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Abstract

Experiments and numerical analysis have been performed to investigate the effect of preoxidation
by oxidizing Zircaloy-4 specimens at a higher temperature after a period of exposure at a lower
temperature. The oxidation experiments were performed between 700°C and 850°C after preoxidation
at 650°C in a steam and water mixture for 600 seconds and 1,800 seconds. As the thickness of
preoxidized layer increased, the oxidation rate of preoxidized specimens at higher temperature
became lower than that of as-received claddings. A transition region of oxidation rate exist in the
preoxidized specimens, and the region disappeared rapidly as the oxidation temperature increased.
This effect appeared more clearly at lower temperatures. According to the results of numerical
analysis performed in this study, the growth rate of oxide layer thickness and weight gains were

similarly affected by the thickness of preoxidized layer.
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1. Introduction

The zirconium-base alloys are widely used as
cladding materials for the fuel element of nuclear
power plants. These materials have high mec-
hanical strengths, ductility and good corrosion
resistance under normal operating conditions.’?

In an accident like LOCA (Loss Of Coolant
Accident), Zircaloy-4 tubes react with steam
and are rapidly oxidized as the cladding tem-
perature increases.®»¥ When they are oxidized,
the yield strength of the Zircaloy-4 increases to
some extent at first and immediately drops
afterwards.’8 Due to oxygen intake, embrittle-
ment of the cladding occurs.”®

Several investigatorsi®'® have reported that
there are much differences in the oxidation
behavior according to the period of oxidation
when the claddings are oxidized in its fuel
cycle. While the tubes are corroded very slowly
in the operating temperature range, the higher
temperature oxidation kinetics are affected by
the presence of oxides formed during normal
operations.

In this study, the effect of preoxidation was
investigated to elucidate a possible mechanism
for reduction in oxidation rate when the cladding
material was oxidized at higher temperatures
after preoxidizing at a lower temperature.

II. Mathematical Modeling

The equations describing the oxygen diffusiion

in a system of oxide and a-Zircaloy (Fig. 1)
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Fig. 1. Schematic Diagram of an Oxgen Concen-
tration Profile in a System with Two Solid
Phases I and II, and a Moving Interface
at & C; is the Equilibrium Concentration
in Phase I in Contact with the Gas; C; in
Phase I in Contact with Phase II: C; in
Phase 1I in Contact with Phase 1.

p, 0L _ G #Cr__ oCu

X T o axr = D
where D; and Dy are the diffusion coefficients
of oxygen in the oxide(I) and the @ phase
(1), Cx and Cy are the oxygen concentrations

in the oxide and the a phase, respectively.
A finite difference method with an implicit
the diffusion

phenomena under the moving interface condi-

, Du

scheme was used to analyze

tions. Applying a forward difference scheme, the

finite difference equations for the

implicit
equation (1) can be expressed as follows
—RCi1+(1+2R)C = RCH=C} @
where R=Ddt/4z?, D is the diffusion coefficient
(cm?/s), j corresponds to the space variable and
k to the time variable. Upon expanding the
equation (2) in a matrix form, this reduces to

two tridiagonal linear simultaneous equations as

follows:
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where p is the position when the interface is
located between MAzx and (M+1)4dz, and C, is
a small fraction of C;, M is the number of
intervals of amplitude 4z in phase I and (N—
M) is its number in phase II. When z equals
to (M—1) and (M+2),
equations are derived using the second-order

the corresponding

Lagrange interpolation technique,

If at a given instant the interface coincides
with a node, then p=0. As the interface moves
ahead, p may exceed 1, then M is increased by
1 and p takes again the value between 0 and
1. In the two-phase system, when the interface
does not coincide with the mesh point, oxygen
concentrations near the interface can not be
found directly. In these cases, the interpolation
technique for calculating C(M) and C(M+1)
at (k+1)-—step is needed.!®

To treat the effect of preoxidation between
700°C and 850°C, the oxygen concentrations at
650°C after 600 second and 1, 800 second oxida-
tion are used as input data for the calculation
of the oxygen concentrations at the

temperatures.

higher

III. Experimental Procedure

The reactor-grade Sandvik Zircaloy-4 plates
were used in this experiment. Specimens were
weighed with use of the analytical microbalance
with a precision of 0.1mg before they were
oxidized in a tube furnace. Specimens were clea-
nsed using petroleum ether and dried out to re-
move moisture before oxidized in a tube furnace.

In the case of oxidation of as-received clad-
dings, the specimens were oxidized isothermally
between 700°C and 850°C in the atmosphere of
a steam and water mixture. Temperature control
was carried out by a proportional type digital
temperature controller and temperature variation
of each specimen was found within the range of
+5°C by the thermocouple (type-K) located
near the specimen in the tube furnace.

To form the preoxidized layer, the as-received
claddings were oxidized in a steam and water
mixture for 600 seconds and 1.800 seconds at
650°C. Each preoxidized specimen was reoxidized
isothermally at a temperature between 700°C
and 850°C to study the preoxidation effect.

Changes in specimen weight were measured
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to check the oxidation rate. To measure the

preoxidized layer thicknesses, the oxidized

specimens were observed under an optical

microscope.
I1V. Results and Discussion

A. Analysis of Weight Gains

The thicknesses of preoxidized layer at 650°C
were found to be 4pm after 600 second oxidation
and 7um after 1800 seconds. Figure 2 illustrates
the data for the wegight gains per unit area of
as-received specimens at each temperature. This
shows the parabolic oxidation behavior. From
the figures 3 through 6, the differences in
weight gains between the preoxidized specimens
and the as-received specimens are observed, and
these differences are more pronounced in the
preoxidized specimens with oxide layer of 7pm
thickness.

The parabolic rate constant K, in case of
oxidation experiments of as-received claddings
and the oxygen diffusion coeflicients D,,, D, in
the oxide and the phase, respectively, were
found to be

K,=1.80%10* exp (—327001500/RT)

(mg/cm?)?/sec

D,.=0.04 exp (—29508/RT) (17)
(cm?/sec)

D,=1.00 exp (—49000/RT) (16)
(cm?/sec)

where R is the gas constant (=1, 9872cal/mole/
K) and T is the absolute temperature(°K).

At first, the oxidation rate of the preoxidized
specimens at a high temperature follows that of
650°C. But, as further oxidation take places, its
oxidation rate changes to that of a high tem-
perature which is different from the oxidation
rate of as-received specimens.

It appeares that the transition region of
oxidation rate exists in the preoxidized specimens

and the transition region is more evident for

the specimens oxidized at 700°C and 750°C than
for those oxidized at 800°C and 850°C. The
transition region disappears rapidly as the oxida-
tion temperature increases. Before the transition
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Fig. 2. Weight Gains Against 4/t for Various
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Table 1. Parabolic Rate Constant and Interface
Displacement Velocities in the As-
received Claddings During 1500 Second

Oxidation

TCC) K,y(mg/cm?)?/sec v(cm/sec)
700 7.56x10™* 5.586x 107
750 1.46x1072 8.241x107"
800 5.03x1073 1.151x 1078
850 7.53x1078 1.540x 107
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Fig. 6. Comparison of Weight Gains in Preoxi-
dized Specimens with New Specimens at
850°C

at 850°C (Fig. 6), the weight gains increase
more slowly for the preoxidized specimens with
7pm thick oxide layer than for those with 4gm
thick oxide layer. After the transition, both
weight gains increase at the same rate. At this
temperature, the effect of preoxidation does not
influence significantly the oxidation rate after
the transition because of the fast oxygen
diffusivity in Zircaloy-4 at high temperatures.'®
B. Analysis of Numerical Results

Based on the numerical analysis introduced in
section I, the thicknesses of oxide layer cal-
culated by numerical method after considering
the preoxidation effect are plotted as a function
of square root of time in the figures 7 through

10.

These figures show that there also exists the
effect of preoxidation, and this effect is more
pronounced with the increasing thickness of
preoxidized layer. As oxidation temperafure rises,
effect of preoxidation becomes weaker because of
the faster oxygen diffusivity at high temperatures.

The average values of the interface displace-
ment velocity in the as-received claddings are
given in Table 1 and at one temperature this
velocity decreases as oxidation time increases due
to oxygen saturation in the alpha phase.'®

Since the interface displacement velocity is
very sensitive to the gradient of oxygen concen-
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Fig. 7. Growth of Oxide Layer in Preoxidized
Zircaloy-4 at 700°C from Numerical
Analysis
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Fig. 10. Growth of Oxide Layer in Preoxidized
Zircaloy-4 at 850°C
trations near the interface, the numerical values
of the derivatives should be computed carefully.
The Lagrange interpolation method with second-
order polynomial applied to this problems is not
proper because it fails to give the derivatives at
the interpolated points.!® The linear interpolation
method to find the derivatives at the interface,
however, is satisfactory, whereas the new oxygen
concentrations near the interface were computed
by second-order Lagrange interpolation method.
C. Discussions on Preoxidation Effect

The oxidized specimens were black, probably
indicating an oxygen deficiency in the oxide
layer.'® B. Cox has considered that the black
oxide film is due to the growth of the vacancy
gradient, 19

Analysis of the oxide film has shown that its
chemical composition may differ from the stoic-
hiometric proportions. It was reported?® that

the black protective oxide film shows an oxygen



128

deficiency, while the white friable oxide film
has a chemical composition corresponding exactly
to the formula ZrO,,

The zirconium-dioxide belongs to the fluorite
(CaF,) structure with a lattice parameter of
5.272A, which shows gross non-stoichiometry. 2

In case of oxygen-deficient oxides, as in

Zr0,_,, diffusion rate can be expressed as
follows?? ;
Rate « exp(—4G°,/RT) 5)
where
6% _ 1 11 4m T
" RT T RT [ 2AH°’ 2

(48,,—6RIn X+2R1n 2)]

A4GY =relative partial free energy accom-
panying the introduction of vacancy
formation

4Hy=relative partial enthalpy of oxygen

48, =relative partial entropy of oxygen

z=a parameter showing the deviation
from the stoichiometry of zirconium
dioxide(ZrO,)
Then the diffusion rate dependent upon the
stoichiometry of the oxide is
Rate=R, exp(4dH,,/RT) exp

[——5g Gu—6RIn X+2R1n3)]
=Ry/z® ()
where
Ry=R, exp(4H,,/RT) exp

[~—2%—(ASO,+2R In2) ]

Ry,=a parameter dependent upon the migra-
tion energy
From examining these relationships, it is clear
that the more the oxide structure becomes
defective, the easier the oxygen diffusion in
metals takes place. This suggests the strong
dependence of a diffusion coefficient upon the
stoichiometry of the oxide.
Oxygen diffusion in Zircaloy-4 takes place
through the anion vacancy in the oxide phase.
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The anion vacancy concentration is lower at
650°C (means low value of z) than at higher
temperature, thus it takes a time for the anion
defect structure at 650°C to equilibrate to that
structure stable at higher temperatures.

As a consequence, when the claddings preoxi-
dized at 650°C are oxidized at higher tempera-
tures, the oxidation rate is lower than the one
observed in the as-received claddings and a
transition region of oxidation rate exists.

Y. Conclusion

By experimental and numerical methods, it
was confirmed that the preoxidation affects
subsequent oxidation rate at higher temperatures
and growth rate of oxide layer was influenced
by the thickness of preoxidized layer. From
these facts, it may be concluded that the preo-
xidized claddings show lower oxidation rate
during exposure in high temperature steam and
water mixture after transfering from low tem-
perature, and a transition region of oxidation
rate exist in the preoxidized claddings. This
effect of preoxidation increased as the thickness
of preoxidized layer increased and appeared
more clearly at lower oxidation temperatures.

The parabolic rate constant K, in case of
as-received claddings between 700°C and 850°C
was found to be

K,=1.80x10* exp(—32700+500/RT)
(mg/cm?%)?/sec

The mechanism of this preoxidation effect
was explained by the defect structure of oxygen-
deficient oxides although more experimental and
microstructural analysis are required to verify
this mechanism.
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