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Abstract

Oxidation kinetics of Zircaloy-4 have been measured using a micro-balance technique in CO-CO, gas mixtures
between 450°C and 600°C. Oxidation kinetics of Zircaloy-4 obeyed a cubic rate law with time at 450-600°C up to 24 h.
At 600°C, the kinetic transition occurred after about 36 h. After the transition, oxidation kinetics obeyed a linear rate
law. X-ray diffraction patterns for the samples oxidized at 600°C showed that the volume fraction of tetragonal phase of
zirconia decreased with time until the kinetic transition occurred and was almost constant after that. In addition,
stresses in the oxide films were found to be larger for the pre-transition samples than for the post-transition

ones. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 28.41. T; 81. 65. M

1. Introduction

The so-called ‘kinetic’ transition of Zircaloy oxida-
tion, that is, when oxidation becomes accelerated, needs
to be better understood for nuclear reactor safety. Re-
cently, some light water reactor (LWR) fuels have been
irradiated to a burn-up of over 50 GWd/t. Furthermore,
mixed-oxide fuels (MOX) have begun to be loaded into
LWRs. Under such conditions, the oxidation rate of
Zircaloy claddings is expected to be accelerated on the
fuel-side as well as on the coolant-side.

The oxidation behavior of Zircaloy-2 in terms of
oxygen partial pressure was reported in our previous
study [1]. In that article, we showed that oxidation was
not dependent on oxygen partial pressure in the pre-
transition period and concluded that diffusion of oxygen
vacancies controlled the oxidation rate. On the other
hand, in the post-transition period, the oxidation rate
was been found to be dependent on oxygen partial
pressure in some reports [2,3]. The authors argued that
the oxidation behavior was caused by interstitial oxygen
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and by imperfect oxide films, i.e., cracks and pores. In
recent studies by Godlewski et al. [4,5], the kinetic
transition was discussed in terms of the lattice structure
of oxide films. They pointed out that the kinetic transi-
tion was accompanied by the tetragonal-to-monoclinic
phase transition of the oxide film.

In this study, the dependence of the oxidation rate of
Zircaloy-4 on both the oxygen partial pressure
(107*-10"2 atm) and temperature (450-600°C) has
been measured by a micro-balance technique. In addi-
tion, X-ray diffractometry (XRD) and scanning electron
microscopy (SEM) were performed for the oxide films.
The relationship between the oxidation kinetics and the
structure of oxide film is discussed on the basis of data
obtained by these measurements.

2. Experimental

The specimens of Zircaloy-4 used in this experiment
were cut from a-forged rod into disks of 10 mm diameter
and 0.5 mm thickness. The specimen surfaces were
polished on abrasive papers and then subsequently fin-
ished by alumina buffing.

The oxidation experiments were carried out using a
micro-balance apparatus (Cahn-2000) between 450°C
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and 600°C. The desired oxygen partial pressure in the
reaction system was obtained by changing the compo-
sition of the flowing gas components, ie., 0-5%
CO/CO,. These gases were supplied at 50 ml/min under
atmospheric pressure, and the oxygen partial pressures
were monitored by a calcia stabilized zirconia sensor.
The experimental method for thermo-gravimetry was
described in our previous report [1].

In order to investigate the relationship between the
oxidation kinetics and the structure of the oxide film, X-
ray diffraction measurements were performed. X-ray
patterns from oxide films were acquired using an XD-
D1 Shimadzu diffractometer. The diffractometer was
used with Cu-Ka radiation and at conditions of 30 keV
and 30 mA. All X-ray diffraction measurements were
performed at room temperature. Thus, the volume
fraction of tetragonal-to-monoclinic zirconia as well as
the stress in the oxide film was analyzed as a function of
time. The quantities of tetragonal and monoclinic zir-
conia in the oxide film were evaluated using the areas of
the (111),,(111),, and (111),, peaks. This semi-analytic
method was proposed by Garvie and Nicholson [6].

The stress generated in the oxide films can be evalu-
ated from the change of plane spacing d as a function of
Y, which is angle between sample surface and diffracted
plane. Here, changing s in the range 0-15°, the plane
spacing d for the monoclinic (401) peak was measured
to derive the stress [7]. In practice, the diffraction angle
20, corresponding to the monoclinic (401) peak was
used to derive the stress.

For the SEM examinations, the cross-sections of
oxidized samples embedded in a acrylic resin were ob-
served. The surfaces of the observed sections were me-
chanically polished as described above, then chemically
polished using a swabbing-technique with a solution of
10 vol.% HF, 45 vol.% HNO;, and 45 vol.% H,O.
Finally, these surfaces were coated with gold.

3. Results and discussion
3.1. Oxidation kinetics

The weight change of specimens were measured as a
function of time with the micro-balance. The weight
gains per unit area in atmospheres of 0-5% CO/CO, at
500°C for 24 h (Fig. 1) show that the weight gains for all
the gas atmospheres increase with time while keeping a
constant slope. This means there was no occurrence of
the kinetic transition. For conditions of 450°C and
550°C up to 24 h, both weight gains also show similar
tendency to that of 500°C. Fig. 2 shows the weight gain
curves at 600°C for 7 days. The kinetic transition points
are found at about 36 h on the weight gain curves where
the slope changes from 3 to 1. At 600°C, the oxidation

—5%CO0/CO,

- = -1%CO/CO,

----- 0.1%CO/CO,
&7
g
Qo
B
£
=]
g = ;
5 O ’ — |
2 7/
B 3

.
P | n n 1 PR S i |
107 10°
Time [min]
Fig. 1. Weight gain curves of Zircaloy-4 disk at 500°C for 24 h.
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Fig. 2. Weight gain curves of Zircaloy-4 disk at 600°C for
7 days.

kinetics of Ziraloy-4 follows a cubic rate law before the
transition and a linear rate law after the transition.

In general, for oxidation kinetics, the cubic rate law
and the linear rate law are given by

W3 = ket, (1)
W = kyt, (2)

where kc and ki are the cubic and linear rate constants,
respectively. For the oxidation condition of 450-600°C
and 24 h, kc increase with oxidation temperature though
its oxygen partial pressure dependence cannot be found.
The activation energies were calculated to be 150-210
kJ/mol using the Arrhenius relation between the rate
constant and temperature. Such results were also seen in
our previous study of Zircaloy-2 [1]. On the other hand,
for oxidation at 600°C and over 36 h, the rate constant
ky does not show a dependence on oxygen partial
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Fig. 3. The effect of oxygen partial pressure on the linear rate
constant of oxidation of Zircaloy-4 at 600°C. The rate con-
stants of the other oxidation experiments are derived from each
figure in [3.8].

pressure either. In other experiments, dependence on
oxygen partial pressure at high oxygen partial pressures
is sometimes seen in the linear rate constant in a high
oxygen partial pressure regime [2,3]. So we performed
oxidation experiments at the high oxygen partial pres-
sure of Ar-20%Q0,. Our results, as well as those obtained
by others [3,8] are shown in Fig. 3. These results may
indicate that at the low oxygen partial pressure achieved
in CO-CO, gas mixtures, oxidation kinetics are con-
trolled by the diffusion of oxygen vacancies whereas at
high oxygen partial pressures, interstitial diffusion of
oxygen may be the predominant process of oxidation.

3.2. Tetragonal-to-monoclinic phase ratio

Figs. 4((a)—(c)) show the X-ray diffraction patterns of
samples heated in CO, at 450°C for 24 h and 600°C for 7
days. All diffraction patterns shown in these figures were
measured by using the 26 — 6 method. Most peaks from
the oxidized samples originated from m (monoclinic)-
ZrO, and o (hexagonal)-Zr. The small peaks near
260 = 30° indicate the existence of t (tetragonal)-ZrO,.
No o-Zr peaks can be seen in Fig. 4(c) which shows
samples that have undergone the kinetic transition.

A peak intensity /(hkl), can be defined as the inten-
sity of the (hk/) diffraction line of phase i. In this anal-
ysis, peak intensities were calculated by fitting the
diffraction line to a Gaussian function. The peak inten-
sity ratio of the tetragonal phase X; is expressed by

I(111),

I, +1(111), +I(111),’ 3

X,

as given by Garvie and Nicholson [6]. The X; thus ob-
tained is equal to the volume fraction of the tetragonal
phase within a few %. The volume fraction of the te-
tragonal phase V| is described more precisely by the
following expression:
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Fig. 4. X-ray diffraction patterns of specimens oxidized in CO,
(a) at 450°C, 24 h; (b) at 600°C, 24 h; (c) at 600°C, 7 days.
Ordinate is the X-ray intensity normalized by the (111)_, peak
intensity. Background intensities were subtracted.

X
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where C = 1.381 for Cu-Ka [9]. The value of C includes
several factors concerning the intensity of diffracted X-
rays, e.g., structure factor, multiplicity and Lorentz
polarization factor.

Fig. 5 shows the volume fraction of the tetragonal
phase J; as a function of time. All samples in this figure
were oxidized in a 5% CO/CO, atmosphere. For both
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Fig. 5. Volume ratio of tetragonal-to-monoclinic zirconia as a
function of oxidation time.
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Fig. 6. Volume ratio of tetragonal-to-monoclinic zirconia as a
function of oxidation temperature for 24 h heat treatments.

Zircaloy-4 and -2 samples, ¥; monotonically decreased
with increasing oxidation time until the kinetic transi-
tion was reached, and remained constant within about
6% after that point. In Fig. 6, the J; of samples oxidized
for 24 h is plotted as a function of temperature. The
figure shows that the lower the temperature, the larger
the volume fraction of tetragonal phase.

Fig. 7 shows the relationship between 7; and thick-
ness of the oxide film. It shows that large ¥; can only be
found in the pre-transition period. The main reason for
these results is usually due to the high Pilling-Bedworth
ratio of 1.56 for zirconium. According to the pressure—
temperature phase diagram of zirconia [10], the tetrag-
onal phase is stabilized by the higher stress. However,
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Fig. 7. Volume ratio of tetragonal-to-monoclinic zirconia as a
function of oxide thickness. The oxide thickness was calculated
using the conversion formula 1.5 mg/dm2 =100 nm. Data
shown in Figs. 5 and 6 are included in this figure.

the X-ray penetration lengths must be considered to help
understand these results. The penetration length (95%) is
estimated to be ~6 pm for zirconia. Since samples oxi-
dized at 600°C, or less, for less than 24 h showed the
diffraction peak from underlying zirconium, and the
oxide thickness was comparable with the penetration
length, X-ray information for the pre-transition samples
resulted from whole area of oxide film. On the other
hand, for the post-transition samples, only the thick
surface oxide layers were seen by X-rays because its
oxide thickness was much thicker than the X-ray pene-
tration length. These samples had V] values of about 6%,
neglecting the metal-oxide interface where high stress
occurred. Therefore, for the post-transition samples, the
tetragonal phase may have been stabilized, not due to
high P-B ratio, but for another reason, such as an oxide
grain size effect [11].

The abscissa of Fig. 7 shows the thickness of oxide film,
which was calculated using a conversion formula between
weight gain and thickness, 1.5 mg/dm2 = 100 nm. The
oxide thickness error was conservatively estimated to be
+20%. The error of 7 was estimated to be £0.01.

3.3. Stress measurement

The stresses in the oxide film and the zirconia phase
were evaluated by X-ray diffraction measurements. To
simplify the following discussion, the calculation of the
stress has been carried out under the assumptions of
isotropy and homogeneity of the oxide. In addition, the
stress component normal to the surface of the specimen
was considered to be zero. Thus, on the basis of the
theory of the X-ray stress measurement, the stress gen-
erated in the oxide film can be written by

E cot 00 6201/,
Oy = ————

2(1+v) osin®y’

(5)

where E is Young’s modulus, v is Poisson’s ratio, and 0,
is the diffraction angle under the non-stress condition.
In Fig. 8, the diffraction angles 20, are plotted as a
function of sin® y for the samples oxidized under 1% and
5% CO/CO, atmospheres. The slopes determined for all
oxidized samples are positive. This means that com-
pressive stress exists in the oxide film. In addition, the
slopes for the pre-transition samples are larger than
those for the post-transition ones, which means that
higher compressive stress in the oxide film existed in the
pre-transition sample. However, for the underlying zir-
conium, a negative slope value was obtained. For the
samples oxidized under the different experimental con-
ditions, the values of slopes determined from the
20y — sin®  plot are shown in Fig. 9 as a function of the
oxidation time. This figure also shows larger slopes
for pre-transition samples. The errors indicated in this
figure resulted mainly from statistical analysis, and these



152 T. Arima et al. | Journal of Nuclear Materials 294 (2001) 148—153

713
—o— pre-transition, 5%CO/CO,
—8 - post-transition, 5%CO/CO,
— ¢ -pre-transition, 1%CO/CO,
712 I --x--post-transition, 1%CO/COy _____.cem-m7"%"
BT
KXot — T
= =" o
5 T
oY
o~
71.0
70.9 1 1 Il 1 1 1

0 0.01 002 003 0.04 005 006 0.07
sinZy

Fig. 8. Scattering angle corresponding to monoclinic zirconia
(401) peak as a function of . The angle i/ is the angle between
the sample surface and the diffraction plane.
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Fig. 9. Slopes calculated from the 2911,—sin2 ¥ plot as a function
of the oxidation time. They are proportional to the magnitude
of the stress in the oxide film.

values were conservatively estimated to be +0.3. Using
E =200 GPa and v=0.3 [12,13], the compressive
stresses in the oxide films were about 4 and 2 GPa for
pre-transition and post-transition samples, respectively.
The maximum value of compressive stress about 4 GPa
is higher than those obtained by others experiments
[5,7,14]. They explain that lower compressive stress does
not include the information from the metal/oxide inter-
face, and that zirconia with high concentration of te-
tragonal phase is stabilized by dopant atoms [4].
According to the P-T phase diagram of zirconia, the
transition pressure of monoclinic-to-tetragonal or to
orthorhombic phase decreases with increasing tempera-
ture and changes form 3.5 GPa (room temperature) to 2
GPa (600°C). The maximum stress value obtained in
our experiment was higher than values shown in the P-T'
phase diagram.

3.4. SEM examination

Figs. 10 ((a) and (b)) show SEM photographs of
oxide films formed on specimens heated in 5% CO/CO,
at 600°C for 24 h and 8 days. The specimen oxidized for
8 days showed the kinetic transition point on its weight
gain curve. For other atmospheric conditions, similar
results were obtained. In these figures, two types of
cracks are found in oxide films. Lateral cracks, parallel
to the specimen surface, are observed in all oxide films.
For the post-transition period films, vertical cracks,
normal to the surface of specimen, are found. And, as
shown in Fig. 10(b), the vertical cracks are often ob-
served at thicker parts of oxide films.

The shape of the interface between the oxide film and
the underlying metal is wavy rather than flat, which
results from the varying oxidation rate with position.
This tendency was found for all oxidized samples. Zir-
caloy-2 samples also showed the same tendency in our
previous study [1].

150808x%

Fig. 10. SEM photographs of oxide film formed on Zircaloy-4
in 5% CO/CO, at 600°C for (a) 24 h, (b) 8 days. The oxide films
are on the right of the underlying metal in each figure.
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Vertical cracks are considered to promote oxidation
since these cracks are relatively large diffusion paths for
the oxidizing gas and are directly opened to the atmo-
sphere. On the other hand, almost all lateral cracks are
smaller than the vertical ones and are closed in the oxide
film. Therefore, the wavy shape of metal-oxide interface
may be due to closed lateral cracks preventing the oxi-
dation reaction [15,16]. But, if the lateral cracks connect
each other and reach the surface, they may play the same
role as vertical ones.

4. Summary

The oxidation kinetics of Zircaloy-4 have been
studied between 450°C and 600°C under the atmo-
spheres of 0—5% CO/CO, gas mixtures. For the oxidized
sample, X-ray diffraction was used to investigate the
relationship between the kinetic transition and the lattice
structure of oxide films.

The oxidation of Zircaloy-4 obeyed a cubic rate law
in the pre-transition period and a linear rate law in the
post-transition period. Under low oxygen partial pres-
sures such as those achieved in CO-CO, gas mixtures,
both kinetic rate constants were insensitive to oxygen
partial pressure whereas under high oxygen partial
pressures, the linear rate constant seemed to depend on
oxygen partial pressure.

From the analysis of ratios of tetragonal-to-mono-
clinic phases in the oxide film, the pre-transition samples
had higher tetragonal phase ratios (over 10%). For
samples oxidized up to 24 h, the tetragonal phase ratios
decreased with increasing temperature. The post-transi-
tion samples had a tetragonal phase ratio of about 6%,
which indicated that the tetragonal phase was stabilized,
but the cause did not seem to be high P-B ratio.

Stresses generated in oxide films were estimated from
the 20, —sin®y plots. The stresses for all oxidized
samples were compressive, and these values were about 4
and 2 GPa for the pre- and post-transition samples,
respectively. For the pre-transition samples, high values
of stresses as well as high tetragonal phase ratios re-
sulted from the high P-B ratio of 1.56 for zirconium.

SEM photographs of oxidized samples indicate that
lateral cracks, found for all oxide films, may inhibit the
oxidation reaction at the metal/oxide interface and de-
crease the oxygen diffusion paths, whereas vertical

cracks found for post-transition samples promotes oxi-
dation.
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