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PASSIVE OXIDATION RATES 

Here we will develop the equations that govern the 
diffusion of dissolved oxygen in the layer of Hf02 that 
grows on HfC. The oxide temperature is uniform and 
below the melting point. In Fig. 8, at time t = 0, the 
carbide extends to x = ° and no oxide is present. Sub
sequently, the carbide surface recedes while the oxide 
surface grows outward because of the decrease in den
sity. The locations of these surfaces are unknown in ad
vance. It is assumed that the slowest (and rate
determining) step in the oxidation of HfC is the diffu
sion of dissolved oxygen through the oxide layer. In the 
theory, the oxide is pictured as being compact, with no 
open channels that would permit the bulk flow of 
O2 (g). It is also assumed that the concentration of 
O2 (g) just outside the exposed surface is equal to the 
freestream value (the boundary layer gradient is neglect
ed) and the concentration of dissolved oxygen is equal 
to ° at the interior Hf02 / HfC interface where the reac
tion rate is relatively fast. 

The number concentration n (in molecules per cubic 
centimeter) of the oxygen at position x increases with 
time t at a rate controlled partly by diffusion and partly 
by the bulk motion that results from the density change: 

an 
at 

Here D is the overall diffusivity of dissolved oxygen, 
while Xl and X2 are the positions of the two faces of 
the oxide layer as shown in the figure. The entire oxide 
layer moves at the speed Xl of the exposed surface, the 
dot denoting a time derivative. 

The boundary conditions at X = X2 may be written 
in terms of the number n ox of oxide molecules per unit 
volume, the corresponding quantity nca for the carbide, 
and the chemical production rates nl " per unit area: 

D 
an 
ax n" 

The first of these equations describes the diffusion and 
consumption of dissolved oxygen, the second describes 
the motion and production of the oxide layer, and the 
third describes the consumption of the carbide. The pro
duction rates may be eliminated by means of the chem
ical stoichiometry conditions for the reaction between 
HfC and O2 , 
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The other boundary conditions specify the concentra
tions of dissolved oxygen at Xl and X2: 

n = n l ' at x = Xl , (6) 

at which n l is given, and 

n = 0, at X = X2 • (7) 

The initial conditions are 

0. (8) 

Equations 3 through 8 constitute a closed set of equa
tions that determine the locations X l (t) and X2 (I) of the 
two faces of the oxide layer as functions of time. They 
have an exact "similarity" solution (due to J. R. Kut
tier) in which n is a function of xiV! while both the lo
cation X2(t) of the interior Hf02/ HfC reaction front 
and the thickness X2 (I) - Xl (I) of the oxide layer vary 
as the square root of time: 

(9) 

The proportionality parameter is determined implicit
ly by 

The asymptotic solution when the right side is small is 

(
1 n l ) y, 

- - -
3 n ox 

With this value of Eq. 9 reduces to Eq. 2. 
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Figure 9-The pressure of gases in pores at an interface be
tween an HfC(s) substrate and an Hf02(s) layer. The pressure 
is higher when C(s) is present and lower when Hf(s) is present. 

B-numbers and interface pressures need to be related to 
observations on selective and internal oxidation. 

So far, the theory has been applied only to pure 
materials, like silicon, and mixtures of pure materials, 
like HfC and carbon_ When each grain and interface 
establishes its own equilibrium with the freestream, the 
gas composition at the surface varies with position. How
ever, when the grain size is small enough, the gas com
position is uniform and the material should be described 
as a solution. 

Another area in which the theory is being developed 
further involves passive oxidation rates. Many materi
als form mUltiple layers. In addition, the effects of si
multaneous heat flow need to be described because the 
key diffusivities depend strongly on temperature. 

In general, the theory cannot stand by itself. The cru
cial experimental data needed are the solubilities and 
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diffusivities of oxygen and the by-products like CO. 
Thermodynamics can predict what products form, but 
experimental data are needed to calculate rates. 
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