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Abstract

A kinetic hypothesis of zirconium oxidation has been developed in a closed form by assuming a constant strain-
energy gradient as a diffusional driving force in addition to an oxygen chemical potential gradient, and verified
quantitatively via thermogravimetry in the air atmosphere over a temperature range of 400-800 °C. The hypothesis
explains quite precisely the crossover of kinetics from parabolic to cubic before the breakaway of ZrO,-scale, yielding
an intrinsic diffusion coefficient of component oxygen as Do/m? s™! = 6.3 x 10~ exp(—1.59 eV kT™"). The open-circuit
potential measurement across the protective scale indicates that the scale is a mixed ionic electronic conductor with an
ionic transference number of #,, ~ 0.5. The intrinsic diffusivity is thus interpreted as being a Nernst-type combination
of the partial conductivities of oxide ions and electrons. The hypothesis also yields a strain-energy gradient across the
protective layer of 10" to 10" J m~! (mol-O) ™" as temperature increases from 400 to 800 °C. The strain-energy gradient
allows one to evaluate the characteristic thickness where the oxide breaks away, and the strain energy right at the
ZrO,/Zr interface to be very reasonably on the order of 10'° J m~ that is insensitive to temperature. Possible origins of

the stress are discussed. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 81.65.Mq

1. Introduction

Oxidation kinetics of Zircaloy have been a subject of
extensive studies for the past 50 years, but the quanti-
tative understanding of it is still at large. Nevertheless, it
seems to be phenomenologically agreed upon [1,2] that
the oxidation kinetics are very initially linear (Am  ¢),
followed often by a parabolic kinetics (Am o ¢'/?), but
eventually by a cubic kinetics (Am o ¢'/3) until a final
transition to a linear kinetics or breakaway. Micro-
scopically, the oxide layer grown up to the transition or
breakaway point (so-called pre-transition period) is
dense and protective, but the layer after the transition
(post-transition period) is non-protective bearing cracks
and/or pores [3,4]. The protective layer normally extends
over a limited thickness (of 2-3 um or so) at tempera-
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tures of practical interest (~600 K) [2,3]. Crystallo-
graphically, the protective layer contains appreciable
amount of tetragonal zirconia (t-ZrO,) [3-6] at the
temperatures where monoclinic zirconia (m-ZrO,)
should otherwise be stable thermodynamically. The non-
protective porous layer, on the other hand, is always
monoclinic [5,6].

It is well known that t-ZrO, can be stabilized over
m-ZrO, even at room temperature by the effects of
surface tension, hydrostatic pressure or compressive
stress [7]. The presence of t-ZrO, in the protective layer
is thus generally attributed to a compressive stress [5],
but its origin has not yet been clearly understood [8].
Nevertheless, it can be envisaged that this compressive
stress may play a role in oxidation kinetics. A few at-
tempts have thus far been made to explain the kinetics
by taking into account the stress gradient in addition to
the oxygen concentration gradient as diffusional driving
forces [9,10]; however the quantitative rationalization of
the overall kinetics of Zircaloy oxidation is still rudi-
mentary.
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PII: S0022-3115(01)00695-X



236 H.-I. Yoo et al. | Journal of Nuclear Materials 299 (2001) 235-241

In this paper, we will propose a working hypothesis
which can explain quantitatively the crossover of ki-
netics from parabolic to cubic, and provide the experi-
mental evidence supporting the hypothesis. On the basis
of this hypothesis, we will then discuss the nature of
rate-determining diffusion through the reaction product,
the characteristic features of the protective layer and the
origin of the compressive stress.

2. Working hypothesis

Let us consider an infinite slab of Zr-metal (or Zir-
caloy) exposed to an ambient oxygen potential ug ,
which is greater than the oxygen potential, y, in equi-
librium with Zr-metal and ZrO, at a given temperature.
In addition, we conjecture that the oxide is somehow
subjected to a compressive stress gradient starting from
the Zr/ZrO, interface. The thermodynamic situation is
as illustrated in Fig. 1.

It is well known [11] that oxidation of Zr proceeds via
chemical diffusion of component oxygen from the free
surface to the Zr/ZrO, interface. A flux of mobile
component oxygen, Jo may be induced not only by the
gradient of the chemical potential of component oxygen,
Vi, but also by the gradient of (compressive) strain
energy, Vu [12] or

Jo = —L(Vug + Vu), )

where the transport coefficient L is a measure of the
intrinsic diffusion coefficient of component oxygen, Dg
or

_ DoCo
L==—2" (2)

Here, Co is the (molar) concentration of oxygen in ZrO,,
and the other symbols have their usual significance.
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Fig. 1. Thermodynamic situation of Zr-oxidation. Note that
the diffusion flux of component oxygen, Jo is driven by the
chemical potential gradient of oxygen, Vy, and the (compres-
sive) strain-energy gradient, Vu which are acting in opposite
directions. ¢, thickness of the reaction product; ¢, the char-
acteristic thickness where u = 0.

If the (in-plane) compressive stress originates from
the lattice or interfacial coherency, the strain energy may
be written per mole-O in the oxide as [12,13]

e ¥
u= 2 l_vg(x)7 (3)

where ¥, Y, v, and &(x) denote the molar volume,
Young’s modulus, Poisson’s ratio, and strain at a posi-
tion x in the reaction product ZrO,, respectively. Ob-
viously, &(x) will die out with distance x and hence, the
strained region in the oxide in front of the interface will
be spatially limited. For simplicity sake, we assume here
that Vu be constant irrespective of the oxide thickness,
£. This implies that ¢(x) decays parabolically with dis-
tance x from the interface, x = 0.

One may assume steady-state or VJo ~ 0 [15], and
integrate Eq. (1) to obtain

L _
Jo = 7EA.U'O — LVu, (4)

where L is the spatial average of L across the reaction
product and Apg = uly — pg. Assuming that the inter-
facial reaction between gaseous oxygen and ZrQO, is fast
enough (so that the overall kinetics is governed by solid-
state diffusion), one may set

1
Ao = 5AG, (5)
where AG is the free energy change of the reaction
/r =+ 02 = ZI'Oz. (6)

Due to mass conservation, one has
2 dé&

Jo = Vodr (7)

where ¢ stands for the thickness of the ZrO, as measured
from the Zr/ZrO, interface (x = 0) (see Fig. 1) and ¢ the
time duration. By associating Eqgs. (4), (5) and (7), one
finally obtains a kinetic equation

d¢ K
ey (8)

or upon integration with the initial condition,
Er=0)=0,

K
(g ”
where
K, = %(—AG), p= L;/‘“ (~Vu). (10)

One can easily show that as f§ approaches 0, Eq. (9) re-
duces to the conventional, parabolic rate law, &= 2Kt.
It is emphasized that the mechanically driven diffusion is
in the opposite direction to the chemically driven diffu-
sion. This counter effect causes the overall kinetics to
deviate from the conventional parabolic kinetics.
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3. Experimental

Rectangular plates of Zr (99.9% purity, CEZUS,
France), measuring ca. (8-12) mm X (6-16) mm x
(0.8-1) mm and weighing (0.2-1) g, were employed as
specimens. All the surfaces of each plate were polished
with diamond pastes of grit size down to 1 pm, washed
with acetone followed by distilled water, and then in an
aqueous solution of 5%HF + 45%HNO; and subse-
quently in distilled water again.

Oxidation experiment was carried out in a fixed at-
mosphere of air in a temperature range of 400-800 °C by
thermogravimetry (TGA). A plate specimen was hung
down from a thermobalance into a built-in (graphite)
furnace whose temperature was previously set at a
temperature of interest (within £1 °C) and its mass in-
crease was monitored in situ against time by the ther-
mobalance with a +1 pg resolution (Setaram TG-DTA
92-18, France).

In order to get a further insight into the defect-
chemical nature of the reaction product, ZrO,, the open-
circuit potential across the reaction product was mea-
sured from a galvanic cell with the configuration

Pt|Zr|ZrO,|O, (air), Pt. )

A Zr-plate was first oxidized within the pre-transition
period and then a corner of the plate was abraded to
expose the base metal, Zr. A Pt-wire of 0.2 mm thickness
was tightly wound around the corner (where the oxide
layer was scraped off) to secure an electrical contact
between the Zr-metal and the Pt-wire and another wire
around the opposite corner where the oxide layer re-
mained. The corner of the plate, where the Zr/Pt contact
was formed, was embedded sufficiently deep into a
densely packed, fine glass powder (with the softening
point of ca. 690 °C) in an alumina cup. The entire as-
sembly was subsequently put into a furnace that had
already been at 700 °C. By quickly melting the glass
covering the bare metal Zr, the oxidation of Zr could be
effectively suppressed to keep the Zr/Pt contact for a
reasonably long period of time. The voltage between the
two Pt-lead wires was measured against surrounding
oxygen partial pressure at a fixed temperature of 700 °C.
The oxygen partial pressure in the surrounding of the
cell was monitored by a ZrO,-based oxygen sensor.

4. Results and discussions
4.1. Oxidation kinetics

Fig. 2(a) shows the TGA results, mass gain per unit
area (Am) relative to the initial mass m, vs. exposure
time (7) at different temperatures in the air atmosphere.
The mass gain particularly at 600 °C displays all the
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Fig. 2. Mass gain per unit area, Am vs. exposure time, ¢ to air at
different temperatures in a linear scale (a) and in a log-log scale
(b). The sequence of small triangles shows the slopes 1, 1/2, 1/3
and 1 in order.

typical features in both pre-transition and post-transi-
tion periods, which re-confirms what have been repeat-
edly observed [1,2]. Conventionally the oxidation
kinetics has been represented as [2]

(Am)" = Kt, (11)

with the reaction order, n and appropriate rate constant,
K. We, thus, re-plot Fig. 2(a) in a log-log scale in
Fig. 2(b). One can now better see, say, from the 600 °C
isotherm that kinetics look initially linear or
n = 1(t < 0.1 h), then apparently cubic or n~ 3 up to
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Fig. 3. ZrO, thickness, & vs. exposure time, z. The solid curves
are the best fitted to Eq. (9) in the text.

the breakaway (at ¢~ 100 h) from which the kinetics
turn linear again. It should be noted that one can argue
that there is a region of parabolic kinetics before com-
pletely turning to the cubic kinetics.

The mass-gain data before the breakaway in Fig. 2(a)
have now been non-linear least-squares (NLLS) fitted to
Eq. (9). In this procedure, the mass gain was first
transformed to the thickness of the growing oxide as
& = AmV,/2Mo, where Mo is the atomic weight of ox-
ygen and V,, has been taken as that for t-ZrO, or
V., =2.10 x 10~5 m?® mol™'. The fitted results are de-
picted by the solid curves in Fig. 3 with the fitting pa-
rameters, K, and f as listed in Table 1. As is seen, Eq. (9)
is describing the mass gain quite satisfactorily, sup-
porting its validity or truthfulness.

4.2. Intrinsic diffusivity
The reaction free energy, AG for Zr-oxidation in air

(P,, = 0.21 atm) is known [14] as listed in the fourth row
of Table 1 at each temperature of examination. One can
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Fig. 4. Intrinsic diffusivity of oxygen, Do vs. reciprocal tem-
perature.

thus derive from Eq. (2) with Co =~ 2/V;, and Eq. (10)
the average intrinsic diffusion coefficient of component
oxygen, Do. The results are listed in the fifth row of
Table 1 and plotted against reciprocal temperature in
Fig. 4. The average intrinsic diffusivity of component
oxygen may best be represented as
Do/m* s™' = (6.3137) x 10~ exp (7 %)

(12)

with a linear correlation coefficient » = —0.9993 between
InDo and 1/T for the four data entries.

As already expected from the dark color of the oxide
scale, the open-circuit potential of Cell (I) indicates that
the oxide is indeed a mixed ionic electronic conductor.
As is seen in Fig. 5, the open-circuit potential across the
oxide is 1.28 V when P,, =1 atm. (When the sur-
rounding P,, was changed to an N,/O, mixture gas and
left alone to see the time-dependence of EMF, the EMF
started in a while to fluctuate more or less in a regular
interval. After some intervals, EMF vanished. It was due

Table 1
Analysis results of Zr-oxidation kinetics on the basis of Eq. (9) in the text

T/K 673 873 973 1073

K, (m? h") (2.6693 +0.0009) x 10713 (9.4740.04) x 10713 (6.40 4 0.03) x 10712 (4.722 £0.019) x 107!
B(mh™) (1.078 4+ 0.007) x 10~° (7.51 £0.07) x 10°% (1.80 +0.02) x 1077 (1.247 £0.013) x 10~°
|AG] ) 9.60 x 10° 9.20 x 10° 9.00 x 10° 8.81 x 10°

Do (m? s71) 8.56 x 102! 4.15x 10718 3.20 x 107V 2.66 x 1071

Ve (J m~' mol™) 2.00 x 10" 3.65 x 100 1.27 x 10'° 1.16 x 10'°

£ (m) - 1.31 x 1073 232 x 1073 2.73 x 1073

u(0) (J mol-07") - 478 x 10° 2.94 x 10° 3.17 x 10°
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Fig. 5. The open-circuit potential E of Cell (I) vs. time in dif-
ferent oxygen partial pressures.

to the failure of the cell, that is, the loss of Zr/Pt contact
due to the re-oxidation of the Zr metal in contact with
the Pt-lead wire. As a consequence, the EMF could not
be measured in the air atmosphere. This electrochemical
study will make the subject of a forthcoming publica-
tion.) The open-circuit potential, E, of Cell (I) is given as
[15]

1 [,

E=—
4F

tiond/'toza (13)

/
l’o2

where F is the Faraday constant and f,, the ionic
transference number. Introducing an average ionic
transference number, #,,, of the reaction product or over
the oxygen potential interval, one may rewrite Eq. (13)
as

E =20 (1, — 1) = 2 (~AG). (14)
In the present measurement, the oxygen partial pressure
in the surrounding is P,, = 1 atm and hence, u, = uf, ,
the standard chemical potential of gas oxygen. It
therefore follows that AG = AG?, the standard reaction
free energy. At 700 °C, AG® = —9.15 x 10° J/mol-O,
[14]. If the zirconia in present concern were an exclu-
sively ionic conductor or f,, ~ 1, one would have an
open-circuit potential of Ey = 2.37 V, but the experi-
mental value is only 1.28 V. Thus, the mean ionic
transference number across the reaction product is ex-
pected from Eq. (14) to be

- E
ion — =~ U. 4. 1
fin = 7= 05 (15)

Taking into account that the reaction-free energy in air
atmosphere (P,, = 0.21 atm) is very close to the stan-
dard reaction-free energy (see Table 1), the open-circuit
potential even at P! = 0.21 atm should be close to 1.28
V and hence, the mean ionic transference number should
also be close to 0.5. This confirms that the reaction
product ZrO, is a mixed ionic electronic conductor.
The oxidation, therefore, proceeds via a coupled
diffusion of the charged components, oxide anions (O*")
and electrons (e”), and hence, the intrinsic diffusion
coefficient in Eq. (2) may be a Planck-type combination
of the average partial conductivities of the two charged
components, 6>~ and G.-, respectively, or [16]

_ VuRT G 6o
Do = S—
8F2? G- + 0

(16)

Nonetheless, it cannot be said at this point whether these
partial conductivities are due to bulk or grain bound-
aries. Obviously more work is required to elucidate this
issue.

4.3. Protective-layer thickness

We have a priori conjectured that the oxide is sub-
jected to a constant, compressive (in-plane) stress gra-
dient. In order for a compressive stress to keep t-ZrO,
stable below the normal transition temperature to
m-ZrO, (1205 °C), the compressive strain-energy gain
with the former over the latter should be no smaller than
the volume-free energy difference between t-ZrO, and
m-ZrO, at temperatures of interest or

u(m-ZrO,) — u(t-Zr0,) = u(t-ZrO,) — u(m-Zr0,).
(17)

Assuming the heat capacities of the two polymorphs
are independent of temperature, one can estimate from
the  enthalpy of  transformation of ZrO,,
AH, = 5.9 x 10* J mol™! [17] the lower bound of the
strain energy difference as 2.4 x 10° J mol™" at e.g., 600
°C. It can, thus, be easily recognized that the stability
condition, Eq. (17) is satisfied up to a certain, critical
thickness, e of the reaction product. If this compressive
strain is attributed to the interfacial coherency at the Zr/
ZrO, interface, the critical thickness is expected to re-
main more or less constant under the given interfacial
condition at a fixed temperature. The thickness of the
protective layer has actually been reported to be ap-
proximately constant on the order of 2-3 pm [2,3] at
temperatures where Zircaloy is normally used. It is,
however, expected that as the free energy difference (the
right-hand side of Eq. (17)) gets smaller with increasing
temperature, the critical thickness increases with tem-
perature as the mechanical property of solid is rather
insensitive to temperature. This prediction seems to be



240 H.-I. Yoo et al. | Journal of Nuclear Materials 299 (2001) 235-241

supported by Fig. 2(b) where the weight gain or thick-
ness to the transition point increases with temperature.

Once the reaction product surpasses the critical
thickness &c, the thermodynamically stable m-ZrO,
tends to form upon the surface of t-ZrO,. Due to the
larger volume of m-ZrO,, the underlying t-ZrO, is
subjected to an incipient tensile stress and this tensile
stress may trigger cracks to be initiated. As the oxidation
proceeds, the crack tips move along with the moving
ZrO,/Zr interface because of continual transformation
to m-ZrO, at the crack tips. The transformation is ex-
pected to occur everywhere upon the exposed surface of
cracks. One may, thus, expect a fractal-like growth of
cracks, eventually leading to a network of fissures in
otherwise the tetragonal region of x > &. This seems to
be in agreement with the experimental observation of
the microstructure [3]. It is thus speculated that the
breakaway may be attributed to the phase transition
accompanied by crack formation.

4.4. Strain energy

We will next evaluate the strain-energy gradient, Vu,
that was assumed to be constant, from the ratio of f§ to
K, in accord with Eq. (10). The results are given in the
sixth row of Table 1. As a first-order approximation, let
us assume that the strain energy vanishes at x = ¢ in-
stead of a finite value such as in Eq. (17). The critical
thickness corresponding to the transition point, - can
now be estimated from Fig. 2(b) as 13, 23 and 27 pm at
600, 700, and 800 °C, respectively (the seventh row in
Table 1). (It cannot be evaluated at 500 °C, see the fig-
ure.) Now that we know the strain-energy gradient and
the critical thickness corresponding to u =0, we can
estimate the strain energy/mol-O right at the metal/oxide
interface (x =0) as u(0) = Vu x &c. The results are
shown in the eighth row of Table 1. They are on the
order of 105 J mol-O~! or 10 J m™, insensitive to
temperature, which is quite reasonable [8].

One may estimate from u(0) the magnitude of the
compressive strain there, ¢(0). Young’s modulus of ZrO,
at the temperatures of interest is not immediately
available. Thus assuming that it is not much different
from that of stabilized zirconia, we take the value for
sintered, stabilized zirconia [18], ¥ =2 x 10'' Pa and
v =0.3. Eq. (3) then yields a strain value, ¢(0) =~ —0.3
irrespective of temperature.

ZrO, has a Pilling-Bedworth-ratio of 1.48 (t-ZrO,)
or 1.51 (m-ZrO,). The interfacial coherency, be the
Zr/ZrO, interface coherent or semi-coherent, may thus
be a cause of compressive stress. Assuming the interface
being coherent, the coherency strain is calculated as
¢(0) = 0.4 simply by using the values for the lattice pa-
rameters of hexagonal Zr (a-axis, 0.5039 nm) and t-ZrO,
(a-axis, 0.364 nm) [19]. Tantalizingly, the latter is so
close to the value evaluated in the present work,

£(0) = —0.3, even though the value is obviously too
large for a coherency strain.

The compressive stress may also be attributed to the
increased non-stoichiometry (J) at the Zr/ZrO,_; inter-
face. It is known [20,21] that the lattice of an oxide, e.g.,
Ce0,_; and Lag;Cag3CrO;_s, expands with increasing
oxygen-vacancy concentration or non-stoichiometry (9).
A compressive stress should thus develop at the reduced
side of an oxide due to the lattice coherency (often called
chemically-induced stress [20]). For the case of CeO,_s
[20], the compressive strain per non-stoichiometry
amounts to 7(=¢/d) = 0.11 to 0.23 at 1000 °C. At the
very Zr/ZrO,_; interface, the oxide is the most reduced
or J takes the maximum possible value at the given
temperature. The oxygen non-stoichiometry of t-ZrO,_;
and m-ZrO, ; has recently been reported [22] against
oxygen partial pressure only in a limited range of
107! < P,, /atm < 1 at elevated temperatures (900-1400
°C). It is hardly justified to extrapolate the reported data
far outside the range of observation to estimate the non-
stoichiometry of ZrO,_; in equilibrium with Zr (where
the equilibrium oxygen partial pressure is 10756, 1074,
and 10~* at 600, 700 and 800 °C, respectively). Never-
theless, we attempted for m-ZrO,_s to obtain the values
0~ 1.8, 1.4, 1.1 at 600, 700 and 800 °C, respectively.
Taking, on the basis of structural similarity, the value of
n(=¢/d) for ZrO,_; as that of CeO,_; or # =0.11 to
0.23, one can get the lattice coherency strain as
£(0) = 0.12 to 0.41. It is again surprising that this value
is similar to the value ¢(0) = —0.3 that has been evalu-
ated in the present analysis, hinting the origin of the
compressive stress.

The estimated value &(0) ~ —0.3 corresponds to a
compressive stress of about 60 GPa. It is roughly two
orders of magnitude higher than both the measured
value [3] and the load carrying capability of Zr-metal
substrate. This discrepancy may be attributed to the
surface tension of t-ZrQ,. It has been shown that t-ZrO,
can exist indefinitely at room temperature when the
crystallite size is smaller than the critical value of about
30 nm [7]. A high resolution TEM study [23] indeed
shows the presence of t-ZrO2 at such a small size in the
close vicinity of the Zr/ZrO, interface. Clearly more
work is required to elucidate this issue.

5. Concluding remarks

We now conclude that the oxidation kinetics of Zir-
caloy can be satisfactorily described by introducing a
constant (compressive) strain-energy gradient as a dif-
fusional driving force in addition to the chemical po-
tential gradient of component oxygen as

dé_ﬁ_ﬁor;:—ﬁ—%ln(l—é ) (18)

dr ¢
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This kinetic equation yields an intrinsic diffusion coef-
ficient of component oxygen and compressive strain
energy of reasonable magnitudes. The reaction product,
Z1r0, is a mixed ionic electronic conductor with the ionic
transference number of ca. 0.5 and, hence, the oxygen
diffusion coefficient is of the Planck-type. The hypothesis
enables one to predict the thickness of the reaction
product till the breakaway and the microstructure evo-
lution of the oxide therefrom. It is suggested that the
compressive stress is due to the interfacial and/or lattice
coherency. Once the strain-energy distribution is elabo-
rated, the theory may be improved further.
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