entropy of reaction has great influence in determining which.

substances will be stable at high temperaxures. The mos@ important clase;
of ges-solid'reactions is probably that in whieh a reactant or prodﬁct ié\a

distomic molecule. Among substenceéTstable as diatomic 2as molecules'ove; a

_wide fange of pressures at high temperetures are oxygen, nitrogen,?hydrogen,

the halogens, the hydrogen halides, carbon monoxide, sulfur, 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 so0lid to yield only solid reaction. products, ihelentropy change'

is about‘who cal/deg.'Acbefterlaveraée entropy ehange for reections of a



. gas reactions a botter average u 36 cal/dag/molo.
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' partioular diatomic gas can, of course, be obtained if only :jeactiona of v
that gas are considered. F¥or oxygen and 'nitrég'en resctions treated as a

separate clasn, o better averaga is <4k to -h5 cal/dog/mle and for bromine

‘n ¢

~ These high negative ontropies of reactwn maka a larga posit.tvo contri-
o bution to the free energy of reaation. ror tha reattion Cofs) + ioa(s) . L
Coo(s), for example, AB§98 - ~57 kcal, A8°u roughly o20 csl/deg., and ,’ \f
the spproximate contribution or the -ms°tom to the free: mrgy of rae | S
action 18 ebout +20 keal at 1ooo°x and 440 kcal o.t eooo'x. Because of

, RS

4

| thedr high negative entropies of formation from tl;o mu end ‘the Aistomic
gas, cxidas, nitrides, hydriden, sulfides and ha.ndas hmro ‘free enorgies "”"‘-"'.-;v

- of formation that beeom ra.pmw laas nam'civo vith increuing temperaturea.
‘. : | At aufriciently ‘high temperatmn soms of nuch eompoundl decompose 'back to '
| '.”the elements. The deconmoaition and vaporiz'a;ﬁon reastions of rorractory "‘,'?5‘
' -compounds will be dismsed m a gubsequent nection. At thic point we need
'only cite two mmrtant exmples or the etfec‘b cf 'ahe hi@ negativo entropy
of condenaation of tme auwmic gns mlccul&b nnd the high pomm ene ¢
tropy of their tomation m mfluencins the oouru or ru.ctions T

l' 1,,

A ramilia.r example ia prov‘idad by the uﬂid mcreuo in the effectivenass

¥ ‘l',

'.ot carbon as & reducing a.aant wm inoreas mg tmntm. Carbon mnoxido ’
. . silicon monoxide ’ and germanium monouide han moro negativo heats of foma- '
tion than mny other gasecus monoxides, but thaﬁ hestu of formation, a.ll"

. neaxr -20 keel, are very 1mr conmmd to the haata of ‘formation of most solid

- metallic oxides, The heats of fomtion of lolid an:idu range up to «-150 kca.l

| per gram-atomic weight of oi:';rgan in the sol.m. “As a cmequence, at low -
temperatures, where the 'ms contribution <o a ruction such as 103%(0) + hc( s) -
4 co(g) + 3 Fa(s) 1s amll, ca.rbon i1l not reduco nout mm.xo oxides, but o

(n 7‘*‘ Rl
* ¢

. . ' : R
. . . ‘. ’
i ’ . - .
R LU ' TE T S
B K ¥ O L
; ,

-
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at high iémper&t“réﬂ; particularly 1f the carbon monoxida 1s continuously- AR

| removed by pumping of by eweeping with a carrier gas, reection cen be

' ca.rriad 't:o ccmphtion.~
A aomemt .‘Lesa familia.r exempl.a of 'cha mportance ot entropy changee

in .’m:’c‘luencing reaction eq,uilibri.a is pra\rided by the behavior of transition,:: oy

metal carbides, ’ eilicidea or nitridee when haa.ted in nitrogan. Such com~ |
pounds are often a.ttacked by nitrogen ‘at !‘elatively :ww temperatures ’ sa.y |
around 1500°K, but are not a.tta.cked e.t .3&?}.' temperatures ’ say 2000‘ £6 -
'2500°K. ) A dispmcement reaction ‘such as TC(s) ¥ %Na(g) - Tm(a) + c(s) . |
| ::.'proceeds to the right at lw temperaturee hecause at iaw ténrperatures tha o
more negative hea.t of rorma.tion ot TN (about -80 Keal per mols of T

compe.red to about -hs kca.l per mole of mc) deteminea tho reaction equili- PRy

brium, 'but. at higher tempera.turaa the nega.tive entropy of reaction, -22 ce.l/ o
deg, overbalances tha differenee in the heats of forma‘cion. It ahoum e «I
) remarked ’ hawever, that the ki.netica of reactions tlzat mvolvc lx_;itirogeﬁ as Y
& reactant 6:‘- q product are 's&nﬁetmes'mch‘slawer -than '.reactic;ns of ofher.
~ diatomic gases, and the tﬁemodMéM predicted reactions iﬁvolving ’
nitrogen gometimes do not occur m the tims of en m:perimanta.l study.

More det ailed discusaiom of the use of themodynamic generalizations
to predict or underetend the course of high temperature reacti.ona can be

- found in the earlier publications o_f ‘the authorl 2

and in references 6 and 7.
In epplying these thermodynamic gene:alizati;ons qb studies of specific sﬁrs- |
tems, _coxnpi}.ationa o: them data ars an :lndispensibfla aid, Appendﬁ:
I of this papsr contains é. list of such compnatiéna'-thﬁ may be useful, .

L3



111, .,Kinesio Considerations .

A. General Couments

_While the finsl equilibrimn that cen be sttsined s.mong rssoting sub-v
stances. is pursly 8 function of tha chsmica]. compononts pregent end of tem-
Ny perabure and pressure, ths 'psth of, tho roaotion an& ths rate or the reaction -

.Gepend on a veriety of additionsl varisblss, often 1n rather subtle ways.

L3

) :'.‘,.' _:_:.;Among thess varis‘blss are partiols size, ths sxtont of mixing, rsto of dif-

y fu.sion, the presence or a‘bsenco of inert gases ,,snd even such phy‘sicsl

v:proper‘bies of the solids or liq,uids oonosrned &8, strsngth, oosfﬂ.oient of

thermal expansion, and viscosity. - ': e ‘~:':i.;‘)..,:‘-' ;

~ An. undsrstonding of tho mechanisms of solid ststa reactions can. be of A

- very prs.cticsl vs.lue. A striking examplo of thia f&ot 1s providsd by the| :

; _ vbehavior of slemente.l germanium towa.rd oxidst:lon. 'l'ho ususl oxpscta.tion is
. ths.t the rate of oxide.tios of, - qoy metsl will mcroaso with :mcrossed oxygerl
I;prsssure ’- ’tmt this expeotvo.t‘i‘on 1s somst:.mes wrongu Over s. considersble
. tempsrature rs.nge ths rate of oxida.tion of gsrmsnium sctuslly decreases
‘ with increase in ths oxy@en prsssuro in the systom. » This peculiarity hss
'been satisfactory explained ‘by Bsrnstein a.nd Cubiociotti.s They hsve shown .
. that Wo competing processes occur on the surface of gemsnium in oxygen -
-atmosphares. A condsnsed pha,se :Lay;r of gsrmsnium dioxido forms snd gaseous
Geo 1s evolved. At high ox;ygen pmssureml tpo fomstion of ths oondsnsed
v phase dioxids predominates and 8 thicis ﬁrotoc;;‘ivo ‘layer 18 built up._ At low ‘
‘oxygen pressures the lsyer remsins ‘bhin and the diff‘usion process neoesssry |
for evolution of Goo goes at & moro rapid rato. Perkins '3 Roidinger a.nd
‘ ‘ Sokolsky9 have shown thst tho rate of oxidation of molybdenum disilicids
' is also fsster st reduced oxygen prassurss than 1t is at ono atmosphere o

oxygen pressure .

Nt s S

L
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In fbhis section of the chapter the author will present and 1llustrate
some generalizations about reaction Kinetics that moy help the materials. |
scientist or engineer to w'ere.ome‘_‘ chemical probléms that he encounters in
é.evelopment of hiéh témperature materia.ls. The reader is warned that this
is a greatly simplified treatment of a complex subject. For further reading |
in topies related to solid-atate kinetics the a.uthoa- pa.rticula.rly recomends
‘ "Reactions in and on Solids", a recent tra.nalation of a text by Karl Hauffe.lo_
Other helpful books include references 1, 12, 13, W a.nd 15.

B., Recctions Limited by the Ra.tes of Arrival of Caseous .
Reactants or Departure of Gaseous Products

~ Although for reactions in general there 1s no practical cbnnection "
between thermodynamics and kinetics, for sublimatien reections, condensation
| ‘reactions, end gas-éolid resctions useful upper limits to the rates ca.n Ye
calculated fram combination of kinetic theory'for gases with themédynémi;:
data. This method of calculation s very useful because for many high tei-
perature epplications the cholce of materials is limited by the rate at '\ L
‘which the materials sublime or react with geses in their enviromment, a.nd an’
upper limit to the reaction rate often is all that 1s needed to eétab.usiz
tha'b a substance will last in its environment for same specified design tizma.

- Reaction cannot proceed at a rate Tester than the rate with which

| reactants aré supplied to the rea.ction surfa.ce or than the rate at which
- products leave the rea.ctiqn surface, _whichever rate is smaller. The rate
~ gt which & reactant ges is supplied to the surfece can be ca.lculated from
the pressure of the reacting gas through the spplication of simple kinetic
' theor'y.lé.v Z e P/(aﬂm)%, whera 2 = moles of reactant that strike the
- surface per unit time per unit é.rea, P = messure.of ‘tﬁ‘_a"reactant‘ eges, -
| M = the moiecﬁlar weight 61’ th;s gas, R = the gas conatant, and T = the
. absolute temperatures With P in atm, T in degrees K, and % in grams/cm /hr,
this becomes Z = 1.596 x 10,5 P/(M.l')%, The maximum rate gt which product
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-

. gases can .iea.fre ‘the reaction sur'faée can be calculated frdn the same equation
(the Hertz-longmuir equation) if the eq'_ui‘librimn’ pressure of the prbduct

gas and 15 molecular veight are substituted into the equation. The equilib-
rium pressure can be calculated from the e@tidz AF° = = -RT/nK, vhere AF® is
the stendard free energr for the reacticm end X s the eq_uilibriwn conata.nt.

" AppMeation of the Langnmir equation to caloulation of the ma.ximmn i
rate at vhich & solid will sublims can readily be 1llustrated by an examPle. g
- .According to.Coughlin,h the free energy of formation of ma.gneeim axide is

~T6 keal at 2000°. Magnesium oxide is known to sublime by ‘the reaction

. Mg0(a) = Mg(g) + % 0,(a) .
a.nd since both megnesium and oxygen are goses in their standard states at
© 2000°K, the frée energy of formation of magnesium cxide tabulated by Coughlin
18 the negative of the free energy for 'thg sublimation reaction (i.c. ,

+76 keal)s The pressure of magnesium and of oxygen then are calculate;\l from

0

" the number of ma@wsixm atcms that lee,ve the surfa.ce must be equal to twice

. B A._ .- ] : ‘
AF° = -RTznPMg' ‘P, 2, For firee surface evaporation under neutral conditions,

~the munber of om'gen molecules tha.t leave the eurface. Therefore,

= 225 5 By, = 2Py i a.nd+76ooo--2000x1. TZn(EP §J
ZMg 0,? MMQ/Moo MMg 2
P |

SoP =155x10 andPMg=3.82x106, a.ndthenmnberofmolesofMg

0

leaving the surface 18 ZMg = 2.75 x 107 -3 moles/cm /hr

. In the reaction of a gas with a solid ‘co produce a goseous rea.ction
product, the first step in establishing the minimuzn u;pper limit to the rate
tha.t can be set by the Langmzir equa.tion is to determina whether the rate
of arrival of the reacta.nt ar the ra.te of departure of the product ghould
be the slower process. For e:mmple, suppose the reaction w(s) + 0 (g) =

wo (g) 1s under consid.ere.tiom According to Ackerxnann a.nd Thm,l7 for this,



reaction at high temperature, AF® = 7,360 - 5 80 T cal. . At 2500°K, therefore, -

En(Pwo /P ) =+ 7,11»0/2500 X 1.987

d wog e h.al Po y O ZWO\IMWOQ
under cq,uilib‘rium eonditions.

Since the rate. of' departure of wo (g) from the aurfa.ce cannot exceed B

- the rate at which oaxygen ia su;pylied to the surface s the rate of co-:ygen

e.rrival geta the amaller 'c.tpper 1mis to the rate of reaction at 2500°K. R

Although the rate of su‘olimation calcula.ted by the Ien@mir equation
N must be looked on as a.n up'per limit to the a,etua.l Su'blimtion ra.te, experi,-‘-'
ment has established that fozr ma.n.y Kinds of aubsta.nces the actual rate of |

'sublimation will closely appwoa:imate that calculated f'roun the Ian@nuir 1

,equatiom Present evid.ence, for exemple, indicates that esaentially all of :

.the meta.llic elementa sublime at ratea that e between 0. 3 and 1.0 times
the rate caleulated by recourse o the Lengmuir equation.la Most simple
oxides ‘and other se.lts appear to sublime a.t rates that are e.t least 0 01 S
 times the rates predieted 'by the Langmuir eqp.ation. o | .

In the event, hewever, the.t. aome surfa.ce reaction 13 necessary . to ;pro- '

duce the veporizing species fx_'om t.hose that are p:resez_zt in-the crystal ;‘9‘*'", R

tice, a.nfacti_vat:lm energy berrief for this surface reaction may reduce  the
ectual rate of sublimation toa valuemany arders of 'ma..@itude below the
predictions of the Langmiir equation, Brewei and Kene™® have pointed .out

that modiflcations of avsendic, phosphorous, and arsencus cxide, which contedn
as units in the crystal lattice those molecules wvhich are the eq_uili;briton
vapor species, show approncimatel& the rate of sublimation'predicted by the
Lengmir equaticn, while other modificaticns of the same substances vhich
have different lattice units show rates of sublimaticn as little as 10~ -6 times

"the pred.ictions of the I.a.ngnmir equatim.
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| Among solids of high temperature interest, the nitrides' and phosphides
are classes of materials which can be expected to show lower rates of sub-
limation than predicted by the Lengmuir equation. Gallium nitride hes
recently been shown to sublime at a rate that 1s approximately 207 times”
the predicted rate., The experimental data lend support to the conclusion
that the slow step in the gallium _nitride mi’blimation process is' thev forma-
tion of the N, molecule on ;.he surfe.ee.ao S | | | |

Reections between gases and eglids to produce gaseous reacfio_n products |

w2y also somei:imes be controlled by i:he i'ate of a slow rea.ction 5;1 the surface
- of the solid.. Reaction of oxygen with be.re tungsten to produce geseous tung-
sten oacides, for example, proceeds a.t high temperaturea a.nd low gas pressures
at a rate that may be only 0.1 to 0,01 times the ra.te at which -oxygen is-
| supplied to the reaction eurface even though equilibrium considerations pre-u
dict that essentially. a.ll the arriving mqrgen shou.ld be converted to gaseoua

tungsten oxides. 21 In fact, e.lthough the rate of reaction at a cmste.nt -

o:qrgen Iressure increases with tempera.ture in an apparently normal exponential L

' menner over & wid.e temperature ra.nge s &t very high temperatures the rate ‘

paeses through a maxinmm ‘and decreases wit.h i‘urther increa.ses in temperature.
' The tempers.ture at vhich the maximmn is reached 1s increasexi by 1ncreased

o oxygen Pressyures « For exemple, the maximmn is at 2100°K when PO Cm 10-7

' 2
and 2250°K when P, = 10° -6 atm, 22,
: 2

The maximm cannot 'be correlated wi‘c.h a decrease in stability of the

L1

1

' 'ga.seous res c‘cion :products. Apparently, the. maximmn oceurs when the compe‘cing f:, ‘

reaction of dcsorption of c:xygen without rea.ction beccmes more rapid than
~that of formation of the gaseous tungsten axide. o | |

Meyer and Gemer 23 demonstrated ‘the interesting fact tha.t when cold ge,ses '

at low pressures impinge on a hot aurfa.ce, the ra.te of reaction between the ‘_ B '

ga.s and the surface xnay scmtimes be limited by the efficiency with which
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the cold gas is bee:bed.. They found,"in particular, that methane gas at room

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

the graphite 1s held at 2000°K, despite the fact that methane is highly

ﬁnstable at that temperature relative to decomposition to carbon and hydrogen.
De Poorter and Sea.rcyzu reund, simiilar‘ behavior when carbon dioxide at

5 atm pressure impinged on & hot tungsten surface.

n

At 1800°K there 1s no measurable reaction to form carbon monoxide and tungsten

roat temperature and 10

dioxide although thermodynemic caleulations predict that some reaction should
| take place, At 2100°K & emall emount of reaction becames observeble. of
- the carbon dioxide molecules that strike the surface only one in 7000 reacj;s ’
however, compared to the prediction of the thermodynamic data that one in |
© two should reacts | | | " |
" Oxygen shows en entirely different behavier with hot tungsten, Appar-
ently, oxygen molecules mteract mich more strongly with a tungsten surfa.ce
- than do carbon dioxide molecules during the time of & single collision and
~can become heated at the eurfa.ce to a temperature Buf‘ficient for reaction
to te.ke_place.' The chemical factors which giv'e rise to thie striking dif-
ference in behavior between cotygen and c'a.rbcnb dicxide are under investigation.

* . One important conclusion to be drawn from the results of Meyer and Gomer
and of De Poorter and Searcy is that ei:berimente intended ;to demonet’rete
the chemical :Lnteractions between hot geses, such a8 might be fcrmed for
example in a rocke’c exhaust stree.m, with ma.teriala at high temperatures can~ .
- not .necessarily ‘be satisfactorily.duplicated in apparatus in whieh the ga.s ;s
| introduced cold e.ga.inet a hot surface. | ‘ | |

Obviously, a static inert a.‘cmosphere can reduce the rate of eublimation

or of a rea.ctitm between a ga.s and & solid below the value calcu.lated by
means of the Langnmir equation. It seems probable ’ however, that in 8 strea.m :
| of ewif‘tly flowing gaa the observed rate would e.pproach the value predicted "

by the eque.ﬁion. B
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The rate of reaction of a gas with & solid may be reduced by even a
monoia.yer of adsarbed 1n;purity.‘ For example, the rate of oxidation of
" graphite or carbons by carbon dicxide is reportedly reduced by a factor of

25 Darken and Gurry26.

T at 1100°C in the presence of phospharous cxychloride.
| ~report that the rate of soluticn of xﬂ.trogen in molten iron is reducedv\‘by o
a versr significant’ extent by such small quantities of axygen | that we must

'presume that the oxygen 1s present a8 a. surfa.ce layer which inhibits the
. adsorption and su’bsequent solution of the nitriogen molecules. Solution of -
hydrczen in zirconium metal goes rapidly at 150°C, but if cucygen‘ or water -
- vapor .13 present the rate of solution is greatly reduced.27 .

The rate at which a substance vaporizes or sublimes can similarly be
reduced by adsorbed films Monomoleculexy £1lms of fatty acids and long-
chain a.lcohols have been demonstre.ted to reduce the ra.te of evaporation Of

28
water by factors as much as 101‘. - The use of such films is being actively

considered for conservation of water stared in open reservoire .29A

- Cs Reactions Whose Rates MB;J be COntrolled by Solid State Dif‘ﬁ:.:ion

For preferential sublimation of one compment of & 80l1id solution (e.g.,
Ag fram a Ag-Pd alloy) or for reaction of a gas with a solid to form a solid
solution (e.g. ’ the reaction of silver vapor with palladium to fom'm 8 silver- |
palledium solid solution), the rate may be limited by a slow rate of diffusion
’4 in the solid rather than by the suﬁlimatim step. Similarly, in a reaction
between a ga,s a.nd. a solid phase o produce a new solid phase (e.g. , ]‘_“7
QCu(s) +31 0 (g) = Cueo(s)) or in the decamposition of a solid on heating
to yield a second solid plus a vepar (e.g., Sic(s) = o(s) + s1(g)), a solid
state diffusion step mey limit the rate. In o:rder to understa.nd these gas-

sol1d resctions, s well as solid-golid reactions end many liquid-solid

reactions, we need to éna]yze'the factors that cénti'pl solid state diffusion.

|

t -
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Foi' gasésolm end liquid-solid reactions ar for dec&nposition of solids
to ﬁroduce a éecornd s0lid plus ;a. gas or liquid, the ratio of the volume'" of
the solid produced by the reaction to the vol\me of that quantity of solid
vwmch has reacted is immorta.nt in determining ‘c.ha mechanism and, therefore,
the rate of reaction. . ER S '\_

Clearly, unless the solid reaction x;roa.uct 18 removed by scae means,
reaction can culy proceed by trensfer of the’ gaseous reactant or of the
| escaping ges .through or past the cozudensed phase reaction product.. Pilling

and Bedworth30

£irst noted that for such resctions, when the volume occupied.
| by the solid resction produot is greater than that occupied by the solid
reactent, reaction can only proceed by diffusion of & reactent, or of &

' reaction :Qroduct‘, through a protective layer of the solid reaction _proiugt.
Reaction then is ,rela;cively slow and the quentity of material reacted usually
; varies in diréct proportion to ffhe square of the time of resction. On the

other hand, if the ra.tio‘qf the volume of reaction product to mgctant is

legs than unity, the reaction rate is usually relatively rle.'pid and the quan-
tity of material that reacts is directly proportional to the time of reacticn.

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

reaction will be slow end will have & raté that decreases with tine, or

whethey 11:. will be relatively rapid with 8 linear dependence on time vha.s
proved ex‘creme]y useful aa e gulde in pred.icting and und.ersta.nding vhether
atta.ck of oxygen ox other gaseoue reagenta on & solid will produce a protee- |
tive or & nonprotactive coating. A sat(isfaotory volume ratio does not always
result in a protective coating, however, as recognized by P1lling and Bedworth
themselves. A coating which occupies greater volmne than the substrate may
f’aii fo yield protect‘ionf for séveral reasons: the strains set up by volume

mismatch may cause the coating to crack; diffgrences {n the coefficients
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of thermal expansion may cause the coatihg to cra.ck'dui-i'ng thermal cyciigg; o «
‘mechanical forces in the envircmment may ebrade or shatter the coatihg. A
- On the other hand, 1nsta.nces are nown 1n which a pore-free’ protective"
. coating has been procluced even though t.he reaction product occupies a sma.llerl g
volume than 'the reactant, For exemple, the iron produced by reductiqn of o
tite by hydrogen at 680°C forms e protective layar over the iron oc:ide.B} | -
Metallic niobium produced by the rea.cticn ™ Ge(a) = 5Nb(s) + Ge(g) forms' e
pore-ﬁ'ee protective film over the,niobium germenide _.pha.sa gnd grgee.tly.re-,.: '
: duces the rate of the deccmposition reaction.'ga‘l | R '
In both of these exanmles the formation of the protective coa.ting is
observed at tem;oeratures in excess of the sintering tempera.tm'e of the -meta.l.
It. seems probable that whenever the temperature is high enough so that the
' product vhase nmay Binter, similar protection can 'be produced. In a.ny reac-
tion in which a new solid phaae is formed there may be an induction pcriod.
before reaction becomes observo.ble. This period. is the time nccessa.ry for
,‘nuclei of the yroduct phase to form and grow to’ observable dimensions. Until
the product layer becomes relatively thick, say of the order of 100 to 1000 A,
the reaction rate may‘be controlled by the electrostatic f‘orces aeross the
phase boundary or limited by the rates of the, phase boundary processes.
| For layers of greater thickness diffusion usually becames rate deter-
mining and the quantity of- material reacting va.ries with the square root of
the time of reactiom, v.nless, or \mtil, the product 1ayer becomes atressed
to the point that cracking or spalling occurs, in which case sudden mcreases
. in the rate of recacticon may be gbserva.ble ané, subsequmt zfeactipn may b_‘el
linecar with time. . o L , S ' "“»‘
. Because tﬁe initial steges of reaction may be markedly in.fiugnc_:ed by
emall concentratioms of s\.arfac'e impurities, by Mi‘ch .s'ha.pe,. end even |by
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previous mechanical treatment, e;qaéxmeﬁts in vhich the relative dogree of
ﬁrot,eciim m&ided by different coatix'igs is determined fram the extent of
' reaction that oceurs in fixed short-time 'periods'xﬁay be misleeding. For
example, & protéctim conting of oxide forms on MoS1, mare q_\uck;jthan on B .

51, and after a-heating period of 30 minutes at 1500°C 1n 0, 8t 8 mu
pressure the disilicide has been considerably less attacked than has MOS 3.'
Wi’chin a period of 90 minutea » hovever, a sound protectiva coa.ting of oo:ide

on M05813

‘ tcmperatures the.n does an MoSi2 sample.

The ra.tes of difmsian-controlled reactions cherncteriatically ca.n be

has norma.lly farmed, a.nd. "the M05813 ma.y show J.onger life at high

expressed by equations of the form

| " Rate = A exp (-tH'/RD) | |

.e.,' the fa’ces of suchA reactions increa'se expon‘enﬁialiy with temperatﬁfe. -
The smaller the value of AT, the activatien energy for the diffusion pro-
| cess, the more ropidly will diffusion ta.ke pla.ce e.t any given temperature.» .
| For elasses of coupounds of genere,lly simila:: bonding types ’ values of 'che
activation energy far self diffusion vary roughly in proportion to the heats ' |
of fusion or to the hc;atsv of s\iblimation E.l.'. m-'m of the compound.. Thua »
for"any' given tempersture diffustion in; for exsmple, & gro@ of oxid.esx will
often be slowest in that oxide which has the grea’cest thermodynamic stability.'
The Termmann temperature is the e.pp:roximate temperature at which bulk. diffu-'.
sion through solids and vd:_!.fﬁxsicn-controlled solid-state reactions becon;e
observable for éiven classes of materia.ls. Formete.ls end for inorganie
golids the Terménn temperature is @pproxi.maﬁely'ov.s of the absolute melting |
temperature. o " | : | | o

There arec seome dramatic deviatioms from predictions based oﬁ thermo-

dynamdc stabilities or melting points, howevers For example, wenium dloxide .



of 'che lower thermodynamic ata.'bility and resultant lower activation energy

" for atam movement at the bounda.ries.

"treé‘cment. Meche.nice.l working,of cou.rse, introduces vacancies a.nd dislocao
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15 cme of the most stable oxides end has a melting point of at least 27CO°K,

. but reaction of oxygen with uranium oxide to produce & phese of excess

o:gygen content ovexr the stoiéhidnetric U0, velue can be cbserved below 500°K.
" Although there 1z far frcxm universa.l agreement anong ex;oerts upon the
mechanisms of diffusion in solids, it can be concluﬂ.ed that most bulk solid-
si.ate diffusion is dependent upon either mo?’ement of atome through inter- -
stices of the regular lati:ice' gites or upon .exchange. 6i’ atous \;Iith va.canéieé.ﬂ'
In the event that the vaca.ncy_céncentration’in the Ia.ttice"is low, the actie
vation energy for diﬁ‘usion iz frequently the sum of the a.ctivé.tion énergy :
of iacancy formation and the activation energy for vacency ‘.nicvemexi_t.' Dif- -

fusion on grain boxmdaries 1s more rapid than diffuéioninside the 'cryste.i' :

because of the high concentration of va.ca.ncies in the bmmdariee and beca.use

‘_-. ' l-

Rates of diffusion at temperatures low relative to the absolute melting

:point oi’ a solid are highly structure—sensitive.' That is ’ they depend.

. atrongly on the concentration oi’ impurities, vacancies, . disloce.tions > g;rain

bpunda.riea and. other inrperfections t.hat have been in‘broduced by~previous

i

. tions, vhosge pre.acnce reduces the activation energy for diffusion. T . :

B

.- The a.ctivation energy :E'or grain boundary difﬁzsion is appa.rently a.lwa.ys

3v}j lower than the e.ctivation energy for bulk diffusion. As a result, grain
bbcundary diffusion becomes eigniﬁ‘cant at temperaturea below those at which' : e
bulk dif'f’usion is observed. In fine-grained materie.ls ’ gra.in bcmnd.ary dii'- o
_ a -‘fwsion may account for very significant anounts of‘ material tra.nsfer over
e consid.era.ble tcm:perature r:mge. At higb texxxperatures relative to the "
| melting temperature, however, the introduction of impurities 15 almost always

P S,
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. 4aecompe.nied bye. significant change in the concentration of vaca.nc'iee or' |
1nterstit1al atoms or iong,  Introduction inf;o a sa.it of ims of different:
- charge from that of the major ion of the same sign, €.8¢, addition of +2 ioms
- into the salt o:f‘ a +1 metal, is particularly effective in cha.nging the rate
of -diffueion. Thus, for example, aoluticn of divalent ca,tions in o.llm.li
| halide salts incroases the concentration of ca’cion vacancies. Because of
the, increased. ccncentra.tion of vacancies the rate of cation diffusion ot
" low temperatures is increased (but showe & lesser tempemture dependence
than does diffusion at high tenxperatwea)%
" On the other hand, ES4 diffusion of a metal proceeds by mcvement of metal
ions on interstitial sites of a senﬁccnductor, addition of metal ions of
 higher valence may significently reduce the rate of aiffusion.35 Por example,
Al O3 additions reduce the rate of diffusion of zine in zine mdde while
addition of lithiwn cxxide increases the d.iffusicn rate.36 The reasons ere
“understood but cannot be discussed here, _ '
Diffﬁzsion at tem:peraturesf near' the melting point is -insensitﬁre‘to in-
purities and to mechmiica.l worid.ng because the eciuilibrimn concentration of
vacancies produced by ‘high thermal excifaticms of the la.ttice becames large
in comparison to the concentration of vacancies sssociated with the introduc-

tion of the impurity atoms, and above the a.nnea.ling temperature of the me.teria.‘l.

. mechanically introduced [imperfectlons are, of course, annealed out.

'D. Relative Dif‘i‘usion Rates and the Mechanisms ef Diﬁ‘usion Controlled
Ree,ctionn k

For a variety of reasons it 18 helpf‘ul to lmow the relative rates of
aif‘fusion of the ioms, a.toans, a.nd electrons in tha.t solid pha.se for which
diff'usion aetermines the rate of' some chemical reecticm. One reason w‘hich
might not 'be immediate]y appa.rent is tha'b the physica.l form e.nd dimension
v 'of' ob,jects made b;y' solid atate diffusion of one substence mto another are

i,,.



determined by the relative diffusion rates. For e‘xampie, if tantalum ca%-

-rates ocf diffusion of the slower ions, however, usually increa.se mare'e-

‘ "21" . ‘. ,;
K

. . ' . \s
bide is made by thermal decamposition of a hydrocarbon on the surface of &
heated tantalum rod, the end product of the process 48 a rod of tantalum -

carbide. If, on the other hand, tentalum cerbide is made by thermal decampo-

 oition of & tentalun halide vaper cn @ graphite rod, the final product 18 & .
. tube of tantalum carbide which has an inner diameter that e.pprcocimtes the

initial diesmeter of the graphite rod from vhich the tube was formed. Thi.s:
difference in behavior in these two systems with the same chemice.l end pro-f- o

»

" duct provides a graphic 1llustration of the fact that carbom. diffuses in

. tantalum carbides xmch more rapidly tha.n does tanta.lm. o}

In ionic substances such as the com;pounds formed by metals in their +l

or +2 oxidation states with the ha.logens or oxygen family elements, the

metal 3.ons normally diffuse more rapldly than do the nommetal ions. 'I'he

%

rapldly with increased temperature a.nd may become caompaxrable with the rates

of the faster ioms at temperatures close to the melkting point.

For’ ions of a given charge, rates of difi;‘usionv appeay to be fasier for.
the smalier ions . ‘I'hus, éodium cen be expected to diffuse :ﬁore rapidly in
salts than does pote.ssium or hea.vier slkall meta.ls. The charge of th'e ion,
however, is probably usually more 1mportant in det.ermining 1ts diffusion
rate than is the size, and the higher the charge of the ion tbe more slowly
1t can be expected to diffuse. R |

Knowledge of the relative ra.t-ea of diffusion of atams or icns through a

- product pha.se can help the investigator' in finding means to control the rate
of reaction. We have already seen that altervalent ions may be uced to

_chenge the rate of ionic diffusion very significantly, Similarly, the reac-

tion “‘of tantalum with cé.rbon ‘replacement of acuhe of the carbon by nitrogen
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vcould conceivably have a marked influence on the rate of diffusion of the
remaining carbon.

The rates of diffusion of the nommetallic compoments in those carbides ,
nitrides, and borides that show metallic conductivity ere crders of 'mag'xutude
faster than the rate of diffusion of the metallie ccﬁh:ponents . In solid 1ron,
the rates of difi‘usion of interstitial elements vary in the order ",
E>C>N >_Si a‘b e.ny given temperature. The same relative crder probab]y
would be :ouxia_ in other interstitiel solids. The rates of diffusion of the
slower atoms normally incresse with temperature more rapidly than do the
. rates of the faster a.toms.37 In general, the difference in rates of dif-
fusivity will be least at the welting point and greatest at the minimm tem-
: perature at which diffusion can be measured. - | o
In interstitial carbide, silicide, baride and nitride solutions the
rate of diffusion of the nommetal appears often to be strangly dependent |

upon the cancentratipn of the nonmetal in the solid. : Cha.racteristicall&, for

'metal—nonmetal systems in which more then - ‘one, Mtermedia.te fhase is stable,

" different rhases form on the surface of the metal in layers in the ordcr of
increasing nonmetal content. ‘ Usually the layers of phases of low nonmetal
content are very thin relative to the i;:xhers df. tha bha.se of highest nonmetal
content for each sy‘sfaem.' ,. ’

There is some evidence that for any class of interstitisl solids, say

the carbides ,yfate of diffusion of the nonmetal in *ghe solids is highest in
the phases that ﬁave the lowest heats of foirmﬁiom ;T.hus, e J.ayér of molyb-
demum carbides, which exe.of relatively lov stability emupa,rea to tantalun
or niobium carbides, forms more rapidly a.t a given tempera.ture than does &

layer of tantalum or niobium ca.rbidesg
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leitative date suggest that rhenium is a lesé' effective barfiér to
carbon dift‘usion tha.n is molybdonmn or tungsten despite the fact that rhenium
does not react with oa.rbon to form & rhenium carbvide phase. Carbon dissolves
to a sms.ll extent in rheniuxn mete.l and. ‘bece.use it 4e only weakly bcmnd,

diffuses throu,_,h the metal re.pid.ly. » _ ‘
| In the transition netal carbidos, silicides, nitrides, end 'borides, the
non-meta.ls diffuse as atoms. The rs.te of rea.ction depends on],y upon the
rate of diffusion of‘ the ncn-meta.J.B, which are the most rapid_ly diffusing
components -of the produot phases. For some reactions ’ however, the rate
 may depend an diffusion of the second fastest kind of perticle. This point
ean be 1llustrated by éoxiti-aéting the mechai;ism of & reaction oé a ges with
e meta.l to form & semiconductor and the mechanism of rea.ction or a gas with
a ma‘ca.l to form a salt ’chat haa no eleetronic cmductivity. |

In formo.tion of silver sulfide, which :Ls & semiconauctor, the rate ofl
reo.ction is controlled by the ra.te a.t which silver {ons diffuse outwa.rd to
. yeact with the gas at the exterior surface of the product layer., Electro-
neutrality is maintained by the rapid transfer of electrans a8 well as the
silver ions outward through the sulfide layer.

In formo.tion of an electronioa.l]y msu]ating a,llca.line ea.rth halide froam
the meta.l and the ha.logen, ree.etion can only proceed through the movment of
counter currents positive and negative ions. | The reaction product mﬂst
remain electrically neutral a.nd reaction :proceeds a:b 8 re.te limited by the
movement ocf 'the second fa.stest of the two ions tha.t pws thrw@h 'che product
layer.

Diffusion controlled reactions that yield ga.seous products have another
limitation. The ra.tes of' such reaotions must norma.lly be Limited by the
rate st which the solid. reacta.nt s transferred outmrd thrwgh the rrotective

1 ..
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‘ coe.ting, no matter whether the solid or the gaseous. reactant difmses nore. E
repldly through the coating matertal, For example, in the resotion | |
2Ge(s) + O (g) = 2Geo(g), the rate will be lixnited by the transfer of ger--' . |
mza.nimn out through the germanium dioo:id.e layer. This statement is ba.sed ‘
- on the premise tha‘b 'che gaseous rea.ction :product if formed a.nywmere other -
tha.n on the ocuter surface wau.ld ‘be unable to escape except by formation '
of bubbles vhich have su.fficient pressure to ﬁ'acture the coating. No such
boiling thenomenon vas mentioned in an experimenta.l stud; At high tem-
:peratures this process may in fact beocme important; its occurrence should
.be signalled by cbvious bubble formation under, or m, the cxide phese. r
_E. Corrosidn bx oy through Liqnids B

Diffu.sion throug;h liquids is very much fa.ster tha.n diffusion through
solids. Sometimes en axidation reacticn that initial]y follows & slov, |
rarabolic rate law has been observed to undergo a sudd.en transition to &«
rapid, linear reacticn which can be associated with simulta.neous fusion of

the oxide surface film.38

The presence of oo:ides tha.t are low nelting or .
that will contribute to formatign of low-tmgrature eutegtics 7 Celey Moo3,
V503, FBO, or BL,0;, 1s the:refore; often wndesirable when oxidation resis-
tance 1s sought, | , ‘
Often a liquid pha.se. may'seribusiy_ ‘covrrode & solid even though the
801id has & very low solubility 1n the liquid. 'I'hi;s c.orrosion occcurs {viien
& slight temperature gra.dient exists in the nquid 80.that the solid ca.n be
dissolved at the higher tem:perature and be :n'ecipitated at the lower tem-
perature where the solubility limit is exceeded, Whenever a liquid is used
as a hesgt tra.nsfer medium, the possibility that mass tra.nsfer in ‘the temper~
ature gradient w:!.ll cause corrosion mst be seriously ccnsidered. This
problenm as well as other possible sources of metal corrosion ere dis'cus‘sed,

vith 11llustrations, in a vaiua‘r:le short review article by Cubiociottﬁ,.38
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v, Stability of Solids in Two High-Temperature Environments

A. Stobility towerd Oxyzen .

s examples of the enalysis of the problem of finding suiteble materials
fél'_ bigh temperature use we may consider the reacticns of various materisls o
| ~ with two mortant high~temperature réagents:' oxygen and carbon. Th‘esé‘ '_su?_-_-".';,

gtances , importent in themselves, serve as prototypes of behavior of other |

| .gasemé and soldd non-metals. The arguments leading to the statements ma.de,'
and. the sources of the data given, are cited in recent review articles by
the author and will not be repeated here.t?? | L '

Very few materials (other than oxides) that have high malting points |
 are themodynamica.lly stable toward oxygen atta.ck. Although easentially a..u v o
" 'metal fluoridea are thermodynmnica.lly stable to a.ttack by oxygen, no fluor-
ides ‘have ‘melting points above 1200-1500°c. Mermore , the fluorides are
slowly attacked by wa.ter va@or with famation of hydrogen fluoride a.nd of
metal oxides i heated in undried elir, BSalts of the other ha.logen elements :
ave less sta:ble than fluorid.es end have even lower melting points. 'I‘hey dov |
- not deserve serious considera.tion for high -temperature a.pplications ’ except -
perhaps as heat-tre.nsfer £lulds. _ |

Mogt of the familiar solld cxides are, of course, stable toward qugen »

e.ttack, but a few e*:ceptions are ‘worth noting. Uranium dioxide reacts at

- PR
P

only a few hundred deyees to absorb additicnal ouqrgén. Ignition in air a.ﬁ
ordinary‘ burner temperat\n'es. produces. Uz0p.  Above about 1350°C, uo, becomeall
stable toward cxygen attack because at such tem:peratureé the diésociatioz; '
pressuwres of higizer uranium cootides exceed 1 atmosphere. Similar oxidation
?eactioné are undgrgqﬁe by Ce203 and several other rare éa.rth oxides. Normal |
barfum axide (B20) and strontium oxide (Sr0) can be oxidized at relatively

low temperatures to thg"super-oacides Ba.o2 end Sr02¢ .
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None of the high-melting sulfides s nitrides s phosphides ’ ca:cbidea 2
silicides 5 or borides are thermodynamical]y stable in axygen atmospheres. -
Some of these compounds show moderate to good oxidat_iqn resistance, however,.' | o ‘ 
because of forma.tion'ofva. Imotective coating of-e. metél oxid.é. Aj)parently i
the greatest oo:id.ation resistance yet a.chieved for cmnpounds of thia cls.ss ' ,
is shown by silicon ca.rbid.e a.nd molybdenmn disilicide (see section III-C). .

- These two substances can be uaed for many hmxrs 1n arygen oy a.ir a.tmosphere;ss |
at temperatures up to 1600 or 1700°C . Abcve this temperature diffusion

_ 'becomes rapi.d through the silica coating tha‘c prwides protection to both

of these substances. .Of the solid elements only gold, silver, pla.tinum, o
pallaa.imn, iridium, and. rhod:!.um are thermodynamically sta'ble toward oc:ygen

at high uemperatwes. of these, rhodiwm a.nd iridiwn are the highest melting. '
The prospects of obtaining solids, other tha.n oxides, that are thermodym.m |
1cally stable toward e.ttack by oxygen at normal pressures a.bcve the melting
point o:f' irid.ium (au5h°c) can be ccmpletely discounted. The probabilities

of success in developing effective protect.tve oxide coatings for use a‘bove

this tempera’cure ere perhaps sma.ll, but must be explored vigorouely.

B. Stebility tovard Carbon * = - L .

. VWhen carbon is heated with a stable metal ‘cn:ide,. the usual reaction is
one that produces carbon moncxide ~g‘:a,:s plus the me,f.a.l éarbidé. The extent -
to which such reactions proceed at any given temperature may depend to.some

degree on the rate of transport of reé.ctanfs through the carbide layer. _
| Beryllium oxide 'is sa.id to be the: ocd.de tha.t is most resista.nt to ca.rbon
at'cack 39 Though it is by no means certa.in that this conclusicn is rigor- '
ocusly correct, the relatively negative heat of formation of :Beo a.nd the
f‘airly low stebility of Be,C ms.ke Be0 thermodynamica.lly less 'mlnerable 0

2
carbon attack than a.lmost any other cxide. - "1
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ALl thé’ oxides react ﬁth' carbon ot high temperativies unless the . .
carbon mcmctxide pressure is maintained higher than the equilibrium co.rbon
monoxide Pressure for the oa:ide-ca.rbon ree.ction. The effect of the CO
pressure on the effectiveness orf ca.rbon as a reducing egent 1s discussed
~ in reference 2, o | ‘ ‘ o
The stebilities of borides, 'silicid,es, and nitrid.es “toward cwbon eve o '
. best described In terms of simplified tema.ry phase diagra.ms as discusscd 1n
-1 previovs re’sr.ietfr.2 . The 1m1>crtant ccnnpounds of these cla.sses fcr materia.ls R '4:  i
- ‘,:applications are those of the transition metals of groups IV, V,. a.nd VI. - S
; Ccmmonly the most sta'ble bor:lde of & given tra.nsition mete.l is x:table to  : L

reaction with ca.rbon, whereas 1ts borides of higher or lower non-meta.l con-

'tent ere mstablea For exam;pla, ZrB, is stable toward rea.qtion with ca.rbon, i

L 'while ZrB and. Zer are not.ho Tra.nsition metal nitrides are usua.J_Lv stable L

towa.rd carbon at low tempera.tgres but becana unstable -a‘oove pame cha.ra.cter~ '. E
 istic temperature for a given nitrogen p‘ressure; For b ) a.im'. N, press‘ur'e',' .
- .'the characteristio ‘cem:pere.turea 1ie from 1200-2200°b depending on the tra.nsi-

tion metal, For -} speciﬁc nitrid.e this temperature can be estimated frcm

¢

the eq_uation | - AW '
. 298 Fags
' 298 ' .

where DHS 98’ ' 298’ a.nd ASS 298 are ’che heat, the ﬁ'ee energy, and the entropy

4

cha.nge at 25°C for the rea.ction MxN(s) o x M(s) + 2N (g)» The entropy - che.nge | o

for this ree.ction is always about 22:2 cal cleg.l Storms has recently reviewed. o

the pwoperties of high-melging nﬂ.tr:!.clera.l‘?l

IS

Of the high-melting meta.ls, a.ll of’ the six platinum metals and rhenium o
are stable to attack by ca.r‘bon at temperatures ‘oelow 2000°C, Above that |
2
tempemture soma of these metals have ‘oeen demonstra.ted to fom caxbides.y

t
i
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AFPENDIX I

Sources of High Temperature Thermodynamic Data

. Bource .Title or Description ‘ : ~ Date
Kelley, Bull. U.S. Bur. Min., Entropies of inorganic substences -  1932-
- N . : L . N 1950

Kelley, Bull, U.S. Bure Min., ‘.
372 end 476

Bichowsky and Rossini, Reinhold,
New York . o

Kegey, Bull, U.S. Bur. Min., .
wor | .

Rossini, et al, Cire. U8, Bur,

Sta.nd‘., E_s_]_-.
- Rossini, et al, Circ. U.8, Bur.

Stand., Series III compilation
NBS~NACA 'Ta.blea of Thermal Prope '

erties of Gases', Circ. U.S.
Bur. Stend., 564 (1955) -

Brewex{. ‘.Bromley, Gilles and Lofgéen ’

National Nuclear Energy Series,

Vol. ‘IV'-lQB,‘ ed, Quill’ MeGreamws

H11l1, N.Y.
'Latimer,-m)DC-lhéz (rev)
Latimer, Prentice~Hall, N X,

Ribaud, French Alr Ministry Pub.
~ No. 266 S

| ~ entroples of_‘_ inorganic substances

" Properties of carbides and nitrides 1937

Organic molecules to 1500°K | 1947

“ High temperature heat contents and 193!#

1949

The Thermochemistry of the Chemical 1936

Substances

1

Inor@aﬁic substances to 5000°K ( usuedvl9h’(-v

. date
in sections) ' :
0, 0, N, Wy, ﬁ,‘xz, He, g, €0y, €O, 19%-
O, and A to S000°K
Elements end inorgenic eubstences 1950
| winciuding_nitrides, cerbides, .
- sulfides, silicides, phoéphides ’
halideé , and common gases o
Diatomic gases to 5000°K _ o .‘1‘952
. The Oxidation States of the Ele= 1952
© ments, 2nd edition | |
Gases at ‘high temperatures . | 1952

w
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Ke:bz and Margrave ’ J. Chem. Phys
23, 983 (1955) o
General Electric ’ McGra.w-Hil.l,
| N.Y. : | |

Frea energy functions for gaseous

a.toms i’rom H ’co N'b

.....

I, Thermodynamic Properties. Vol.

II, Chemica.l Compoaition of . Eg,ui-
11brium mxtures |

S A

Source - T4tle or Deecyiptidn Date
Rossini, et.al, Circ. U.Ss Burs - Selected Values of Chemical Thermo- 1952
Stand., 500 ' dynsmic Properties, Series I and IT
Brewer,. Chem. Rev., 52, 1 (1953) - Properties of oxides and thetr 1953
o | B . vé.porization processes
Rossini, Aumer. Petﬁl- mst. . Organte molecules to 1500°K 1953
ProJectthep., CarnegiePress' o R ..
COughlin, Bull U.8. Bur. M@z'z. Keats "and :t‘ree energies of rormation . 19.51&'
' 5k2 - of morgan:lc axides
' Zeise, 8. Hirzel, Leipzig | Thermodynamik auf den Grundlagen der 195k
R - "Quantentheorie o Quantenstatistik add
und Spektrosk0p1e. Bd‘ II1I, - ' !
' Ergebnisse in ta’oella.rische und i
. .""ﬁgraphiach'e. Foﬁ “ T B ' |
Ficket end Cowan, J. Chem. Phya., . rx"opex'—ués of Ep, €O, Ny, XO, Oys Cps 1955 |
g3, 1349 (1955); Los Alamos B C0,, H,0 &nd graphite %o ie,ooo‘*x- X
Rep. LA-1727 ’ T ‘
Hultgren, Orr, et a1, Hinerals érop'e;rties of metals end alloys 1955-
Res. Lab. , Univ. Ca.li.f. ’ Berk. ' (1ssued 1n sections) o aate : |
1955 -

Properties of Combustion Gases, Vol. i 1.956
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'I‘hermochemiéa.l‘ Tables

Source v ! Title or Description Date
Kolsky,'Giluer end Gilles, J. Chem. Phys., _ Properties of 54 Elements con- 11956
27, 4ok (1957)} Los Alamos Reps LA-2110 sidered as ideal monatomic
| 1 gases | ( ,
Kubascheﬁaki & Catterall, Pergamon,London Thermochemical Data of Aliqxg- 1956
Rogiagkil, A.E.C. translation No. AEC- Themodyngﬁxm%mcuona for 11956
tr-2873 (1956); Nuclear Sci. Abs., 11, ‘;sotope molecﬁ;eé L
10488 (1957). | o |
Stull and Sirke, Amer. Chem,Soc, Properties of ‘the elements to 3000°K 1956
~ Adv. in Chem, Seriea, No. 18 ... . Properties of oxides, fluorides and 1957}
Glaosner, Argonne Nat. Lab, Rep. ANLﬁ?SO ' “chlorides to 2500°K | L " |
Kubaschewski & Evans, Pergamon, London 'Metallurgzlcal Thermochemistry, .-1958
| 3rd edition _ | ] .
Bockris, White & MacKenzie | Free energy functions, heat of forma- 1959
Physico-Chemical MEasurements ~ tion for gaseous axcms, scme common
at High TEQggraxures Butterwcrths, gases, condensed phase binary and |
Iondon . . ; terné:y oxidea, carbides, hydroxides,
| and'sulfidgs. Frece energy fupctiéns
) T'for conmdensed phase elemenfs. ‘
Brewer & Chahdrasekharaiah‘ ; Free eﬁergy fuhctions'for gaseous 1959
UCRL-8T13 _ monoxides | _
>-v‘Dowlchemical,'JANA? Interim. Complete thermodynaﬁic data over ex-' 1960

“tended %temmeraxure ranges for
pubstances of rocket propellent

interest.
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Source o | - Title or Description _ Dete:
4-_Kelley,_‘Bzﬂ.l. U,Sy Bur, Min. s 'High temperature heat content, 1960
58 ‘ "  o o . heat'capacity‘ and eixtro:py date e

foy elemnts and inorga.nic COt~

. - Ws
Rand & Kubaschewski , — T ,"Ihermcg:hemica.l properties of . 1960
AE.R.E.-RMET - L " urenium compounds | |
Ackermann & Thorm, Pxog.in. _-ﬁ - Vapor;zation propexrties of oxides " ‘ 1961
Ceram, Sci., 1, 39.88 L 2 D
ed, J. E. Burl;,e' N
Brewer & Brackett, Chem.. e | Free energy ‘functions for condensed 1961
Rev.,._é_:_l._, has.v.»‘aa, T : o U and gaseous diatomic a.‘.lkali ha.lides.
| | ; R . ' Enthalpies of sublima'bion and dissom
| | . _ " oiation, -
Brever, U.C.R.L. = 9952 + | 'Enthalpies of Formation of comdensed 1961

L . and gaseous dietomic alkali halides

Brewer & Roseribla,tt, Chem, - ’ ~Dissociat16n eneygles .of gaseous metal 1961
Revy, 61, 257-63 . dtoxides L |
Brewer & Pitzer, ghaWami@ - Free energr functions end heats of i*or-

MeGraw~Hill, NoY. - . - _ ‘mation for ga.secnm elements} solid,
| " liquid, and gaseous halides; solid

4
1

and gaseous-oxides; céarbon compounds "\

‘and related c'oxzrpo\uﬁs.', Freé energy

"funcfione for solid e.nd liqﬁid ¢lements
Kelley & King, Bull, U.8. = | ‘Entropies of the elements and inorgamic 1961

Bur, Min., 592 - 3 campounds
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Source

Title or Deseription- !

Date

Haer, Friedman, & Beckett
‘Nat. Bur. of Stand.
Monograph #20

Freeman, Oklehoma State Undv. ’
Res. Foundation Rept. #60
 Kelley, Bull. U.S. Bur. Min.
6oL [A rcprin’q of Bulletins
383 (1935), 384 (1935), 393
(1936), end 406 (1937)]

' Searcy & Finnie, J. A, Ceram,
 Soc., b5, 268-13 '

Storms, L.A:M.5.-2674 (I)

- Thermodynamic Mctiogis (up to

JSOOO’K) of gaseous binary

hydrides » deuterides and trie
tides |

Heats of fomation of binary sulfides ;
solid, Adquid end gaseous )

‘Free energies of vaporization and va,por'

. pressures of inorganic su‘bstances.
Correlatioﬁs and epplications of the

' thermodyné.mic’ xiroperties of metal

carbonates, Heats of fusion of inor-

ganic '_subst‘ances. © Thermodynamic pro=-

perties of sulfur and its 1norgé.nic

RN

campounds.

Heats of formation of metal silicides

.

- Thermodynamic properties of 'grou‘p' kg,

~Ja, and n -65 carbides -
Themodynamic ‘properties of growp ba;
-59., -6a nitrides

1961

1962

1962

1962

-_ 1962

1962
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: 8('

9.

. Borides", J. Electrochem, Soc. 102, 399-#06 (1955).

- mology, vol. I, (1962)..

10, “_K Hauffe, Reactions In e.na On Solids, AECstr-M@S, Vols. 1 and 2, U. S.

"& Sll-a
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
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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 of the Commission,
or employee of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commis-

sion, or his employment with such contractor.
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