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Quantitative modeling of oxygen tracer (“0) concentration profiles obtained during double 
oxidation experiments has been carried out. An existing model in the literature, involving combined 
grain-boundary and lattice diffusion of oxygen with exchange, has been extended to cases where the 
grain size of the oxide is allowed to vary over its thickness. The model predicts tracer profiles in the 
entire oxide for the case of scale growth by inward oxygen diffusion. A computer program has been 
developed along with a graphical user interface for easy’generation and visualization of simulated 
tracer profiles. The sensitivity of the simulated profiles to variations in volume (DO) and 
grain-boundary (Db) diffusivities of oxygen in the oxide scale as well as the oxide grain-size 
variation have been studied. The results indicate that the normalized tracer profiles are sensitive to 
variations in Db, although to a lesser extent as compared to similar variations in D”. Also, 
incorporation of variable grain size leads to profiles very different from those obtained from a 
constant oxide grain-size assumption. The computer program has been used to fit an experimental 
profile reported in the literature to obtain values of D” and Db. 0 1995 American Institute of 
Physics. 

I. INTRODUCTION 

The double oxidation technique is widely used to deter- 
fnine transport mechanisms in growing oxide scales.’ This 
process consists of oxidation in natural I60 to form an “old” 
oxide, followed by oxidation in “0 (a naturally occurring 
isotope of oxygen which acts as a tracer) to form a “new” 
oxide. The relative location of the new oxide is then studied 
by surface analytical techniques such as secondary-ion mass 
spectrometry (SIMS). The resulting data can be used to ob- 
tain plots of “0 concentration versus depth in the oxide, 
which can then be related to the transport mechanism. The 
qualitative shapes of the tracer concentration profile as a 
function of different dominant diffusion mechanisms that can 
occur in a growing oxide have been discussed by several 
authors.“-4 However, as noted by Jedlinski, several consider- 
ations should be applied during interpretation of such 
profiles.5 

Although the idea of interpreting the growth mechanism 
from the location of the new oxide is simple in principle, 
prediction of the actual shape of the profiles can be quite 
complex. This is due to the phenomenon of tracer “ex- 
change” that occurs as a result of simultaneous grain- 
boundary and lattice diffusion in the oxide. Since grain- 
boundary diffusivity is typically substantially higher than 
bulk diffusivity, rapid diffusion of tracer along the oxide 
grain boundaries during tracer oxidation leads to differences 
in tracer concentration between the grains in the oxide and 
the grain boundaries that surround them. This leads to an 
exchange of natural and tracer oxygen atoms between grain 
boundaries and grains. 

This phenomenon of combined inward grain-boundary 
and lattice oxygen diffusion with exchange was first math- 
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ematically modeled by Basu and Halloran, assuming a 
spherical grain geometry, who predicted the shape of the 
tracer profiles in the oId oxide as a function of oxygen dif- 
fusivities and oxide grain size. Wegener and Borchardt6 im- 
proved upon this model to predict tracer profiles in the entire 
oxide, and showed that in certain limiting cases, the model 
agreed with well-known analytical solutions. This model was 
further extended by Bongartz and co-workers,7 who showed 
that incorporation of a variable grain size led to improved fits 
to experimental data. However, this model assumed a linear 
variation of oxygen chemical potential in the presence of a 
variable grain size, which will be shown to be incorrect in 
this paper. It was also suggested by Quadakkers et al.* and 
later mathematically analyzed by Mishin and Borchardtg*” 
that the spherical grain geometry was not best suited at high 
oxidation temperatures (regime “A” in Harrison’s” classifi- 
cation) and early stages of oxidation, due to the non- 
negligible contribution of volume diffusion in the growth of 
the oxides in these cases. Instead, a tetragonal or orthorhom- 
bit grain geometry was chosen in their models. 

In the present paper, the spherical geometry of grains is 
retained due to the symmetry of the volume diffusion. This 
allows the exchange process to be treated as a 1D problem, 
which reduces the complexity of the numerical calculations. 
The spherical grain geometry is appropriate for Cr70,12 and 
Al,O, scales at longer oxidation times and lower oxidation 
temperatures (regime “C” in Harrison’s” classification), 
when the contribution of volume diffusion to oxide growth 
can be neglected. The original model of Basu and Halloran” 
has been extended to incorporate the effects of variable grain 
size in the oxide for the case of inward oxygen diffusion. The 
model predicts the tracer profile in the entire oxide. A graphi- 
ca.l user interface has been developed for easy comparison of 
simulated and experimental profiles. It is recognized that the 
columnar grain morphology suggested by Mishin and 
Borchard@’ leads to a more realistic physical picture for 
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FIG. 1. Geometric configuration of oxide grain and grain boundary used in 
the model ~partially after Oishi and Ichimura) (see Ref. 14). 

NiO scales and A120s scales13 at short oxidation times. These 
cases would require simulation of 2D or even 3D diffusion 
processes, which are much more time intensive. 

il. DIFFUSION MODEL 

A. Model geometry 

The current model retains the Oishi and Ichimura14 geo- 
metric configuration of spherical grains as shown in Fig. 1. 
The model assumes that the rapid inward diffusion of oxygen 
tracer along the oxide grain boundaries (of thickness 6) 
dominates over volume diffusion through the grains, and is 
primarily responsible for new oxide growth (assuming very 
rapid lateral diffusion at the oxide/alloy interface). In this 
model, lattice diffusion contributes negligibly to the growth 
of the scale, but instead is responsible for an exchange of 
natural and tracer oxygen atoms between grain boundaries 
and grains, with the grains acting as sinks for “0 and 
sources for 160. 

For the chosen case of exclusively inward oxygen diffu- 
sion, the oxide is inward growing, with the total oxide thick- 
ness being a function of time defined as P(t). The origin of 
the y axis (normal to the oxide surface) is placed at the 
oxide/gas interface (see Fig. 2) and the grain radius variation 
as a function of depth is detined by a function r(y). Al- 
though in principal, r(y) (determined experimentally) can be 
any function, based on the experimental data by Bongartz 
et aL7 for alumina scaIes (see Fig. 3), we will limit our case 
to a quadratic polynomial 

Alloy 

FIG. 2. Model of the variable cross-sectional area of the grain boundary (of 
area ,f) due to a variation in the gram size. The grains, whose strength 
depends on its grain size, act as sinks for 180 and sources of 160, The gram 
boundary is modeled as a fast diffusion pipe which is continuously lined 
with sinks of variable strength. The figure also shows the fluxes in and out 
of a grain-boundary element of thickness dy, in the y and r directions. 

r(y)=Ay2+By+C, (1) 

where A, B, and C are constants. The model can easily be 
modified for higher-order polynomials. It is assumed that the 
diffusion processes during exchange can be modeled at any 
depth y by considering a spherical grain of radius r(y) 
whose center is located at a depth y. _ 

t 
nn’ I I I r J CA. 
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Distance from gas/oxide interface (km) 

jtotsfjb + ( 1 -f )ju , ca 

where f is the fraction of cross-sectional area occupied by 
grain boundaries, and can be calculated as 

f=$ (3) 

where X is the grain size (=2r) and g is a geometric factor 
which reflects the shape of the grain. For this model, cen- 
tered at any depth y, is a grain of radius r. Associated with a 
grain is half the width of the grain boundary (LV2) surround- 
ing it: Thus f can be approximated as 

4rrr”f3/2 
f = (413) ,rrr3+4m2H2 -g (Set-), (4) 

leading to g-3. 
Typically, for h-1 pm, S-1 nm and jbljv 

-DblDv- IO4 (Db and Dv refer to grain-boundary and vol- 
ume diffusivity of oxygen in the oxide), fjbl( 1 -f )j’w30. 

B. Oxygen diffusion through the scale 

Oxygen diffuses from the gas to the oxide/alloy interface 
in response to a chemical-potential difference A,u. The total 
flux of oxygen through the oxide scale, jtot (kg/m’s), has a 
grain boundary (jb) as well as a volume (j”) contribution, 
which can be written as 

FIG. 3. Gram-size variation in AlsO, scale, reported by Bongartz et al. (Fig. 
4 in Ref. 7). The fit to a linear (r=0.4y+2.3X10-7 m) as well as a second- 
order polynomial (r= -4.8y2+0.4y+2X low7 m) variation withy is also 
shown in the figure. 
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This implies that grain-boundary diffusion is primarily re- 
sponsible for the transport of oxygen (regime “C” in Harri- 
son’s classification) and that jtot=fj’. If the oxide (having a 
cross-sectional area A) increases in thickness by AY during 
oxidation for time At, the oxygen flux can be related to the 
oxygen concentration in the oxide, ctot (kg of O/m3 of oxide), 
by the following equation: 

jtotAAt=AYActot. (5) 

It should be noted that since most oxides used for oxidation 
resistance have low defect concentrations, they are stoichio- 
metric (ctot is constant). This means that diffusing oxygen 
atoms cannot accumulate within the scale, implying that the 
total oxygen flux j’“’ is a function of time only and not of 
depth (i.e., at any given time, jtot is constant throughout the 
thickness of the oxide). 

The oxygen flux through the grain boundaries is driven 
by the gradient in the chemical potential of oxygen, and can 
be written as 

Db ap tot jb=-EzC , 

where R and T are the universal gas constant and the oxida- 
tion temperature, respectively. It is 
diffusivities of I60 and “0 are the 
(2)-(6) and simplifying gives 

dE.L 2RT dY 
dy=-gsDbTP 

assumed here that the 
same. Combining Eqs. 

(7) 

It should be noted that for a constant grain size, the 
chemical-potential gradient in the scale, Daddy , will be con- 
stant throughout the thickness of the scale at a given time, 
leading to the well-known parabolic growth law.15 However, 
for a grain-size variation represented by E@ (l), at any given 
time, Eq. (7) can be integrated through the thickness of the 
scale as 

2RT dY 
d,u=Ap=-y- gSD dt 

(8) 

Since Ap is a constant, E!q. (8) can be rearranged and further 
integrated as 

gSDb 
s 

I 
dY=-2RTAp dt 

0 

AY4 BY3 CY2 
*v+fj+5- 

g8Db 
=-aRTApt. 

Equation (9) shows that the oxide thickness Y(t) is related to 
the grain-boundary diffusivity of oxygen, Db. Thus Db is not 
an independent variable and can be calculated from Eq. (9), 
if the grain-size variation (values A, B, and C) is known 
experimentally, and if the oxide thickness Y is known at any 

time t. We have used the thickness of the old oxide, Y(r), 
after O-16 oxidation for time r, to calculate the value of Db. 

Combining Eqs. (7) and (9), we can express the 
chemical-potential gradient of oxygen at any depth in the 
scale-at any time as 

JP rb 
F= (AY3/3+BY2/2+CY)’ (10) 

It should be noted that in Eq. (10) the depth information is 
implicit in the grain radius r, while the time information is 
implicit in the total oxide thickness Y. It is also interesting to 
note that for a variable grain size, the chemical-potential gra- 
dient is not constant. This is because as the fractional grain- 
boundary area changes with grain size, the oxide adjusts the 
chemical-potential gradient to ensure that at any time, the 
oxygen flux is constant at all depths within the scale. 

C. Modeling of tracer diffusion 

Having determined the variation in oxygen chemical- 
potential across the scale, it is now necessary to set up the 
diffusion equations for the transport of la0 during the second 
stage of the double oxidation experiment. It is assumed that 
the old oxide formed during the first stage of oxidation con- 
sists entirely of t60. At this stage it is convenient to normal- 
ize flux j and oxygen concentration c by ctot (kg of O/m3 of 
oxide). This leads to a normalized flux J (m/s) and an unit- 
less normalized oxygen concentration C. 

The flux of ia0 down the grain boundaries (along the y 
axis), ‘Jfs,16 is in response to two separate driving forces: a 
concentration gradient due to the presence of two oxygen 
species and a chemical-potential gradient as calculated in Eq. 
(10). This can be mathematically represented as 

b de,, Db d,U 
YJ;,= -Db -I -~ 

dY RT dy cf8 * 

In addition to the 180 flux in the y direction, there is a 
flux of 180 out of the grain boundary, rJf8, and a correspond- 
ing equal and opposite flux ‘Jt6 into the grain boundary due 
to the exchange process. This is seen schematically in Fig. 2, 
which shows an oxide of unit cross-sectional area. The grain 
boundary, which is a rapid diffusion path, is shown as a pipe, 
having a variable cross-sectional area, defined by the func- 
tionf(y) [see Eq. (4)]. The grains act as sinks for “0, whose 
strength depends on their grain size. Thus the grain-boundary 
pipe in Fig. 2 is continuously lined with sinks. of variable 
strength. 

To consider the exchange process at each depth, a grain 
of radius r(y) [see EQ. (l)] is surrounded by a grain bound- 
ary. Since grain-boundary diffusion of oxygen is considered 
to be fairly rapid, ‘it is assumed that at any time the tracer 
concentration in a grain boundary surrounding a grain is the 
same throughout the grain boundary (this grain-boundary 
concentration does change with timej. It is further assumed 
that the surface concentration of the grain is always the same 
as the concentration of the grain boundary surrounding it. 
Diffusion within the grain can then be defined by the well- 
known equation of diffusion in a sphere,i7 
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’ (12) 

where p is the radial distance from the grain center and 
Cg(p,t) is the normalized tracer concentration within a 
grain. The average tracer concentration within a grain at any 
time can thus be calculated as 

GYaw)= 
S;4~-p”Cf7 dp 

(4,3)& * (13) 

Once a grain is formed, its tracer concentration can increase 
solely by the exchange process. Consider a small thickness 
dy in the scale (see Fig. 2). Let the average grain tracer 
concentration in depth dy increase by A Cg(avg) in time At. 
Since the number of oxygen sites in dy is constant, the mass 
of 180 entering the grains due to exchange must be the mass 
of IgO leaving the gram boundary (due to the exchange pro- 
cess only), leading to a tracer concentration decrease of 
ACf8. Since the areas of grain boundary and grains in dy is 
f and (1-f ), respectively, this mass balance can be written 
as 

AC$‘(avg)(l-f )Ay=-ACi!JAy. (14) 

Thus the change in grain-boundary concentration with time 
due to the exchange process only can be written as 

(1 -f > af%Yavs) ac:8 _ 
at f at * 

(1% 

One of the major advantages of the model we have cho- 
sen is that diffusion down the grain boundary and diffusion 
within a grain can both be individually treated as 1D prob- 
lems (variables y and p, respectivelyj. Strictly speaking, the 
flow through a pipe of variable cross section (see model of 
grain boundary in Fig. 2) cannot be ID since there has to be 
a radial component of the flow. However, Fick’s second law 
can be modified for a variable cross section to keep the prob- 
lem 1D. Consider a portion of the grain boundary between y 
and y + dy as shown in Fig. 2. The grain-boundary area at y 
is A and the entering flux is J(y), while at y + dy , the area 
and flux are A + dA and J(y + dy), respectively. Due to the 
difference in incoming and outgoing fluxes, let there be a 
concentration change AC in time At . This can be mathemati- 
cally written as 

[J(y)A-J(y+Ay)(A+AA)]At=ACAAy. (16) 

The incoming and outgoing fluxes can be related as 

~J(Y) 
J(y+AyFJ(y)+Ay ~ 

dY . 

Combining ‘Eqs. (16) and (17) and simplifying gives 

ac 1 dA dJ(y) 
-=-J(y) ~dy-dy. 
at 

The first term on the right-hand side of the above equation 
accounts for the variable cross section and allows us to treat 
the gram-boundary diffusion as a ID problem. Given that in 

our case the gram-boundary area A is defined as f, the dif- 
fusion of tracer in the grain boundaries with exchange can be 
written from Eqs. (15) and (18) as 

dC’18 dYJb 18 ldf (1-f) W%wd ---- -- -=- ay fdyYJi8 f dt - at 
(19) 

The first two terms in the right-hand side of the above equa- 
tion model grain-boundary diffusion. through a variable cross 
section, while the third term accounts for the exchange pro- 
cess. Substituting into the above equation, the expressions 
for f and yJt8 from Eqs. (4) and (11) give 

‘@8 d2Cb Db d/.~ dC& Db d2/.& 
-=Db $+- 

at 
---k----9 c;, RT ay ay RT dy 

b 1 dr dC18 Db 1 dr dp 
-Db--------.-- 

r dy JY RTrdy 3y c;8 

( 1 -f 1 W?(w) -- 
f at * 

Thus the variation of tracer concentration within the grain 
boundaries and grains is described by Eqs. (20) and (12), 
respectively. Having solved Eqs. (12) and (20). for the grain 
and grain-boundary tracer concentration, the overall tracer 
concentration (which is what is experimentally measured) 
C%(y) t) can then be calculated as 

D. Boundary conditions 

Equations (12) and (20) need to be solved using the fol- 
lowing boundary conditions: 

{a) The oxide formed during the first stage of oxidation 
(old oxide) is all 160: 

(22) 

(bj The oxygen flux entering the oxide at the gas/oxide 
interface during the second stage of oxidation is through the 
gram boundaries only and is all 180. Consequently, the grain- 
boundary I60 flux at the oxide free surface during the second 
stage of oxidation is zero: 

yJ;61tr7,y=O=0. (23) 

(c) The surface tracer concentration of a grain is always 
equal to the concentration of the grain boundary surrounding 
it: 

Cf%,y,p=r= C!81t,y - (24) 

(d) The concentration of the last grain-boundary element 
(at the oxide/alloy interface) does not change with time. The 
composition of this element begins to change when it is no 
longer the last element due to the addition of a new element. 
If the last grain-boundary element is formed at time T, and 
remains a last element up to time T+ AT, 

C~81T~t<TfPT,y=Y=constant. (25) 

(e) At time T, when a new element is added at Y + AY 
(representing oxide growth at the oxide/alloy interface), the 
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grain and grain-boundary concentration at the newly formed 
element is equal to that of the previous grain-boundary ele- 
ment at time T: 

= Gslt=T,y=Y-AY. GN 

(f) Due to symmetry, the flux at the center of a grain is 
zero: 

(27) 

E. Numerical technique 

Equations (12) and (20) have been numerically solved 
by the finite difference method. The forward time and for- 
ward space scheme has been used for Eq. (20), which upon 
discretization into space elements (i) and time elements (j) 
yields 

cf*(i,j+ 1) 

=A’C’f,(i+l,j)+B’C~,(i,j)+C’C&(i-l,j)+D’, 
(28) 

where 

DbAt DbAt 1 dp DbAt 1 dr /+--&+ ---- ~-- 
Ay RT ay Ay r dy’ 

2DbAt DbAt 1 c9p DbAt d2p ___- 
” -= I- (AY)’ 

--- 
by RTr?y+---’ RT Jy- 

DbAt 1 dr DbAt dp 1 dr 
+h--------- y rdy RT ay rdy’ 

DbAt 
“= (Ay)“’ 

D’=- “-‘j f {CKYavg)ClJ+ 11-C~;(avd[4~1~. 

It should be noted that D’ in the above equation includes 
the term Cg(avg)[i,j+ 11, which is calculated using the 
tracer concentrations at discrete grid points within the grain. 
Since the surface concentration of the grain is always taken 
to be equal to the grain-boundary tracer concentration at that 
depth [IQ. (24)], calculation of the term D’ requires 
Cfs(i,j+ 1) to be known. Thus Eq. (28) has C&(i,j+ 1) in 
the right-hand side also, and needs to be solved iteratively. 
This is achieved by assuming a value for the grain-boundary 
concentration and going into an infinite 10-0~ until the calcu- 
lated and assumed values coincide within a chosen tolerance 
(< 1% error). . 

In order for the convergence of the numerical calcula- 
tions required to solve Eq. (28), the space and time incre- 
ments A,v and At are limited by the following equations: 

Ay< 
’ 

2Db Db 1 d,u Db d2,u Db 1 dr --__D 
(Ayj’+Gi?? ay RT~-G~& 

(2% 

TO solve Eq. (12), the transformation u= Cg8np has been 
used, which reduces Eq. (12) to 

AU a*U 
-DD dt- dp2’ (30) 

The boundary conditions for Eq. (12) are also appropriately 
transformed and the equation is then solved by the standard 
forward time centered space scheme. Upon discretization 
into space elements in the radial direction (k) and time ele- 
ments (j), Eq. (30) is reduced to 

u(k,j+l)=E’u(k+l,j)+F’u(k,j)+G’u(k-l,j), 
(31) 

where 

D’At 2D’A.t 
G’=E’=02, F’=bm. 

For convergence, the conditions are 

Ats (Apj2 
F, AP-. 

For the solution of the complete problem, when Eqs. 
(28) and (31) are solved simultaneously, At is chosen to be 
the smaller of the two values predicted by Eqs. (29) and (32). 
In general, the space increments (Ay and Ap) are of the order 
of lo-* m, while the time increments are of the order of 2 s. 

F. User interface 

A graphical, easy to use, user interface has been 
developed’* using the motif widget set to facilit&e data man- 
agement and generation and visualization of the tracer pro- 
files. The two main objects of the interface are (i) the control 
panel and (ii) the graph. The control panel allows for the 
creation and deletion of input tiles that contain independent 
parameters such as diffusivities, radius variation, oxidation 
times, etc. A calculate option allows for the tracer concentra- 
tion data to be generated from these files with the storage and 
retrieval of the generated data being abstracted from the user. 
Tracer concentration data corresponding to different input 
flies can be independently generated in parallel on different 
workstations, thereby reducing calculation times. A plot op- 
tion in the control panel also generates a graph object corre- 
sponding to the selected input file, such that the tracer pro- 
files can be visualized. 

The graph object allows plots to be visualized at any 
stage of the calculation (without interrupting the calcula- 
tions), thereby allowing the user to follow the development 
of the final profile (e.g., for a total tracer oxidation of 30 h, at 
a time when calculations for 10 h of tracer oxidation is com- 
plete, it is possible to plot the profile at any time between 0 
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FIG 4. Test case of volume diffusion without a chemical-potential gradient. 
The conditions chosen are A/1=0, f=l (r=3XIOm7 m, 6=2X10m7 m), 
D”=O, D’=lO-r9 ma/s, F=1 h, and t-~1, 23, and 4 h. The figure shows 
that the simulated profiles are indistinguishable from the analytical solution. 

and 10 h of tracer oxidation by setting a scroll bar to the 
desired time). The graph object also allows for superposition 
of plots, which is important if a match between experimental 
and calculated data is sought. It is thus possible to display 
the experimental data on the screen and superimpose profiles 
from different input files to obtain the best fit. The visualized 
plots can then be sent to a postscript printer. 

ill. RESULTS (34) 
A. Test cases 

As suggested by Wegener and Borchardt,6 we have run 
some test cases to ascertain the accuracy of our rather com- 
plex computer program. The first case treated is that of pure 
volume diffusion of tracer during the second oxidation stage 
into an 0-16 scale [grown for 1 h (7) during the first oxida- 
tion stage], in the absence of a chemical-potential gradient 
(A,u=O). For this simulation, we have chosen conditions 
similar to those reported by Wegener and Borchardt,6 i.e., 
f=l (r=3X10m7 m, 6=2X10m7 m), D’=O (no sinksj, and 
Db (=D’)=lO-” m%. This allows the grain boundary to be 
treated as a “volume” of constant cross-sectional area with 
no sinks, a situation which has a simple analytical solution 
given by6 

Figure 5 shows that the match between the simulated and 
calculated profiles are not exact. As explained in detail by 
Wegener and Borchardt,” this is due to the approximation 
made in the boundary condition at the gas/oxide interface 
while deriving the analytical solution. Given the small error 
in the analytical solution, the close match between the plots 
in Fig. 5 and the complete match between the plots in Fig. 4 
validate the accuracy of our computer program. 

B. Simulated tracer profiles 

Tracer concentration profiles have been generated using 
the computer program in order to study their sensitivity to 
variations in independent parameters such as lattice and 
grain-boundary diffusivities as well as grain size distribution. 
In all cases, the grain-boundary thickness S has been as- 
sumed to be 1 nm, while the oxygen chemical-potential dif- 
ference between the oxide/ahoy and the oxide/gas interfaces 
is taken to be -789 kJ/mol at 1100 oC.2 To determine grain- 
size variation, the experimental data reported by Bongartz 
and co-workers7 (reproduced here in Fig. 3) has been used. 
Figure 3 shows that the grain-size variation is almost linear. 
The values of the constants in the grain-size equation [Eq. 
(l)] are chosen as A =O, B =0.4, and C=2.3X 10m7 m, and 
the plot of the linear equation is shown in Fig. 3. The oxida- 

C:O,t(y,t)=C~~(y=O,t)erfc 
Y 

2[DU(t- ,)11” ’ (33) 

where C:“,‘(y = 0, t j is the surface tracer concentration during 
tracer oxidation (= 1). Figure 4 shows that the simulated pro- 
files (for t - 7= 1, 2, 3, and 4 h) are indistinguishable from 
the analytical solution. 

We have also carried out the volume diffusion test in the 
presence of a chemical-potential gradient. The conditions 
chosen are the same as above with the exception that 

I.0 

-g 0.9 
.- 
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-simulated 
0.8 

-E 
8 0.1 
5 
” 0.6 
k 
g 0.5 L 

I;; 
2 

0.4 

-2 0.3 

6 -!z 0.2 

&= 0.1 

‘0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I 
Normalized thickness (I unit q 0.56 microns) 

FIG. 5. Test case of volume diffusion in the presence of a chemical-potential 
gradient. The conditions chosen are A,u=106 J/mol, f=l (r=3X10M7 m, 
~7=2XlO-~ m), D”=O, Db=10-19 m*/s, ~1 h, and t-~1, 2, 3, and 4 h. 
The figure shows a close match between the simulated profiles (bold lines) 
and the analytical solution (dotted lines). 

A,u=106 J/mol. Figure 5 shows a comparison of the simu- 
lated profiles with those generated from the approximate 
analytical solution6 

xerfc y-(2DvAplRT)“*(t”*- rl’*) 
2[DU(t- T)]“~ 
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FIG. 6. Development of tracer concentration profiles with tune. The condi- 
tions chosen are Db=1.3X10-rb m’/s, DU=5.0X10-20 m%, ~18 h, and 
t--7=6, 10, and 14 h The total oxide thickness after 6 and 10 h of tracer 
oxidation is marked by x and o, respectively. AreaABCD (amount of “0 in 
the old oxide after 14 h of tracer oxidation) is equal to area CEFG (amount 
of I60 in the new oxide). 

tion times for the first and second stages of the double oxi- 
dation experiment are chosen as 18 and 14 h, respectively. 

Figure 6 shows the development of the tracer concentra- 
tion profile after tracer oxidation times of 6, 10, and 14 h for 
Db=1.3X10-I6 m”/s and DU=S.0X10-20 m% and ~18 h. 
The total oxide thickness after 6 and 10 h of tracer oxidation 
is marked by x and o, respectively, in the figure. The figure 
shows that tracer profile in the old oxide undergoes a signifi- 
cant increase with time, while the change of the profile in the 
new oxide is mostly due to oxide growth (i.e., the effect of 
exchange in the new oxide is negligible). This is attributed to 
the fact that the tracer concentration difference between the 
grain and grain boundaries is much larger in the old oxide as 
compared to the new oxide. It should also be noted that, in 
our model, since the second oxidation is carried out in pure 
180, any 160 atom in the new oxide had to come from the 
exchange process. Since the number of oxygen sites per unit 
volume of the oxide is fixed, the number of 180 atoms in the 
old oxide must equal the number of 160 atoms in the new 
oxide. This implies that the area under the tracer concentra- 
tion profile in the old oxide (area ABCD in Fig. 6) must 
equal to the area over the profile in the new oxide (area 
CEFG in Fig. 6). This criteria is satisfied in all plots gener- 
ated by our computer program, further confirming its verac- 
ity. 

Figure 7 shows the variation of the tracer concentration 
profile, when the value of Db is fixed (1.3 X 1,0-16 m’/s), and 
the value of D” is varied (5.0X10-“, 5.OX1O-2o, and 
1.OX1O-*9 mh). The plots show that increasing D” in- 
creases the strength of the sink term, thereby allowing for a 

Db = 1.3X10-16 mz/s 

‘.Or------ - 1. Dv = 5.0X10-21 ma/s 
0.9 

t 
2. Dv = 50X10-z!J mz/s 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Normalized thickness (1 unit = 2.43 pm) 

FIG. 7. Effect of varying fY’ on tracer concentration profiles. The conditions 
chosen are Db=1.3X10-‘6 m%, ~18 h, r-r=14 h, and D”=5OXlO-z’, 
5.0X 10m20, and 1.0X 10-l’ m’/s. 

larger concentration of t80 to be retained in the old oxide, 
while decreasing the tracer content of the new oxide. This in 
turn reduces the sharpness of the tracer profile at the old 
oxide/new oxide interface. Thus the major role of volume 
diffusivity is to dilute the tracer content of the grain bound- 
aries in the old oxide. 

Figure 8(a) shows the effect of varying Db (5.0X10-t7, 
1.3X10-t6, and 5.0X lo-j6 m%), at a constant value of D’ 
(5.0X IO-“’ ma/s). The plots, which have been normalized to 
the final thickness of the fastest growing scale, show the 
effect of Db on the growth rate of the oxide. As expected, 
increasing Db increases the flux of ‘so from the atmosphere 
into the oxide grain boundaries during tracer oxidation, 
thereby enhancing the exchange process. Figure 8(bj shows 
the same plots normalized to their individual old oxide thick- 
ness. The plots show that the normalized tracer profiles are 
less sensitive to variations in Db (compared to similar varia- 
tions in D”), in agreement to the observations of Wegener 
and Borchardt.6 However, unlike in their case, where they 
had an exact match of all profiles with varying Db in the old 
oxide, our plots do show an effect of Db variation. This is 
mainly because Wegener and Borchardt considered a con- 
stant oxide grain-size case, which led to parabolic growth 
kinetics. They then proved mathematically that the normal- 
ized profiles should be insensitive to Db variations. .This 
proof does not hold true in our case, since the variation in the 
oxide grain size leads to nonparabolic growth kinetics. Inter- 
estingly, Fig. 8(b) shows that an increase in Db leads to a 
decrease in the normalized tracer concentration profile in the 
old oxide. We attribute this to a competition between faster 
tracer diffusion through the grain boundaries of the old oxide 
(thereby increasing the tracer concentration profile in the old 
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FIG. 9. Effect of varying r on tracer concentration profiles. The conditions 
chosen are D”=5.0X10-20 m*/s, ~=18 h, t-7=14 h, and r as constant 
(3X10M7, 5X10m7, and 8X10w7 m). linear in y (0.4y+2.3XlO-’ m) and 
second-order polynomial of y (- 4.8y’+O.4y+2X 10T7 m). The D* 
value has been adjusted such that the old oxide thickness is the same in all 
cases. 

0.1 

I I I IVI I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

W Normalized thickness (1 unit = 1.67, 2.43 and 4.01 pm) 

FIG. 8. (a) Effect of varying D* on tracer concentration profiles. The con- 
ditions chosen are D”=5.0X10-20 m*/s, ~18 h, f-~14 h, and 
Db=5.0X10-‘7, 1.3X10-16, and 15.0XlO-‘~ m*/s. (b) Plots in (a) normal- 
ized to their individual old oxide thickness. 

oxide) and larger diffusion distances due to enhanced oxide 
growth rates (thereby decreasing the tracer concentration 
profile), with the latter phenomenon prevailing. Of course, 
the actual alnouitt of tracer retained in the old oxide increases 
with increasing Db [Fig. 8(a)]. 

perimposed tracer concentration plots for a linear 
(r= 0.4~ +2.3X low7 m) as well as a second-order polyno- 
mial of y [A = -4.8 m-l, B =OS, and C=2.OX low7 m in Eq. 
(1); see Fig. 31 fit to the grain-size variation data reported by 
Bongartz et uC.,~ along with plots for constant grain radii of 
0.3, 0.5, and 0.8 pm, respectively. The D" value of 
5.OX1O-2o m’/s has been used for the plots, while the Db 
value has been adjusted such that the old oxide thickness is 
the same in all cases. The figures show that, as suggested by 
Bongartz et al., 7 incorporation of variable grain size leads to 
profiles that are very different from those obtained from a 
constant grain-size assumption. Comparison of the profiles 
of constant grain size reveals that smaller grain sizes lead to 
enhanced exchange due to the larger grain-boundary surface 
area available. Among the two profiles of variable grain size, 
since the experimentally measured grain size is almost linear, 
a quadratic polynomial fit of ‘the experimentally observed 
data does not lead to a significantly different profile. How- 
ever, the smaller grain size near the oxide/gas interface, ob- 
tained by the second-order polynomial fit, leads to an in- 
creased tracer concentration profile (compared to the linear 
case) due to enhanced tracer exchange in the top part of the 
oxide (close to oxide/gas interface). 

The effect of grain-size variation on the tracer concen- 
tration profiles is illustrated in Fig. 9. The figure shows su- 

We have used our computer program to fit experimental 
profiles reported by Bong&z et aL7 for the oxidation of Fe- 
CrAl based oxide dispersion strengthened alloys at 1100 “C. 
Bongartz et al. reported the tracer concentration profile for a 
MA956 alloy [Fe-20(wt %)Cr-4.5Al-0.3Ti-0.5YZ03] oxi- 
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FIG. 10. Fit to experimental data reported by Bongartz et al. (Fig. 7 in Ref. 
7) for the oxidation of a Fe-20Cr-4.5Al-0.3Ti-OSY,O, alloy at 1100 ‘C 
for times of 75 and 150 h in 160 and “0, respectively. The ligure shows our 
best fit simulated plot for D”=3.0X10-z’ m% and Db=5.0XIO-‘7 m*/s 
and the grain-size variation reported by the same authors. 

dized at 1100 “C for times of 75 and 150 h in I60 and 180, 
respectively. Figure 10 shows the tit between the experimen- 
tal data and our simulated plot for D” =3.0X 10w2’ m’/s and 
Db=5.0X10-‘7 m2/s and a grain-size variation reported by 
the same authors.7 To our knowledge, this is the only case in 
which tracer profiles and grain-size variations have been re- 
ported simultaneously. Figure 10 shows that the fit between 
the simulated and experimental profiles is not exact. This is 
not surprising, given the complicated nature of the diffusion 
processes involved, as well as the limitations of the SIMS 
observations. Although the exact cause of the discrepancy is 
hard to pinpoint, possible factors may be speculated on. 
These include nonuniform sputtering of grains and grain 
boundaries during SIMS observations, nonuniform segrega- 
tion of yttrium ions in the oxide from YZO, precipitates, 
leading to variable volume diffusivities in the oxide, and 
grain growth during oxidation, among others. 

Bongartz and co-authors also reported experimental 
tracer profiles for shorter oxidation periods at 1100 “C! (15 
and 30 h of 160 and IgO oxidation, respectively) for a 
PM2000 alloy, which is very similar to MA965 in composi- 
tion [Fe-20(wt %)Cr-5.5Al-0.3Ti-0.5Y20J. Figure 11 
shows the fit between the experimental data and our simu- 
lated plot for the PM2000 alloy, using the same values of 
diffusivities (D” =3.0X 10m2* m21s and Db=5.0X lOAl7 m2/s) 
and a grain-size variation. It can be seen that the fit to the 
shorter oxidation time case in Fig. 11 is not as good as that of 
the longer oxidation time case in Fig. 10. 

IV. CONCLUSIONS 
Quantitative modeling of tracer concentration profiles 

obtained during double oxidation experiments has been car- 
ried out. The phenomenon of combined inward grain- 
boundary and lattice diffusion of oxygen with exchange has 
been modeled. The original model of Basu and Halloran’ has 
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FIG. 11. Fit to experimental data reported by Bongartz et al. (Fig. 11 in Ref. 
7) for the oxidation of a Fe-2OCr-5.%-U-0.3Ti-0.5YZOs alloy at 1100 “C 
for times of 15 and 30 h in I60 and “0, respectively, using the same D” and 
D* values (3.OX1O-21 and 5.0X10-‘7 m*/s, respectively) and grain-size 
variation used for the fit in Fig. 10. 

been extended to incorporate the effects of variable grain 
size in the oxide for the case of inward oxygen diffusion. In 
this model, the spherical geometry of grains is retained due 
to the symmetry of the volume diffusion. This allows the 
exchange process to be treated as a 1D problem, thereby 
reducing the complexity of the numerical calculations. The 
model has been extended to predict the tracer profile in the 
entire oxide. A graphical user interface has been developed 
for easy comparison of simulated profiles with experimental 
data. 

We have carried out simulation of profiles for test cases 
to ensure the accuracy of our complex computer program. 
We have also tested the sensitivity of the simulated profiles 
to variations in DO, Db, and grain-size variation. The results 
show that the normalized tracer profiles are sensitive to 
variations in Db to a lesser extent as compared to similar 
variations in D”. The results also show that incorporation of 
variable grain size leads to profiles that are very different 
from those obtained from a constant grain-size assumption, 
in agreement with observations of Bongartz and co-workers.7 
We have used our computer program to fit experimental pro- 
files reported by Bongartz et aL7 to obtain values of D” and 
Db. 
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