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The stability of a planer alloy/scale interface during 
the diffusion-controlled oxidation of a homogeneous, single-
phase binary alloy depends on both the thermodynamic and 
transport properties of the system under consideration. A 
criterion is presented that can be employed to predict the 
stability of a planar alloy/scale interface for the specified 
reaction temperature, alloy composition, end chemical potential 
of the oxidant when only one component of the alloy is oxidized, 
anion diffusion predominates in the scale, and the solubility 
of oxygen in the alloy is essentially sero. A planar alloy/scale 
interface fa single-phase scale? is the preferred growth 
morphology if diffusion in fa- -wide phase is the rate-limiting 
step of the oxiiatior. reaction. An uneven alloy/s-»le inter­
face (a two-phase scale^ is expected if diffusion in the alloy 
phase is the rate-deteraining step. This stability criterion 
is equivalent to the criterion derived by Wagner for the case 
of predominant cation diffusion in the scale. 
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INTRODUCTION 

The high-teeperature oxidation of a ' -base a l loy can result in the 
foraation of a two-phase product layer (oxide + a l loy) on the surface 
of th* -Hoy.'- For example, the bigh~temperature oxidation of "-Kb 
alloys a*s resulted in the formation of surface scales that consist 
of two zv-ies.~ As shown in Fig. 1, a two-phase zone exists adjacent 
to the alloy; i t comprises stringers of uranium dioxide and Kb-rfch 
alloy, the long axes of which are aligned perpendicular to the surface 
of the alloy. The second zone i s a compact layer of oxide that exists 
between the gas phase and the two-phase zone. The second zone Bight 
contain soae oxides of niobiia, which could be i'oroed during the in i t ia l 
stage of oxidation and by oxidation of the tips of the Hb-rieb stringers. 3 

Th* foraatior of the two-phas-s scales can be ascribed to the preferential 
oxidation of one component of the alloy under conditions for which a 
planer alloy/scale interface is not stable. The stabil ity of a planar 
alloy/scale interface depends on both the thermodynamic and transport 
properties of the system under consideration. 

The purpose of this paper i s to present a criterion for the stabil ity 
of a planar alloy/scale interface that can be employed to rationalize the 
formation of two-phase scales on U-base alloys. This paper cl ;sly fol­
lows an earlier analysis of Wagner3 for the stability of a planar 
alloy/scale interface during the oxidation of binary alloys that contain 
a noble metal; however, the present work differs from Wagner's analysis 
because anions, instead of cations, are supposed to be the more mobile 
ions iii the growing scale. As one might expect intuitively, based on 
Wagner's earlier work,3 the criterion that i s developed in this paper is 
equivalent to the criterion for the case of predominant cation diffusion 
in the oxide phase. However, the mathematical analysis for the case of 
predominant anion diffusion i s not available in the literature, and thus, 
the details of such an analysis are presented in this paper. 
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TKF STABILITY OF A PLAKAS ALLOY/SCALE ISTEHFACE 

A criterion is developed ir. this section to predict the stability 
of a single-phase scale (a planar alloy/scale interface) during the 
oxidation of an alloy under idealized conditions. The purpose is to 
develop a model that can demonstrate the effect of the system variable* 
or. interface stability during oxidation, thereby leading to a better 
'.understanding of the neehanisas of oxidation for aore complex cases. 
Because numerous assumptions are introduced, the final equations are 
only seai-quantitative. 

The oxidation of an ideal alloy solid, -lution, A-B, in which 
coaponent 1 is a noble metal, is considered. Component A is selectively 
oxidized to form the oxide AO. , a compound semiconductor that exhibits 

r 

predominant anion diffusion. The subscript v , *z the oxygen-to-metal 
ratio for the oxide in coexistence with pure mrtal A; a subscript v i s 
employed for other oxygen-to-metal ratios. It i s possible that component 
A can be selectively oxidised even i f component 3 i s not a noble metal. 
In this case, the absolute value of the free energy of foraation AO 
most be auch larger than the absolute value of the free energy of forma­
tion of the lowest oxide of component B, AO . must grow auch faster than 
the oxides of component B during the ini t ia l stages of oxidation, and 
the concentration of B in the alloy must be relatively low. 

In order to determine the stabil ity of a planer alloy/scale interface, 
the relative rates of movement <"* different regions of a slightly per­
turbed alloy/scale interface are examined. A sine-wave perturbation of 
the alloy/scale interface, as shown in Fig. 2, is employed for this 
aodel/ Diffusion in both the alloy and oxide phases most be considered. 

The flux of component A in the alloy in the x-direction i s given by 

where ?> is the interdiffosion coefficient for the alloy, c' is the 
concentration of A in moles/cm", and x is the distance froa the original 
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surface of the alloy. If the alloy is an ideal soli'! solution, then 

a = *' = c' v' A .A A 

where a^ i s the activity of coaponent A. with pure A as the reference 
state. V.\ i s the Bole fraction of A in the alloy, and Y* i s the aolar 
vol'ja* of the alloy, which is asstaacd tofce L spendent of coaposition. 

When 5s. '-* is inserted into 3s. f l \ one obtains 

W—rw 
Ac analogous equation can be derived for the flux of coaponent A sn the 
y-direction: therefore, when r" is nsscmtd to be independent of coapositior.. 
Pick's second law can be written as 

*t V* *t ?x *y A Y* \JZx' ~y J 
f'* 

It i s assumed that the diffusivity of the anions is audi greater 
than the diffusivity of the cations in the oxide. Therefore, the 
diffusion-controlled oxidation of the alloy requires transport of oxygen 
anions through the scales from the scale/gas interface to the alloy/scale 
interface, where additional oxide i s famed. If the oxide is a coapound 
semiconductor, than the flux of anions in the positive x-d*rection with 
respect to the original surface of the alloy (x a "3) i s given by* 

bim x™ •«{-**)*<? <z «» 



where r,. is the self iiffusion coefficient for anions in the scale, cV 
is th* concentration of oxygen in the scale in aoles/cr/. and u ". which 
is Measured with respect to x - C, is the velocity of the oxide that is 
caused by the expansion of the scale in the negative z-direction. 
Orpansioc of the oxide scale occurs whenever the aolar voluee of the cxiie 
is greater than the aolar volune of the aetai fro*, which it foras. 

The self diffusion coefficient for oxygen in AT is assuaed to 
exhibit the following dependence on the activity of oxygen: 

•J 

where a is a constant that can be positive 'p-type elect ror-i? eoniuctor* 
or negative fn-type electronic conductor*, and T'm is the se l f diffusion 
coefficient of oxygen anions when the activity of oxygen is unity. The 
concentrations of anions er.d cations in AT5 are related to tfa* aolar 
voluae of . « v . V". which is assuaed to be independent of coepositior.. 
as follows: 

/*" = "•/"• C " = Jf-r" 

Insertion of 3?s. '•"' and '"' into 5q. r*y yields 

- a or 

•o '" « " \ ., I v" 

A sinilar equation can be derived for the flux of oxygen anions in the 
y-direction. 

If the oxide defonts plastically and its solar voluae m a i n s 
constant fincompressible fluid , then the velocity components that arise 
because of plastic deformation aust have zero divergence.* Thus, 
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Equation (9) is a relationship between the velocity components that 
arise from the plastic deformation of the oxide. Plastic deformation 
of the oxide is required because v"/V"' > 1 and the local rate of oxide 
formation varies along the irregular alloy/scale interface. The 
'elocity components in Eq. (9) w e not necessarily equal to the velocity 
components for the movement of the alloy/scale interface, although the 
two velocities are related (see below). In the case of predominant 
cation diffusion in the scale, the velocity of the alloy/scale interface 
toward the center of the alloy (a Kirkendall effect) is equal to the 
velocity of the scale owing to plastic deformation because continuous 
adhesion cf the oxide to the alloy is assumed.3 

If quasi-steady-state growth of the cxide is assumed, then 
Sc^'/^t 2= 0, and it follows from Eqs. (S) and (9) that 

3c" . D > /?>2»* a 2 a ^ 
— ' 15? -o ( x ; dy s o i y ; ST^ \^x2 hy2 J 

The locus of the alloy/scale interface is given by 

x - x +**\-f) ( u ) 

where x defines the position of an average interface, b is the amplitude 
of the sine-wave profile and X is the wavelength (see Fig. 2). It is 
assumed tnroughout that 

\j « \ 

and (12> 
* X «x ; 



i . e . , the perturbation is supposed to be very small relative to the 
thickness of the scale. 

In order to determine the stability of a planar alloy/scale interface, 
an expression must be derived for the drift velocity of the perturbed 
alloy/scale interface as a function of position along the interface. The 
drift velocity of the alloy/scale interface in the positive x-direction, 
measured with respect to the original surface of the alloy, is designated 
as u . x 

The concentration of oxygen at the alloy/scale interface changes 
discontinuously from c~' to el. Application of the principle of the 
conservation of masr yields 

y0'U)-y0 (x) = ux (cy - c y ( 1 3 ) 

at x = x* + b sin (22L\ 

where JQ' (X) , which i s given by Eq. (5), i s the total flux of oxygen 
that arrives at the alloy/scale interface, and il(x) i s the flux of 
oxygen in the alloy in the positive x-direction. If the solubility 
of oxygen in the alloy is assumed to be virtually zero, then Eq. (13) 
becomes 

r0 M • \ °o (13a) 

at x = x* + b sin (2TTV/X ) 

Insertion of Eq. (13a) into Eq. (8) yields, with the aid of Eq. (7), 
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u x = ux + i r \ — j 
(14) 

at x = x* +b sin ( 2 T * A ) . 

Application of the principle of the conservation of cass to the 
transfer of component A from the alloy to the oxide yields 

J i W - 4 ' <*) - Ux (CA " <tf 
(15) 

at x = x* + b sin ( 2 r y / \ ) 

Although the diffusional flux of cations in the scale i s assured to be 
essentially zero, there does exist a flux of cations in the oxide with 
respect to x - 0 because of the expansion of the oxide. Hence, 

J A ' (x) , u ° x c A ' (16) 

Component B is not oxidized; therefore, the flux of B in the scale is 
zero. However, as component A is selectively oxidized, component B must 
diffuse in the alloy toward the center of the alloy. From the principle 
of the conservation of the mai»s it follows that 

0 B (x) . u x c'B 

(17) 
at x - x* + b sin (&V/\ ) . 



11 

If the solar voiisne of the alloy is independent cf coa&osition, then 

i'k (x) -- -i'B fx) (13) 

Substitution of Eq*. (16), (17), and (16) into Eos. (V*) and (15) yields 

U j C V " 9 >-X 

(19) 

at x =, >* + b sir. (-"y/> ) 

Upon insertion of Eq. (19) into Eq. (13) and the use of Eq. (8), one 
obtains 

x " \ ^ / (20) 

at x •= x* + b sin (2rV/\). 

Division of Eq. (19) by Eq. (20) yields 

Note that u = u 0* only if v"/v' = 2. The minus sign appears in Eq. (20a) 
because the alloy/scale interface moves in the positive x-direction and 
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the oxide expands in the negative x-direction. Equations (2Ca), which 
yields the ratio of the thicknesses of the oxide ou either side of x = 0, 
can also be derived by siaply considering the voluoe changes that occur 
when a given aeount of aetal i s converted to oxide and irregularities at 
the alloy/scale interface are saall . 

Substitution of Eqs. (2), (3), (7) , (16), and (20) in Eq. (15) 
yields 

at x = x*+ b sin P?y/> ) 
(21) 

Upon combination of Eqs, (2), (3), (17), and (18) one obtains 

at x = x* + b sin (2*y/>) 
(22) 

Cf Eqs. (21) and (22) or Eqs. (21) and (19) are combined and u 
is eliminated, one obtains the following condition: 

(23) 
at x , x* + b , in (2iy/>.) 
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In order to obtain an expression for the local i*t« of aoreaent of 
the alloy/scale interface, differential equations (k) and (10) oust be 
solved in accordance with ti* b c ^ a r / condition expressed by Eq. (23). 
The solutions of differential equations (k) an£i (10) can be written as 
the SUB of two terns: 

a A - r (x,t) + r (x,y,t) 

if x > x* + b sin C2^/' ) 

and 

a° = F"(x,t) + f'(x,y,t; 

if /. < y * + b sin ' r y/X > 

where F'(x,t) and F*'(x,t) represent known solutions of Eqs. (U) and (10), 
respectively, for a planar alloy/scale interface. The terras f '(x,y,t) and 
f "(x,y,t) are perturbation functions, which represent the difference 
between the solutions for a sine-wave profile of the alloy/scale interface 
and a planar interface. 

Wagner3 introduced approximations for the perturbation functions 
that are independent of tine: 

f . v'C « «P [" :^p^].in (2?) t») 

if x > x* + sin (-'"A) 
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aod 

f = v"C'b exp[ M x ^'*}}in (̂ ) 

if x < x* + b sin ( r ,^A) 
(26) 

where the product* be' ( * b |^-J and b e " (= b | £ — J give the amplitudes 
of the activity perturbations for x = x at the corresponding tine t*, 
and v' and y " are proportionality constants. At lar^e distances from 
the average interface (x » x ), the perturbation functions are essenti­
ally equal to zero, and the solutions of Eqs. (M and (10) are given by 
the planar interface solutions. This oust be the case because the per­
turbations at the interface are assumed to be very small. At the average 
interface (x * x ), the perturbation functions asstime the fore of a sine 
wave. 

Although the perturbation functions cannot be independent of tine, 
it is assumed that they are essentially stationary with respect to the 
average interface and that their magnitudes change only slowly. Wagner*̂  
showed that the use of the time-independent fonts of the perturbation 
functions, Eqs. (25) and (26), are reasonable approximations for f'(x,y,t) 
and f"(x,y,t) if 

u x <K T W 

or 

X « M (28, 
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Tnus, the use cf Eqs. (25) and (26) as appraxiaations for the perturba­
tion functions in the further development of a criterion for the stability 
of a planar alloy/scale interface requires that the wave length of the 
sine-wave profile be sufficiently small to satisfy Eq. (26). 

At large distances from the average alley/scale interface, the per­
turbation functions are zero, and the solutions of Eqs. (M and (10) 
are given by the solutions for a planar interface. As an approximation 
fcr the planar interface solutions, F'(x,t) and F*'(x,t), the first twe 
teres of a Taylor's Series for the F(x,t) about the point x = x at 
t = t are eĉ loyed. Thus, with the aid of Eqs. (25) and (26;, particular 
solutions for differential Eqs. (h) and (10) at t = t* can be written as: 

for x > x* + b sin (z*V/k) 

and 

.» - («;>» • C " { (x - x #) - v " b e x p [ 2 ^ ^ # ] s i n ( ^ ) [ 

(30) 
for x < x* + b sin (2r*/\) 

* * where a. and a Q are the activities of A and 0 at the average interface 
plane (x = x ). 
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In order to calculate the activities of A am* 0 at the alloy/scale 
interface, Taylor's Series expmnsi-x«s are used for the exponential 
functions in Eqs. '2?) and (30) and Eq- (11) is eaployed to yield: 

a* * a* • C (1 • v') b sin (ijt) (31* 

and 

[*o]"*['o]" •«"&-•'>» •*-(*?) 02) 

i i where a, and a. are the activities of A and 0 at the locus of the alley/ 
scale interface, which is given by Eq. (11). Terns involving powers of 
b that are greater than or equal to two are disregarded, because, accord­
ing to Eq. (12), the magnitude of b is very saall. 

Because only snail deviations from a planar interface are considered, 
i * a Q mt a Q. U£on rearrangement of Eq. (32) one obtains 

a v. t^Ttf^^a 
i / * If Ew&Q • 1> the f irst two terns of a series expansion can be used as an 

approxiaation for the right-hand-side of Eq. (33) to yield 

*'<[ I + Tftf *~ i2?)] 
when power of b greater than unity are disregarded. 
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Equations (29-?D can be substituted in the boundary equation, 
Eq. (23). Then, when Taylor's Series expansions are employed for the 
exponential functions and powers of b greater than unity are disregarded, 
one obtains 

K.%^ *_.•,.!*'spa*3£U-.-jfispa 
y» B T A |Y* 1 m T L A \ XT / 

• ri + v')bC]Jsin/=2) 
(35) 

Equation (35) i« of the fora (A • E) = (C * D) f(y), wftere A, E, C, 
and 3 are constants and y is a variable. This equation can be satisfied 
only if (A • 3) = 0 and (C • D) = 0. Therefore, 

and 

I f _ D o c " r .** rv) 

^ - I r l " - ^ * " - ' ' * ' ] <*> 
Because >. must be sufficiently snail to satisfy Eq. (28), the first term 
in the brackets on the right-hand-side of Eq. (37> i s much larger than 
the second term. Hence, 

fir'*/ D A C " * 
^ - ^ F ( 1 - ' A , V " ( 3 8 > 
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When corresponding sides of Eqs. (36) and (36) are divided, crse cfc'airis 

v = v 

If local theraodynasdc equilibria is zaintaioed at the alley/scale 
interface, then it follows that 

a* (alloy) = a*(oxide) (£0) 

and 

a*(alloy) = a*(oxide) (*l) 

At each point in the oxide scale, the activities of metal and oxygen 
are related by a A« 0'° = * * where < is a constant at constant temperature 
and total hydrostatic pressiure if the chemical potential of the compound 
is independent of the composition of the oxide over the composition range 
of interest. Therefore, 

• x > - - . •= («> 

and 

4 f'o' V- "• f 4 3 > 

Equations (U0-U3) are strictly valid only in the case of a planar alloy/ 
scale interface. If the alloy/scale interface is uneven, then the 
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corririiution of the s-rface free energy to the total free energy change 
should be included. However, because of the large voljoe free energy 
changes fcr the oxidation cf aetals r-icfc as uraniuB., the surface free 
enemy effect can be ignored except for very sse l l values of >, or, 
in viev cf Eq. r 12), except for very thin scales. In l ike earner, the 
effect cf stresses on the free energy chexve is also ignored. Stress 
effects such as stress-assisted diffusion and cracking cf the scale 
are assueed not tc be present. Coesbinatiou of £qs. (1*2) and (i»3) yields 

2 

*0 
fu-> 

(45) 

When Eq. (hk) i s cocpEred with Eq. (33), one finds 

Insertion of Eqs. (31) ar.d (1*5) into Eq. (UO) yields 

n ( V 8A 

Vlhen Eq. (39) i s JSti in Eq. (^6), one can solve for v' and v " : 

' _ " (q + 1? . . 

(*e) 
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where 

a =-2— (4«? 
.(.*)V 

The ratio z"jc' can be obtained fret Eq. (36); substitution in 
l\. (US) yields 

a = - v - ^ L S I («) 

where (D Q) is the self-diffusion coefficient for oxygen anions at 
x - x (a = a Q) and K' (= a ) is the oole fraction of coB3>onent A 
at x = x . 

The local rate of soveaent of the alloy/scale interface toward 
the center of the alloy is given by Eq. (22). Substitution of Eqs. (29) 
and (31) in Eq. (22), and evaluation at x = x yields 

u = - ^ r r (50) 

where u is the velocity of the average alloy/scale interface. Insertion 
of Eqs. (29) and (3D into Eq. (22) yields, when Taylor's Series 
expansions are used for the exponential functions and powers of b greater 
than unity are ignored, 

^-<-['TTfr-<^]i'i"^ (n) 



21 

If >. i s very s&all, then the second terc in brackets in Eq. '51) i s 
rucfe larger than the first tert- Therefore, 

u X m sinful ?5.-) 

Equations {hi} and (U9) are similar, and Eq- (52) is identical, 
to the corresponding equations that Wagner3 derived for the case of 
predominant cation diffusion in the oxide. The same type of analysis 
for the stability of a planar alloy/scale interface is applicable here. 

In regions of the scale where the local thickness exceeds the 
average thickness (sin -PL > o), the sigx of y* (or y") detensines 
whether the local interface velocity is greater or less than the 
average interface velocity. If y > 0, then u < u , and the per­
turbations at the alloy/scale interface should decrease as the reaction 
proceeds; a flat interface (a single-phase scale) is stable. On the 
other hand, if y < 0, then u > u and the asjlitude of the perturbations 
at the alley/scale interface should increase as the reaction proceeds; 
that is, a flat interface is unstable with respect to a serrated or 
wavy interface. A two-phase scale, which comprises E-rich alloy and 
AO , is expected to form on the alloy. 

The sign of y' depends on the value of q, which is defined by 
Eq. (1*9). All of the constants in Eq. (1»9) are positive quantities, 
and N is always less than unity. Therefore, q is always a negative 
quantity. Hence, v' > 0, and a flat interface is stable, when |q| > 1; 
y' < 0, and a flat interface is not stable when |q| < 1. 

The application of the criterion for the stability of a planar alloy/ 
scale interface requires that values of N ' and (Dn) be known so that q 

' * S * 

can be calculated. Values of N and (DQ) can be obtained from equations 
derived by Wagner3 for the oxidation of a binary alloy with a flat alloy/ 
scale interface. Wagner's model" allows one to calculate a parameter, or, 
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which is equal to the parabolic rate constant for the oxidation of the 
alloy divided by the parabolic rate constant for the oxidation of the 
pure metal, A, as a function of alloy composition at a given temperature 
and oxygen potential. When a is equal to unity, then the rate-limiting 
step of the oxidation reaction must be diffusion in the oxide phase; 
that is, the alloy oxidizes at the same rate as the pure netal, end 
thus, diffusion processes in the alloy have essentially no effect on 
the rate of oxidation. Conversely, if or is less than unity, then the 
rate of oxidation of the alloy must be licited by diffusion in the alloy 
phase. 

If the rate of oxidation of the alloy were limited by diffusion in 
the oxide (a = 1), then (D*) « H and »' should not differ greatly from 

u A 
the bulk alloy composition (the oxygen potential at the alloy/scale inter­
face should be virtually equal to TL , the oxygen potential fcr coexis­
tence of pure A and AO ). Furthermore, v " > v' and v. i 1. Therefore, 
according to Eq. C*9), the absolute value of q is greater than unity; 
that is, a planar alloy/scale interface is stable when the rate-limiting 
step of the growth of the single-phase scale shown in Pig. 2 is diffusion 
in the oxide phase. 

If the rate of oxidation of the alloy were limited by diffusion in 
the alloy phase (a < 1), then TF « (DQ) and N ' * « 1 (the oxygen poten­
tial at the alloy/scale interface should not differ greatly from the 
ambient oxygen potential). Therefore, according to Eq C»9)» the abso­
lute value of q is less than unity. A serrated alloy/scale interface 
(a two-phase scale) is the stable growth morphology when the rate-
limiting step of the growth of the single-phase scale shown in Pig. 2 
is diffusion in the alloy phase. During steady-state growth of the 
two-phase scale the oxygen potential at the growth front of the oxide 
should be virtually equal to TT /N , where N is the mole fraction of 
component A in the bulk alloy. At the growth front, atoms of component 
B are supposed to move only short distances in the y-direction in order 
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to allow penetration of oxide into the alloy. The rate of penetration 
of oxide into the alloy should be approximately equal to the rate of 
thickening of the oxide on pure metal A, »s long as N does not differ 
greatly from unity.3 This assumes that effects of growth stresses or 
th_- rate ot oxidation are negligible. 

Wagner3 pointed out that a value of |q| greater than unity is a 
necessary but not sufficient condition for the stability of a planar 
alloy/scale interface. Other factors, such as interfacial tension, 
stresses in the scale and in the alloy, fast transport along interfaces, 
and the grain size of the alloy could affect the morphology of the scale. 
For example, interface tension would counteract the tendency to form an 
uneven interface, while differences in molar volumes of the alloy and 
the scale would ftvor an uneven interface if this morphology minimized 
the overall stress in the system. 

The criterion for the stability of a planar interface has been 
applied to the oxidation of U-Nb alloys at elevated temperatures. The 
results of these experiments, which are in qualitative agreement with 
the criterion, will be presented in a future publication. 
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SUMttRY 

Analytical expressions have been derived to predict the stability 
of a planar allry/scale interface during the oxidation of binary alloys 
when anion diffusion predominates in the oxide scale. Only one com­
ponent of the alloy is supposed to be oxidised, and the solubility of 
oxygen in the alloy is supposed to be zero. According to the stability 
criterion, a planar alloy/scale interface (a single-phase scale) is 
the preferred growth morphology if diffusion in the oxide phase is 
the rate-limiting step of the oxidation reaction. A serrated alloy/ 
scale interface (a two-phase scale) is expected to develop during 
oxidation if diffusion in the alloy phase is the rate-determining 
step of the oxidation reaction. 

This stability criterion is equivalent to the criterion derived 
by Wagner3 for the case of predominant cation diffusion in the scale. 
The criterion can be applied to the oxidation (sulfidation, etc.) of 
any binary alloy as long as the assumptions that were employed in the 
model are valid for the system under consideration. 
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