
Journal of Nuclear Materials 342 (2005) 108–118

www.elsevier.com/locate/jnucmat
Oxidation kinetics of ZrNbO in steam: Differences between
the pre- and post-transition stages

M. Tupin, M. Pijolat, F. Valdivieso *, M. Soustelle

Laboratoire des Precédés en Milieux Granulaires CNRS UMR 5148, Centre SPIN, Ecole Nationale Supérieure des Mines,

158 Cours Fauriel, 42023 Saint-Etienne cédex 2, France
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Abstract

The oxidation by water vapour of a zirconium based alloy, a ZrNbO alloy containing 1% of Nb, has been studied

between 500 and 550 �C, the water vapour partial pressure ranging in 13–80 h Pa, using isothermal and isobaric ther-
mogravimetry, and calorimetry. During gravimetry experiments, sudden changes (jumps) in temperature or water

vapour pressure have also been performed. It comes out that the kinetic behaviour is different before and after the tran-

sition, even though the approximations of steady-state and rate-limiting step are justified in both stages: the influence of

temperature jumps is greater in pre-transition, whereas the effect of water vapour partial pressure is more pronounced in

post-transition (nevertheless, an accelerating effect is also observed before the transition). No influence of hydrogen par-

tial pressure has been observed. Besides, the higher the Nb content in the alloy, the higher the oxidation rate (in pre-

transition). A mechanism has been proposed to account for the results obtained in pre-transition, involving the diffusion

of adsorbed species in the porous part of the oxide layer as rate-determining step.

The transition is accompanied by a change in the oxidation mechanism: in the post-transition stage, the kinetic

curves being linear, the oxidation may be controlled by an interface step, which is probably different from the steps

proposed for the pre-transition mechanism.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Despite numerous works dedicated to the oxidation

kinetics of zirconium alloys by pressurized water, water

vapour or oxygen, the mechanisms and the rate-limiting

steps for zirconia growth are not already established.

It is well-known that after a pseudo-parabolic first

period [1–3], a kinetic transition occurs when the thick-
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ness of the oxide layer exceeds a critical value, which

corresponds to an increase in the oxidation rate, associ-

ated with the appearance of cracks and pores in the

oxide layer [2,4,5].

In the post-transition stage, the oxidation curves are

considered to be either linear [4] or to result from cyclic

periods of increasing and decreasing rate [6].

In a previous work dedicated to the oxidation of Zir-

caloy-4 by water vapour [7], we have shown that great

differences exist between the pre- and post-transition

stages, from the kinetic point of view: before the transi-

tion, the oxidation rate is controlled by the diffusion of

oxygen vacancies in the oxide layer, as usually suggested
ed.
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in the literature data. On the contrary, in the post-tran-

sition stage, the assumption of the rate-limiting step is

no more valid, so that the oxidation curves cannot be

described by a succession of such diffusion-controlled

periods.

As far as the oxidation of Nb-containing alloys is

concerned, the shape of the kinetic curves (which give

the weight gain versus time) is qualitatively similar to

that obtained with Zircaloys. Nevertheless, Nb-contain-

ing alloys are oxidised faster than recrystallised Zircaloy

in oxygen and in water vapour [4,8–12], at the beginning

of the oxidation, but the kinetic transition in not so

sharp in Nb-containing alloys and it occurs after a

longer time. In autoclave, different results are obtained,

these alloys showing in most cases a better resistance to

corrosion [14,15].

Another difference between the two alloys is related to

the effect of platinum on the oxidation rate: if platinum is

deposited on the surface of an oxide layer grown on

ZrNbO, in pre-transition, the oxidation rate increases,

in oxygen [10] or in water vapour [11], whereas Pt has

no effect on the oxidation of Zy4 [11,12].

In order to account for these results, the pre-transi-

tion stage of the oxidation of ZrNbO is suggested to

be controlled by a mixed diffusion–reaction regime,

and therefore in steady conditions [10,13].

Moreover, it has been shown that the oxidation rate

depends on the niobium concentration in the zirconium

alloy [16], which is interpreted by the authors by the

assumption that the reduction of the proton at the sur-

face of the zirconia layer is the rate-limiting step [16].

On the other hand, Bömhert [17] thinks that the growth

of zirconia is controlled by the diffusion through the

pores and grain boundaries in the porous outer layer.

In this last work, the pre- and post-transition stages

are not distinguished.

Taking into account the numerous points of view, the

existence and the nature of a rate-limiting step is still a

matter of interest.

Concerning the influence of the water vapour pres-

sure on the oxidation rate, no article is devoted to this

subject, to our knowledge.

Finally, due to the lack of consistent data on the

effect of water vapour on the oxidation rate before and

after the transition, and in order to confirm (or not)

these interpretations, we have decided to study the

oxidation of a Nb-containing zirconium alloy, ZrNbO

alloy, at 530 �C, following the same methodology as in
the case of Zircaloy-4 [7].

This methodology allows to verify experimentally the

validity of the kinetic assumptions generally used to

account for the experimental results:

(i) the steady-state assumption (which is necessary to

assume the existence of a rate-limiting step) can be

verified by measuring the oxidation rate with two
techniques (for example, simultaneous thermo-

gravimetry and calorimetry [7,18–20]: if the sys-

tem proceeds in a steady-state, the rates of

weight gain and the heat flow should remain pro-

portional during all the reaction),

(ii) the assumption of the rate-limiting step can be

verified using a method based on jumps of temper-

ature or pressure [7,18–21]. Usually, the rate of

solid-state reactions is written as
da
dt

¼ A exp � E
RT

� �
f ðaÞ; ð1Þ

where a is the fractional conversion, A is the pre-

exponential factor, E is the activation energy and

f(a) can take various expressions depending on the
chosen model. Eq. (1) implies that the rate is con-

trolled by a step following the Arrhenius law

(which is not always verified, for example in the

case of an interface rate-limiting step involving a

gas adsorbed according to the Langmuir iso-

therm). Eq. (1) also implies that, at a given tem-

perature, the rate is fixed by the value of a (due

to the function f(a)), which may not be the case,

particularly when nucleation and growth pro-

cesses are in competition.

We prefer a more general expression for the rate,

given by Eq. (2)

da
dt

¼ UðT ; P iÞ � EðtÞ ð2Þ

in which U is a rate per unit area, it depends on the nat-

ure of the rate-limiting step (diffusion, interface reac-

tion), it is independent on time but may be a function

of temperature T and partial pressures of the reacting

and/or produced gases Pi. E(t) is a function related to

the extent of the reaction zone where the rate-limiting

step is located. The interest of the general expression

Eq. (2) is that it only assumes the existence of a rate-

limiting step for the growth of the new phase, but no

additional assumption is made concerning the nature

and the localisation of this step.

Once the points (i) and (ii) have been validated exper-

imentally, Eq. (2) can be used. Then the jump method

also allows to obtain directly from experiments the var-

iation of the U function with T and Pi, which is very

useful to find a growth mechanism and to identify the

rate-limiting step.

Thus, the main aim of this article is to clearly put in

evidence the differences that may exist between the pre-

and post-transition stages in the case of the oxidation

of ZrNbO by water vapour, and to answer to these

questions:

• Does the oxidation of ZrNbO proceed in a steady-

state in both stages?
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• Is the assumption of a rate-limiting step justified in

one (or both) stages?

• If there exists a rate-limiting step in one (or both)

domains, what is the influence of the water

pressure on the oxidation rate, and how can it be

interpreted?

On the basis of the results of the kinetic study and

sample characterisation (hydrogen pick-up ratio, scan-

ning electron microscopy), different interpretations will

be proposed for the pre- and post-transition kinetic

behaviours.
Fig. 1. Weight gain (—) and its derivative (- - -) versus time for

ZrNbO at 530 �C in water vapour (13 h Pa) and hydrogen

(10 h Pa), showing the pre- and post-transition stages.
2. Experimental

A 0.4 mm thick sheet of recrystallised ZrNbO

alloy was used, and samples were cut to 10 · 10 mm
for thermogravimetric experiments, and 15 · 15 mm
for simultaneous thermogravimetry and calorimetry

experiments. The alloy composition is indicated in

Table 1. The sample surface was cleaned with an equi-

molar solution of ethanol and acetone in ultrasonic

waves, then with pure ethanol and dried with com-

pressed air.

The oxidation curves were obtained in isothermal

and isobaric conditions at 500 and 530 �C with a sym-

metrical thermoanalyser SETARAM TAG16, under a

flowing mixture of water vapour and hydrogen in

helium. The flowrate of the gases was controlled by

mass-flowmeters (Brooks 5850S), the total flowrate

being 2.3 l h�1, and the partial pressure of hydrogen

being usually equal to 10 h Pa. The water vapour partial

pressure was fixed in the range 13–80 h Pa, using ther-

moregulated baths. It was controlled using humidity

sensors (Transmicor 241–242 Coreci), placed at the inlet

and outlet of the thermobalance furnace.

Jumps in hydrogen pressure were carried out by

changing the flowmeter setpoint, whereas jumps in water

vapour pressure were performed by switching the gas-

eous flow from one water bath to another one main-

tained at a different temperature.

The simultaneous thermogravimetry and calorimetry

experiments were performed using a Setaram TG/DSC

111, under flowing mixtures of water vapour and hydro-

gen in helium.

The morphology of the oxide layers was observed

by scanning electron microscopy (SEM DSM 960A

Zeiss).
Table 1

Composition of the ZrNbO alloy

Fe (ppm) Nb (wt%) O (ppm)

354 1.03 1303
3. Results

3.1. Shape of the oxidation curves

Fig. 1 represents a kinetic curve giving the mass

gain per unit area m/S(t) versus time, and its derivative

(d(m/S)/dt), obtained at 530 �C (after an initial tempera-

ture rise of 30 �C/min from room temperature to

530 �C), under 10 h Pa in hydrogen and 13 h Pa in water
vapour. The minimum of the rate corresponds to an

oxide thickness (calculated from the weight gain) of

about 10 lm. The curve appears to be approximately

parabolic in the pre-transition stage, whereas the rate

is constant after the transition.

3.2. Steady-state approximation

In Fig. 2, the variations of the rate of weight gain

(dm/dt) and the heat flow dQ/dt versus time are
Fig. 2. Rate of weight gain (- - - dm/dt) and heat flow (—) versus

time for ZrNbO at 550 �C in water vapour (13 h Pa) and

hydrogen (10 h Pa), for the pre-transition stage.



Fig. 3. Rate of weight gain (530 �C, PH2O ¼ 13 h Pa, PH2
=

10 h Pa) and ratios of the rate before and after the temperature

jumps, in the pre- (a) and post-transition (b) stages.
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represented in the pre-transition stage, at 550 �C. A scal-

ing factor allowing to superimpose the two curves could

be found, which shows that the reacting system is in a

steady-state before the transition.

Several experiments were performed up to the transi-

tion, confirming the results of Fig. 2. Unfortunately,

only the very beginning of the transition was reached

in TG/DSC experiments, the linear regime characteristic

of the post-transition stage could not be reached, even

for experiments lasting more than one month. Maybe

the post-transition stage could have been observed in a

higher pressure in water vapour, but it was not possible

to increase the water vapour pressure in this thermo-

gravimetric analyser.

Consequently, the steady-state approximation could

not be verified after the transition.

3.3. Rate-limiting step assumption

When a rate-limiting step can be assumed, Eq. (2)

gives the variations of the oxidation rate with the

intensive variables (T,Pi. . .) and the time. In isobaric

and isothermal conditions, the variations of the rate

with time are given by E(t), U(T,Pi) remaining constant.

A sudden change (jump) in temperature or partial pres-

sure during an experiment will then lead to a change in

U, while E(t) will be approximately constant (provided

that the time necessary for the T or P change is short

enough).

Thus the ratio of the rates measured after (at the

right side) and before (at the left side) the jump is equal

to Ur/Ul (E(t) being eliminated in the ratio).

Performing a series of similar jumps at various reac-

tion times will lead to a series of Ur/Ul ratios, which must

be identical if Eq. (2) can be applied.

This method, that we have named the �UE test�, has
been successfully used in previous works [7,18–21]. The

results are indicated on Fig. 3, for sudden changes in

temperature from 500 to 530 �C (PH2O ¼ 13 h Pa;
PH2

¼ 10 h Pa) in pre-transition stage (Fig. 3(a)), and

from 530 to 500 �C in post-transition (Fig. 3(b)).

Since it takes a very long time to reach the post-tran-

sition stage, the post-transition samples have been pre-

liminarily oxidised simultaneously at 530 �C up to an

oxide thickness equal to 17 lm (calculated from the

weight gain), then each of them was submitted sepa-

rately to a temperature change at a given time.

Considering the experimental errors bars, the ratio

keeps a constant value (2.17 ± 0.1 for temperature jumps

from 500 to 530 �C (Fig. 3(a)) and 2.13 ± 0.1 for temper-

ature jumps from 530 to 500 �C (Fig. 3(b))) during the

pre-transition stage, up to about 6 lm. Then the ratio

decreases between 6 lm and 12 lm, during the transi-

tion, and becomes again constant after 17 lm, in the

post-transition stage (characterised by a linear regime

with a constant rate).
Consequently, it can be concluded that:

• the �UE test� is validated in the pre-transition domain;
as the steady-state assumption is also verified, there

exists a rate-limiting step in this stage. Moreover, it

must be noticed that a mixed diffusion–reaction con-

trolling rate is not in agreement with the results of the

�UE test�, because in such a case the ratios of the rates
would not be constant [11,20];

• the kinetic transition characterised by the decrease in

the ratio of the rates begins at about 7 lm, before the
minimum in the oxidation rate, observed at about

10 lm in Fig. 3(b);

• the �UE test� is also verified in the post-transition

stage, but the value of the ratio is clearly lower than

its value in the pre-transition stage (1.55 ± 0.08

instead of 2.13 ± 0.1). For the steady-state study,

the oxidation time was not long enough to conclude

on the state of the reaction system, but as the �UE

test� is validated, the assumption of a rate-limiting

step can be made; besides, the linear shape of the

kinetic curves in post-transition suggests that an

interface step could be rate-limiting. Obviously, a
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change in the rate-limiting step occurs between the

pre- and post-transition stages, since the shape of

the curves and the values of the rate ratios are

different.
3.4. Influence of H2O and H2 partial pressures

3.4.1. Pre-transition stage

The variations of U with a gas partial pressure P can

easily be obtained by performing sudden changes, from

P0 to P, at a given thickness X, the ratio of the rates

being then equal to U(P)/U(P0) [7,19,21]. The experi-

ments were carried out at 500 �C, with 10 h Pa in hydro-
gen and a water vapour pressure varying from 13 h Pa

(P0) to 80 h Pa after the jump. For the hydrogen pres-

sure jumps, the water pressure was fixed at 13 h Pa

and the hydrogen pressures changed from 10 h Pa (P0)

to 40 h Pa.

The variations of U with PH2O are represented on Fig.

4: the water vapour pressure has a slight accelerating

effect.

On the contrary, the hydrogen pressure has no effect

on the oxidation rate, as shown in Table 2.

3.4.2. Post-transition stage

Jumps in water vapour pressure have been performed

at an oxide thickness equal to 25 lm (in the linear part
Fig. 4. Variations of the reactivity of growth U with the partial

pressure of water vapour, in the pre-transition stage (jumps

from PH2O ¼ 13 h Pa to P, for X = 2.5 lm, T = 500 �C, PH2
=

10 h Pa).

Table 2

Ratios of the rates for jumps in hydrogen pressure from

P0 = 10 h Pa to P, at a given thickness X = 2.6 lm

PH2
(h Pa) 2 10 25 40

dm/dt(P)/dm/dt(P0) 0.99 1 1.04 0.95
of the curves), from are 13 h Pa to 80 h Pa. The varia-

tions with PH2O of the ratio U(P)/U(P0) are given in

Fig. 5: the U function increases with PH2O, the accelerat-

ing effect being more pronounced than in the pre-

transition stage.

The ratio of the rates obtained from hydrogen pres-

sure jumps, at a thickness X equal to 23 lm, are reported
in Table 3: as in the pre-transition stage, the hydrogen

pressure has no effect on the oxidation rate.

3.5. Consequences of the results 3.1 to 3.4

The results obtained in Sections 3.1 to 3.4 have been

summarized in Table 4. It can be concluded that the

rate-limiting step approximation is verified in pre- and

post-transition stages, but the rate-controlling steps are

not the same before and after the transition. The U func-

tion is different from one domain to another, which is in

agreement with the change in the shape of the kinetic

curves and in the sensitivity to water vapour pressure

before and after the transition.

3.6. Effect of Nb content

An alloy containing 0.4 wt% in niobium

(Zr0.4%NbO) has been used, in order to compare its
Fig. 5. Variations of the reactivity of growth U with the partial

pressure of water vapour, in the post-transition stage (jumps

from PH2O ¼ 13 h Pa to P, for X = 25 lm, T = 530 �C,
PH2

= 10 h Pa).

Table 3

Ratios of the rates for jumps in hydrogen pressure from

P0 = 10 h Pa to P, at a given thickness X = 23 lm

PH2
(h Pa) 2.5 10 22 40

dm/dt(P)/dm/dt(P0) 0.98 1 1.01 1.07



Table 4

Summary of kinetic results in pre- and post-transition stages

Pre-transition Post-transition

Steady-state Yes Not determined

UE test Yes Yes (after X = 17 lm)
Rate-limiting step Yes Yes

H2O partial pressure Slight

accelerating

effect

Accelerating effect

(more pronounced

than in pre-transition)

H2 partial pressure No effect No effect

Fig. 7. Oxidation rate (dX/dt) versus time for Zr0.4%Nb

(dotted line) and ZrNbO (—).
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oxidation behaviour to ZrNbO one. Its composition is

given in Table 5, this alloy does not contain b-Nb pre-

cipitates but contains Zr(Nb,Fe)2 phases [22]. The oxi-

dation curves giving the oxide thickness X versus time,

obtained for the two alloys at 520 �C under 13 h Pa in

hydrogen and 67 h Pa in water vapour are represented

on Fig. 6. It can be seen that the higher the Nb content,

the higher the oxidation rate in pre-transition (which is

in agreement with the literature data) [16,23–25]. The

post-transition stage was not reached, in the experiment,

with Zr0.4%NbO alloy.

Fig. 7 shows the rate curves dX/dt versus X for both

alloys. A scaling factor allowing to superimpose the two

curves could be found, which means that the oxidation

rates of these two alloys remain proportional during

all the reaction time, with a ratio equal to 1.5. It is worth

noticing that this ratio is lower than the ratio of the Nb

concentration in the alloys (equal to 2.5).
Table 5

Composition of the Zr0.4%NbO alloy

Nb (wt%) Fe(ppm) Cr(ppm) O(ppm)

0.41 175 25 840

Fig. 6. Oxide thickness versus time for ZrNbO and Zr0.4%Nb

(T = 520 �C, PH2O ¼ 13 h Pa, PH2
= 10 h Pa).
3.7. SEM characterisation of the samples

The cross-sectional views of the oxide scale grown

during the pre-transition stage present a continuous

and uniform layer adherent to the substrate. Fig. 8(a)

and (b) show micrographs of samples oxidised at

530 �C in 13 h Pa and 10 h Pa of water vapour and

hydrogen respectively. The thickness calculated from

the weight gain is 3.5 lm for Fig. 8(a) and 6 lm for

Fig. 8(b). The metal/oxide interface is more or less undu-

lated, and short cracks parallel to the interface appear

regularly inside the layer [9]. A delayed oxidation can

also be observed straight above some of these cracks.

Similar cracks are observed in samples oxidised after

the kinetic transition, up to an oxide thickness of 12 lm
and more. Moreover, new large cracks are observed

which are perpendicular to the metal/oxide interface

and connected to the gaseous atmosphere.
4. Discussion

4.1. Pre-transition

Since the steady-state and the �UE test� have been

validated experimentally, the assumption of a rate-

determining step can be made and the oxidation rate is

given by (X is the oxide thickness)

dX
dt

¼ V oxn0
2S0

UðT ; P iÞEðtÞ; ð3Þ

where Vox is the molar volume of the oxide (m
3 mol�1),

n0 is the initial amount of metal (mol), S0 is the surface

of the samples (m2).

It has been observed that the U function increases

with the partial pressure of water vapour. A simple

mechanism involving oxygen vacancies can be written

to describe zirconia growth [7], which provides a good

interpretation of the oxidation of Zircaloy-4.



Fig. 8. Cross-sectional views of oxide layers grown on ZrNbO at 530 �C (PH2O ¼ 13 h Pa, PH2
= 10 h Pa): X � 3.5 lm (a) and

X � 6 lm (b).
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From this mechanism, it is well-known that only a

rate-limiting step located at the external interface (gas/

oxide) can account for an accelerating effect of the par-

tial pressure on the U function, this rate-limiting step

being either the water adsorption step, the interface

reaction step or the hydrogen desorption step.

If such an interface step was rate-limiting, the oxida-

tion rate should be constant with time and the kinetic

curves should be linear, which is not the case.

Some authors [10,13] have interpreted the curves with

a mixed reaction–diffusion rate, but in that case it can be

shown that the �UE test� would not be validated, since

the expression of the rate would be [20]

dX
dt

¼ n0V ox

2S0

1

1

UdiffusionðT ; P iÞEdiffusionðtÞ
þ 1

UinterfaceðT ; P iÞS0

.

ð4Þ

Thus this assumption is not in agreement with our

experimental results.

Consequently, a new mechanism has to be proposed

to describe zirconia growth on ZrNbO alloy. What kind

of elementary steps should be considered to explain the

influence of the water vapour partial pressure and the

decreasing rate? The dissociation of water vapour at

the surface of the oxide probably leads to the formation

of adsorbed hydroxyl groups (OH) and then, the diffu-
sion of such species through the oxide layer may predom-

inate. Considering the SEM micrographs of our samples

(Fig. 8(a) and (b)), the oxide layer appears to be homoge-

neous (excepted a few cracks). Nevertheless, it has been

found by impedance spectroscopy [10,26] that the oxide

layer grown on ZrNbO could be divided into two sub-

layers. For the kinetic modelling, two possibilities can

be imagined, involving one or two oxide layers:

• either one oxide layer with micropores and diffusion

of adsorbed species via this porosity,

• or two oxide layers: the microporous layer and a very

thin and dense layer near the metal/oxide interface

(for example, the native oxide layer), in which the dif-

fusion of oxygen vacancies is very rapid. The thick-

ness of this dense layer is assumed to remain very

small during all the pre-transition stage.

In both cases, the weight gain is considered to be due

only to the growth of the microporous oxide layer. The

oxygen transport through this layer is supposed to occur

via adsorbed hydroxyl groups (as seen in the mechanism

below); thus, a part of the hydrogen produced by the

oxidation is released near the metal/oxide interface.

Adsorbed hydrogen can migrate through the micropores

towards the external interface.

The various steps involved in the growth mechanism

are detailed below:
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• External interface (gas/oxide)

(1) adsorption of water on adsorption sites s

H2Oþ s¢H2O� s

(2) dissociation of water into OH groups

H2O� sþ s¢OH� sþH� s

(3) reduction of hydroxyl groups

OH� sþ e0 ¢OH� � s

(4) desorption of hydrogen

2H� s¢H2 þ 2s

(5) diffusion of adsorbed OH groups in the porous

layer.

• Intermediate interface (porous layer/dense layer)

(6) interface step

OH� � sþ V ��0 þ e0 ¢H� sþO0

(7) hydrogen desorption at the intermediate

interface

2H� s¢H2 þ 2s

(8) diffusion of oxygen in the dense layer.
• Internal interface

(9) internal interface step

Zralloy¢ZrZrðoxÞ þ 2V ��O þ 4e0
Fig. 9. Rate of oxidation of ZrNbO as a function of the oxide

thickness before the kinetic transition – comparison with

various rate laws.
The hydrogen amount in the metal can be neglected in

the total weight gain (this is in agreement with the very

low amount of hydrogen measured by Cezus in the

metal in the pre-transition stage (about 30 ppm)).

In order to account for the decrease in the rate versus

time in pre-transition, we have to consider a diffusion

step as rate-limiting. The kinetic curves being not strictly

parabolic, we have successfully fitted them using the fol-

lowing equation (as previously done in our study of Zir-

caloy-4 oxidation [7]):

dX
dt

¼ k1
X
expð�k2X Þ ð5Þ

in which X represents the thickness of the microporous

layer.

To our knowledge, two distinct models can lead to

Eq. (5): first, the existence of barriers for the diffusing

species in the oxide layer (such as pores or cracks),

randomly distributed [27,28]; secondly, the effect of a

gradient of compressive stress [29,30], under some

approximations. The expression of k2 depends on the

physical modelling, but in both cases k1 is equal to:

VoxDC, where D is the coefficient of diffusion of the dif-

fusing species, C is its concentration at the interface of

departure (neglecting the concentration of the diffusing

species at the interface of arrival).

The curves giving the rate dX/dt versus X were fitted

using several laws (parabolic, cubic, power . . .), the com-
parison of these fits are given in Fig. 9. Eq. (5) always

leads to the best agreement with all our experiments.

From Eq. (5), by comparison to Eq. (3), the U(T,Pi)

and E(t) functions can be easily calculated

/ðT ; P iÞ ¼
D � C
X 0

; ð6Þ

EðtÞ ¼ D � CS0X 0

n0

expð�k2X Þ
X

; ð7Þ

X0 is a characteristic length, for example the initial

thickness of the sample. The variations with temperature

and partial pressures of the U(T,Pi) function are

deduced from the growth mechanism detailed above.

Assuming that the rate-limiting step is the diffusion of

adsorbed hydroxyl groups OH� � s from the external

interface into the porous layer via the surface of the

pores, and neglecting the concentration of OH� � s

groups at the interface of arrival, the U function can

be calculated

UðT ;P iÞ¼
D
X 0

h0

	 K1K2K3bPH2O

PH2O K1K2ð1þK3bÞþK1

ffiffiffiffiffiffiffiffi
PH2

K4

r� �
þ

ffiffiffiffiffiffiffiffi
PH2

K4

r
þPH2

K4

ð8Þ

in which Ki is the equilibrium constant of the step (i), h0
is the concentration of adsorption sites per unit of sur-

face area, and b is the electrons activity in the oxide

layer, which is supposed to be fixed by the Nb content

in solid solution in the oxide

½e0� ¼ ½Nb�Zr� ¼ b. ð9Þ
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The variations of U(T,Pi) with PH2O follow an hyper-

bolic law, according to

UðT ; PH2OÞ ¼
PH2O

1þ qPH2O

; ð10Þ

where

q ¼
K1K2ð1þ K3bÞ þ

ffiffiffiffiffiffiffi
pH2

K4

r
K1ffiffiffiffiffiffiffi

pH2

K4

r
þ
pH2

K4

. ð11Þ

This law is good agreement with the experimental data,

as shown in Fig. 10. The fit leads to a value of q equal to

0.38.

From Eq. (8), U(P) should vary with hydrogen pres-
sure like 1

aþbPH2þc
ffiffiffiffiffiffi
PH2

p , but no influence of PH2
was

observed experimentally in the range (2.5–40 h Pa).

Thus, Eq. (8) is not in agreement with our experimental

results. However, this law exhibits a constant behaviour

when PH2
increases, so experiments at lower hydrogen

pressure would have been useful to validate it. More-

over, Eq. (8) shows that if the value of the equilibrium

constant K4 is high compared to the values of PH2
, the

term PH2
/K4 may become very small and may be

neglected besides the other terms. In that case, no effect

of hydrogen pressure would be observed on the oxida-

tion rate. Unfortunately, information on the values of

the various equilibrium constants are not available in

order to support one of these suggestions. The U(T,Pi)

function depends on the Nb content in solid solution

in the oxide, b, according to an hyperbolic law Ab/
(1 + Bb). Experiments have shown that an increase in

the Nb content of the alloy increases the oxidation rate,

and the oxidation rates of ZrNbO and Zr0.4%Nb are

proportional, in a ratio equal to 1.5.
Fig. 10. Variations of the reactivity of growth U with the

partial pressure of water vapour: experimental data (�) and

calculated law (continuous line), in the pre-transition stage.
The Nb content in solid solution in the alloys is

about 0.37% for ZrNbO [22] and 0.27% in Zr0.4%Nb.

The Nb content in solution in the oxide layer, b, being
unknown, if we use the previous values (Nb content of

the alloys), we can calculate the value of B (in Ab/
(1 + Bb)) which would give a ratio between U(ZrNbO)
and U(Zr0.4%Nb) equal to 1.5. This value is found to

be negative, but becomes positive if the Nb content in

the oxide, b(ZrNbO), is increased from 0.37% to 0.4%.

This small variation is within the error range on the

measurements, but it could also mean that the amount

of Nb dissolved in the oxide is not exactly equal to the

amount initially dissolved in the alloy. Thus, concerning

the influence of Nb content, the predictions of the model

are in agreement with our experimental results.

It has also been observed that platinum has an accel-

erating effect on the oxidation rate of ZrNbO [10,11], in

water vapour or oxygen. The electrons supplied by the

platinum layer would be involved in step (3) of the

mechanism described above. Due to the noble metal

on the oxide surface, the electrochemical potential of

the electrons, which corresponds to the energy of the

Fermi level, is increased at this interface, since the

energy of the Fermi level is higher for a metal than for

a semi-conductor [31]. Besides, the equilibrium constant

K3 depends on the electrochemical potential of the elec-

trons, it increases if the electrons potential increases.

Consequently, the platinum layer leads to an increase

of the equilibrium constant K3. In that case, Eq. (8)

shows that the oxidation rate is increased. Conse-

quently, this model allows to propose an interpretation

of the effect of platinum on the oxidation rate of ZrNbO.

Finally, we have shown that the pre-transition stage

in ZrNbO oxidation cannot be accounted for by the

mechanism usually proposed for the oxidation of zirco-

nium alloys, which involves the diffusion of oxygen

vacancies through the dense oxide layer as the rate con-

trolling step. Thus, we have proposed another mecha-

nism allowing to account for the accelerating effect of

water vapour and Nb content. The important feature

is to demonstrate that it is possible to explain the influ-

ence of the gases without assuming necessarily an inter-

face rate-limiting step. In the case of ZrNbO, the

oxidation is assumed to be controlled by a diffusion step,

in which the concentration gradient of the diffusing spe-

cies is fixed by a step located at the external interface

(and not by a step located at the metal/oxide interface,

as in the mechanism proposed usually).

4.2. Transition and post-transition

It is clear from the results of the jumps method (Figs.

3(b) and 5) that the diffusion step controlling the begin-

ning of the oxidation is no longer valid, even before the

rate reaches its lowest value (since the ratios of the rates

obtained with the jumps method decreases from about
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7 lm, whereas the oxidation rate is minimum at about

10 lm, see Fig. 3(b)). Large cracks connecting a part

of the oxide layer to the gaseous atmosphere appear

from this point, which could be related to the increase

in the rate after the transition.

Then, when the oxide thickness exceeds 17 lm, the
shape of the kinetic curve is linear. Moreover, the ratio

of the rates remains constant (with a value different from

the pre-transition one, see Fig. 3(b)). Consequently, it

can be deduced that the post-transition stage is con-

trolled by an interface step, largely influenced by the

water vapour pressure. Another possibility could be

the diffusion through a layer with a constant thickness,

but this is less probable due to the influence of the water

vapour pressure.

Now, what could be the mechanism and the rate-

controlling step in this stage? If the same mechanism as

in the pre-transition stage can be considered, the expres-

sions of the rate calculated assuming that the rate-

controlling step is located at the external interface (steps

2, 3 or 4) are reported in Table 6: these three laws are in

agreement with the effect of water vapour (cf. Fig. 5).

However, Fig. 3(b) shows that, when the oxide thick-

ness is lower than 5 lm, the rate in pre-transition stage
(controlled by the diffusion of hydroxyl groups) is higher

than the rate observed in post-transition. Thus, if the

rates of the various steps involved in the growth mecha-

nism are nearly the same in pre- and post-transition

stages, the interface step controlling the post-transition

rate cannot be a step belonging to the mechanism pro-

posed for the pre-transition stage.

On the contrary, the pre-transition mechanism could

explain the post-transition kinetics if the rate of one of

the interface steps of this mechanism became far lower

in post-transition than it was in pre-transition. A possi-
Table 6

Expressions of the rate laws corresponding to the rate-controlling ste

Rate-limiting step Growth reactivity U

Step (2) UðT ; P iÞ ¼
k2K1PH2O

1þ K1PH2O þ
ffiffiffiffiffiffi
PH2
K4

q
1þ K3

��

Step (3)
UðT ; P iÞ ¼

k3K1K

PH2OðK1

ffiffiffiffiffiffiffiffi
PH2

p
þ K1K2

ffiffiffiffiffiffi
K4

p
Þ

Step (4)
UðT ; P iÞ ¼

k4ðK1K2K3K

PH2
1þ PH2O K1 þ K1K2K3Kffiffi

P
p

��

ki and Ki are respectively the rate constant and the equilibrium const
ble reason for such a change in the rate of an interface

step could be a change in the concentrations of the point

defects of the oxide involved in the mechanism: for

example, we may imagine the formation of associated

defects such as (OH,Nb) according to

OH� sþNb�Zr ¢ ðOH;NbÞ� � s

Such defects would lead to a decrease in the concentra-

tion of OH-s species, and consequently in a decrease in

the rate of step (3). Other point defects could probably

be considered.

Another way to explain the post-transition kinetics

would be a change in the mechanism, involving com-

pletely different steps.

Unfortunately, we have no experimental evidence to

support one of these suggestions. More investigations

would be necessary to give a valuable interpretation of

the post-transition kinetics.
5. Conclusion

The oxidation of a ZrNbO alloy in a mixture

of hydrogen and water vapour at 530 �C exhibits

clear differences between the pre- and post-transition

stages.

In pre-transition, the oxidation proceeds in a steady-

state, and is influenced by water vapour and Nb content,

whereas hydrogen pressure has no effect in the studied

range. The rate decreases with time, according to a

sub-parabolic law.

A mechanism has been proposed to account for these

results, which involves the diffusion of adsorbed OH

groups in a microporous part of the oxide layer, as

rate-determining step.
ps (2)–(4)

ffiffiffiffi
K4

p

K6

ffiffiffiffiffiffiffiffi
K4K9

p þ
ffiffiffiffi
K4

p
b

K6

ffiffiffiffiffiffiffiffi
K7K9

p
��2

2

ffiffiffiffiffiffi
K4

p
bPH2O

þ
ffiffiffiffiffiffiffiffi
PH2

p
þ PH2

1þ 1ffiffiffiffi
K4

p þ b
K6

ffiffiffiffi
K7

p
K9

� �

6

ffiffiffiffiffiffi
K7

p
K9Þ2P 2

H2O

6

ffiffiffiffi
K7

p
K9ffiffiffiffi

H2

�
þ

ffiffiffiffiffiffi
PH2

p
K6

ffiffiffiffi
K7

p
K9

þ b þ 1
K3

� ��2

ant of the step (i).
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Then, after a transition period beginning at about

7 lm at 530 �C, a rate-limiting step can again be consid-
ered when the oxide thickness is higher than 17 lm. As
the curves are linear, the oxidation is probably con-

trolled by an interface step. This step has not been

determined, but it is probably different from the steps

proposed in the pre-transition mechanism.

Consequently, the transition is accompanied by a

change in the oxidation mechanism, that could be linked

to the change in the morphology of the oxide layer.
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