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Abstract

Zirconium-based alloys used in PWR cladding showaaneleration of their oxidation
kinetics in air at high temperature compared tar thehaviour under oxygen or steam alone.
This paper presents an analysis of the oxidatioretlds in order to explain the role of
nitrogen during the accelerated corrosion. Isotlaértinermogravimetry on alloy thin plates
was used to collect kinetic data during the reactd Zircaloy-4 at 850°C in oxygen and
nitrogen mixtures. The influence of oxygen andagén partial pressure on the degradation
kinetics was studied by a jump method. The presehcdétrogen in the reacting gas enables
the formation of zirconium nitride near the oxidetal interface which acts as a catalytic
phase. A three steps reaction path composed oaflenitxidationa-Zr(O) nitridation and
oxidation is proposed. A detailed mechanism andr#te-determining step of the overall
process are proposed that account for the expetathenbserved dependence of the kinetic
rate with the oxygen and nitrogen partial pressueesinetic model based on surface
nucleation and growth of regions attacked by narogvas successful in describing the mass
variations with time of exposure at 850°C.



1. Introduction

Exposure of fuel cladding material to air or asteam mixture may occur in case of a core
meltdown accident with subsequent reactor presgeseel breaching in a nuclear reactor. It
could also happen under shutdown conditions in a#seewatering during assemblies
handling, in spent fuel storage pools after acdaleloss of cooling and dewatering of the
assemblies, as well as in storage and transpartaégk accidents. Previous studies have
shown that high temperature oxidation of pure ZrobiZr-based alloys is much faster in
atmospheres containing nitrogen (mixed with oxygewl/or steam) than in nitrogen-free
atmospheres [1]-[9]. Nitrogen is thus observed tmngly influence the Zr oxidation
mechanism when present in the reacting gas. Howawgesignificant direct reaction between
pure nitrogen and zirconium could be observed entémperature range of interest [6]. Below
about 1050°C, oxidation of zirconium alloys, whichs been studied extensively in the past
five decades, exhibits a kinetic transition (copmwding to an increase in the oxidation rate)
concomitant with a degradation of the first forntehse zirconia layer grown during the pre-
transition stage. The origin of the kinetic traimsititself has been a matter of debate among
numerous authors and will not be discussed heredfteogen in the oxidant atmosphere has
been found to have no significant effect on theemin the pre-transition, diffusion-driven
regime, but was observed to strongly shorten teernansition duration of this regime and to
enhance the oxidation rate in the post-transittages[5][6][10].

The accelerating effect of nitrogen is still notlwerderstood. Rosa et al. [3] have proposed
that nitrogen dissolves into the pre-transitiondexiwhich leads to the formation of ZrN
precipitates close to the metal-oxide interfacegirtrsubsequent oxidation into zirconia
provokes cracks due to the molar volume changesabdequent free access of the reacting
gas to the metal surface. The same sequence ofsewenld be responsible for the kinetic
transition and the fast degradation in the postsiteon stage as well, until the metal is
entirely consumed. More recently, Duriez et al. §ild Steinbruck et al. [6] proposed that
local oxygen starvation consecutive to the appearah cracks in the pre-transition zirconia
layer favours the formation of the ZrN compoundtla@ bottom of cracks. ZrN is then
oxidised by fresh air flowing from the external fawe, and again the ZrN to Zg©@onversion
creates cracks in the growing oxide. Usually, &ttadocalized and porous zirconia nodules

extend progressively, laterally and inwards.



Both mechanisms can explain formation of a highdyopss zirconia, co-existing with a low
amount of zirconium nitride precipitates, mainldted close to the metal/oxide interface.
However, zirconia is the final product of the réawct in accordance with thermodynamical
considerations (at 850°C m 100000 kPa of nitrogen, the Zr@rN equilibrium oxygen
pressure is less than{kPa [10]).

Most of the studies on the nitrogen effect wereadionair, so that the effects of the respective
partial pressures of oxygen and nitrogen on thestkda have not yet been determined.
Moreover, observation of the oxidised samples ofearealed that the corrosion layer is not
uniformly spread over the entire sample surfacd,sance these studies were performed with
tube segments, it raises questions about the gasrdgs and the local partial pressures in the
vicinity of the sample surface.

For better analytical understanding of the Zr-allmyidation mechanisms in presence of
nitrogen, it was decided to get reliable kinetitadasing small Zircaloy-4 plates and to study
separately the effect of the partial pressure dhlgases. In a previous article [10], the
morphological changes of the samples reacting iggem-nitrogen mixtures at 850°C
investigated by optical metallography and scanrm@legtron microscopy were described. A
850°C temperature was chosen since it enables libenation of the accelerated kinetic
regime over a period of time long enough for miziimg temperature and partial pressure
gradients in the reacting system. A detailed amalg6the reactions to consider was made to
account for the nature of the observed phasestenimhterfaces between them, as well as their
spatial distribution inside the attacked regionke Tscenario proposed was based on the
formation of ZrN precipitates during the pre-trdiasi stage, inducing a random appearance
of attacked regions, whose number was found to wetty the partial pressure of both gases;
inward progression of the attacked regions fornmvgrg nodules and is the main process
observed during the accelerated post-transitiogestahe present paper attempts to quantify
these processes and proposes a kinetic model mradl@anism in order to obtain a predictive
rate law and the key parameters governing theiozakinetics.

2. Experimental

2.1. Samples

A sheet of Zircaloy-4, whose chemical compositiengiven in Table 1, was provided by

AREVA-NP and the samples were cut to 10 mm x 10fomthe thermogravimetry tests. The
4



thickness was equal to 4%0n which enables to minimize the mass gain due ¢oetliges
compared to that due to the plane faces. The Hatespwere cleaned in acetone and dried

before each experiment.

Alloy Sn Fe @] Cr C Nb H
(wt. %)  (wt. %) (wt. %) (wt. %)  (wppm) (wppm) (wppm)
Zircaloy-4 1.32-1.35 0.21 0.123-0.129 0.11 125-140 <40 <3

Table 1.Composition of the Zircaloy-4 alloy investigated.

2.2. Thermogravimetry tests

Corrosion kinetics in ®@Nz-He flowing mixtures was followed by means of a syetrical
high precision thermobalance (SETARAM-TAG24). Tlaenple was hanged to a quartz rod,
whereas an alumina plate with the same dimensi@ass placed in the reference furnace in
order to minimise baseline shift during experimefsse Figure 1). Total flow rate passing
over the sample was fixed to 6 L.khich was sufficient to avoid kinetic limitatioms the
gas phase. £and N partial pressures were adjusted to the desiragesahanks to mass

flow meters, the total pressure being equal tathespheric pressure.

Fig. 1. Thermobalance SETARAM-TAG24. Picture of the equémt (a) and device overview with a picture of
the hanged sample (b).
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For all experiments, the desired reactive gaseoudura was introduced at ambient
temperature, then the temperature was raised ateaaf 10°C.mift up to 850°C and
maintained at this temperature during several hd@msvious tests done by introducing the
reacting gas at 850°C just after the temperaturgrander helium showed non reproducible
curves even in the pre-transition stage [10].

During some experiments, temperature jumps or axy@enitrogen partial pressure jumps
were done in order to quantitatively evaluate timetkc response of the reacting sample to an
abrupt change of one of the thermodynamic variablemperature jumps were done from
850 to 830°C. Time necessary for temperature tohr@aconstant value after the jump did not
exceed 180 s. Jumps in oxygen or nitrogen partedsures were achieved by modifying the
corresponding mass flow rate. Helium flow rate wisultaneously changed in order to keep
constant the total flow rate without changing tteetipl pressure of the other reacting gas.
Time necessary for the partial pressures to reachnatant value after the jump did not

exceed 360 s.

3. Results

3.1. Steady-state approximation

As seen in the introduction section, it is cleattthe system under study is very complex; so
before attempting any kinetic modelling, it was eesary to verify the existence of a steady
state during the experiments, which is one of thg &pproximations used in the kinetic
analysis of gas-solid reactions. According to Rijat al. [11], this verification may be done
thanks to the coupling of thermogravimetry and galetry which offer two simultaneous
ways of measuring the kinetic rate of a reactionsuch an experiment, the quartz rods were
replaced by a differential scanning calorimetry 03od in one furnace and by a phantom
rod in the other furnace. Figure 2 represents thesngain (expressed in ¢Fjras a function

of time during an experiment in 20%, ® 80% N atmosphere. The vertical dotted line
corresponds to the beginning of the isothermal ianfaric conditions. The mass gain rate
versus time obtained by time derivation of the eunf Figure 2 is plotted in Figure 3
(continuous line). Once isothermal and isobaricdtiions are reached, the mass gain rate
(also called the reaction rate) decreases, whictegponds to the pre-transition stage. Then,
the reaction rate passes through a minimum befweatcelerated post-transition stage. As
expected, the reaction rate increases during teetmmsition stage. The dotted line in Figure



3 is the measured heat flod@/d) which is seen to follow exactly the mass gainwiive

curve.
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The steady state approximation is valid if bothesaare linked by a linear relationship

according to the following equation [11]:

d -AH dAm
d—? = W o (Eqg. 1)
G

WheredQ/dtis the heat flow (in JY, 4H is the enthalpy of reaction (in J.rifyl Mg is the
molar mass of ga& involved in the reaction balance (in g.Mpl s is the algebraic
stoichiometric number of g&s entering in the reaction balance aifin/dtis the mass gain
rate (in g.8).
Figure 3 shows that both rate curves are well soqpersed during all the accelerated stage
indicating that the steady-state test is estaldisthering the post-transition stage in such
conditions. Similar experiment done with 5% 6% N in helium at the same temperature
gave the same result [10][12], thus it can be exiited that at 850°C the reaction during the
post-transition stage progresses in steady statditams whatever the oxygen and nitrogen

partial pressures.

3.2. Rate-determining step

Another essential approximation for the kinetic mitidg of solid-gas reactions is the

existence of a rate-determining step which conttieésoverall reaction rate and, given that
the mechanism of reaction can be decomposed indet aof elementary steps, it allows

expressing the reaction rate from the rate of gleialementary step. This approximation can
be verified using the sudden change (or jump) net®already shown for various reacting
systems [11]. When the kinetics is governed byraylsi rate-determining step, it can be
shown that the mass gain rate due to zirconiumatixid into ZrQ can be decomposed in a

product of several terms, as in Equation 2:

B Mo, AT RIS, (Ea.2)

where @ 1(T,P) is the areic growth rate of zirconia (in mofm’) defined as the amount of
reactant transformed per square meter per se@y),is a function of time related to the
dimensions of the zone where the rate-determintag sf zirconia growth takes place (in



m®.mol™Y), n is the amount of zirconium in the initial sampie ol), andMo, is the molar
mass of dioxygen (in g.md). The functionSy(t) depends also of variables such as the shape
and the dimensions of the solid. It can be sedtfgumation 2 that the thermodynamic variables
T andP; are separated from the time variable. The metbodekting the existence of a rate-
determining step has been described in [11]. biaised on the comparison of the ratios of the
reaction rates measured after and before the jungsdveral extents of reaction, i.e for
several mass gains.

Due to the variables separationgT,P) and S,(t) functions, the rate ratio reduces to that of
the ¢T,R) terms provided that the jump is sufficiently fastavoid mass increase during the
jump (for minor morphological changes, tBgt) function does not vary during the jump).
Thus, repeating the experiment at various extehtsaxtion, the measured rates ratios must
keep a constant value. The results are shown uré&ig in which the ratios measured during
the post-transition stage for different mass insesafor temperature jumps from 850°C to
830°C have been plotted. It can be seen that tlesrare constant and equal to 0488.03.
Similar experiments conducted in 5% 6% N, - 90% He (850°C to 830°C jumps) showed

again a constancy of the ratios during the posisiteon stage, with a value of 0.820.08.
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80 kPa)



3.3. Influence of oxygen and nitrogen partial ptess

According to Equation 2, partial pressure jumpsook gas while keeping constant the
temperature and partial pressure of the other k@assadetermination of the areic growth rate
variations with partial pressure. The method retiesa series of experiments which begin in
the same experimental conditions (temperature, @xyand nitrogen partial pressures). Once
a desired mass gain is reached, a partial pregsugeof one of the two gases is applied. It is
illustrated in Figure 5(a), showing the evolutidrtlte mass gain and in Figure 5(b) where the
evolution of the mass gain rate is plotted. Varyihg final partial pressure value from an
experiment to another one and measuring the rates r(after to before the jump) led to the
plots of Figures 6 and 7 which show the variatigfi,R)/ ¢{Po) with oxygen and nitrogen
partial pressure, respectiveBg being the partial pressure before the jumps. Hvam@tage of
this method is to provide directly the variatiorighe reaction rate with the partial pressure of
each gas separately without any assumption onitie¢ik model.

The oxygen partial pressure jumps were done atssmain equal to 100 gwith initial
oxygen and nitrogen partial pressures conditiomeesponding to 20% £ 80% N whereas
those in nitrogen partial pressure were done aassrgain equal to 80 g7min this last case,
the initial conditions before jumps were 20% ©5% N— 75% He. The uncertainty on the
ratio determination was estimated by repeating ra¢ienes the same jump experiment, and
this was done for several jump amplitudes. It candeduced from Figures 6 and 7 that
oxygen partial pressure has an important influenceheT, R) function in the range of 1 to
20 kPa whereas nitrogen has no influence on it.eldeer, thepfunction appears to be non-

affected by N partial pressure variations in the range of 5adBa.
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It could be noticed that increasing the oxygeniplagressure or decreasing the nitrogen
pressure during a jump induced oscillations in thaction rate making impossible the
calculation of the ratios. The origin of such datihg regimes was not easy to understand;
referring to oscillating reactions in heterogenesystems [13], the conditions for such a
behaviour are systems reacting far from equilibritmwhich successive reactions involve
autocatalytic effects. We will see in the followinyoposed interpretations that these
conditions may be fulfilled.
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=
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0.2 - == model (step 2 of R1 s
rate-determining)
0 . . . . .
0 5 10 15 20 25

Oxygen partial pressure after the jumps (kPa)

Fig. 6. Variation of (T,Pi)/¢Py) as a function of oxygen final partial pressur&a®d°C (initial
conditions: R, = 20 kPaPy,= 80 kPa). Experimental data (dots) and calcula&des (continuous line)
using theg function given in table 4 (see section 4.2).
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Fig. 7. Variation of T,Pi)/¢Po) as a function of nitrogen final partial pressut&8%0°C (initial
conditions: R, = 20 kPaPy, =5 kPaPy.= 75 kPa).
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4. Discussion

The results presented in section 3.2 clearly statvdespite of its complexity, the accelerated
post-transition stage during the reaction betweecalby-4 and @-N, mixture at 850°C is
kinetically controlled by a single rate-deterministep. Rigorously, it could have been
deduced from this result that during this stagecthreosion progresses according to a steady-
state, and this was confirmed by the result shawsection 1. As a consequence, the reaction
rate can be written as a product of several tesas Equation 2) involving functiongand
Si(t). The determination of function® and Sy(t), that account for the variations of the
reaction rate vs. thermodynamic variables and tiraepectively, is achieved in the next
paragraph.

4.1. Modelling of the &t) and gfunctions

It was previously reported that the kinetic curekging the accelerated period were not
reproducible [10]. Equation 2 indicates that theues comes from th&y(t) function since

during the experiments temperature and partialspres were kept constant. According to
literature [5] and to our observations of partialyidized samples (see for example Figure 8

and [10]), the acceleration corresponds to the aapee and progress of localized nodules

where breakaway of the first formed dense oxidéeduas occurred.

(b) B2

Fig. 8. Micrographs of Zircaloy-4 samples after oxidatior20%GQ, - 80%N, (a) and 5%@- 5%N, - 90%He
(b) up to a mass gain of 70 and 350 §.nespectively.
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Considering a random appearance of the noduleswiedl by their inward growth, analogy
can be made with nucleation and growth processssraéd in chemical reactions of powder
material. The kinetic model best suited to quatmigdy describe this kind of transformation
(surface nucleation and growth) was first repotigdMampel for spherical particles [14] then
by Delmon in the case of cylinders and plates [C&lculation of the mass gain rate due to
the nucleation and growth of the nodules requites following assumptions: (i) the
probability of nucleation is uniform over the whaerface, (ii) the areic nucleation frequency
is constant at constant temperature and constatilparessures (our conditions), (iii) the
growth of post-transition regions is isotropic (gpbal nodules), (iv) the rate-determining
step of growth is located at the nodule/metal fats.

Considering the planar symmetry of the samplesraglecting the transformation along the
edges, the equations describing the variationdh@fSt, function vs. time during the post-
transition stage can be calculated according tombels mathematical treatment (cf.
Appendix A, Table A). It will be demonstrated incien 4.2. that the nodules growth
mechanism corresponds to a set of reactions fochwthie rate-determining step is located at
the oxide/metal interface, according to Mampel'suasptions. Moreover, the fraction of the

surface still not affected by the growing nodules be computed according to the equations

given in Appendix B, Table B

Once the first nodule has appeared, the oxide liayerade of two co-existing regions: those
still in the pre-transition stage (dense zircoraayl those already in the post-transition stage
(nodules). The reaction rate is thus the sum oftemms, one is due to the growth of still non
attacked dense zirconia, parallel to the interfand the other one is due to the nodules

nucleation and isotropic growth:

(Eq. 3)

demd]_[dlemd] s [afmg

tot pre post

whereS is the initial surface area of the sample (if) Bnd S.(t) is the surface area of the
sample (in M) still not affected by the growing nodules (themssion oS (t)/Sis reported

in Appendix B, Table B)

The contribution of each term of Equation 3 carséen on Figure 9. The mass gain rate due

to the growth of dense zirconia decreases with twhereas the mass gain rate due to nodules

14



growth increases. The following sections are deVdte the calculation of both terms of

Equation 3 making use of experimental rate curves.
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Fig. 9. Mass gain rate (850°C,oP= 20 kPaPy, = 80 kPa) versus time: experimental results and
simulation results.

Growth kinetics of dense zirconia

In the pre-transition stage, it is admitted thédfiudion of oxygen vacancies in the dense oxide
governs the oxidation kinetics. However, the reactiate does not strictly follow a parabolic

law, but rather a “sub-parabolic” one. In previaisdies ([16] , [17], [18]), it was suggested

that this is due to a random distribution of bagim the diffusion layer. The reaction rate can
then be modeled by Equation 4 where the functiaimod Sy(t)ere is given by Equation 5:

d(A S) - oMo,
dt S

pre

wpresm (t) pre (Eq . 4)

S|
Sm (t) pre = n_yoexp[_bx] (Eq 5)

0
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AmV,,(ZrG,)

02

@%re IS the areic growth rate of dense zirconia (in .mdls?), X = where

Vin(ZrO,) is the molar volume (in fmol™) of the dense zirconia arulis the number of
barriers per unit length (in numbefyn The best fit between experimental curves and
Equation 4 has been obtained with the valuesgpf and b reported in Table 2 (for
experiments conducted in 20% © 80% N and 5% Q — 5% N — 90% He mixtures at
850°C). Only the decreasing part of the experiniergte curves was considered for the

numerical fitting procedure.

Experimental conditions Gore (mo|_m‘2,s‘l) b (number.ml)
850°C in 20% @— 80% N 3.810°+ 0.4 10° 1.8 1d + 0.4 1d
850°C in 5% Q- 5% N,— 90% He 3.910°+0.2 10° 2.31d+0.21d

Table 2. Values ofg,. andb parameters and their corresponding variation range

Kinetics of nucleation and growth of nodules

The two parameters that model the part of the i@actate due to the nucleation and growth
of nodules aregos; Which is the areic growth rate of the nodules] gn(, which is the areic
nucleation frequency of the nodules. Other modedupaters $n(t)post and S (t)/S) are linked

to these two parameters (see Table A and B in AgiggnParameterg and ¢ost were
adjusted in order to account for the whole setxpleeimental curves. In the case of 5%-O
5% N, - 90% He, it was possible to determine the valtiggones: With a low uncertainty.
Actually, to model the asymptotical value of thepesimental curves, thes parameter
must be set talapproximately 5.2 T® mol.m%s™. In the case of 20% /0- 80% N mixture,

it was possible to get the value @fl,ostusing the ratiofPo, = 5 kPa)ifPoz init = 20 kPa)
(whose value is around 0.55, see Figure 6) anddhee of ¢ 1,05 Obtained for 5% @— 5%

N2 - 90% He mixture (5.2 Tbmol.m%s"). It leads to a value afi’yos(Po2 =20 kPa)equal to
9.5 10* mol.m?.s™. As the kinetic data are not reproducible in thstgransition period, each
curve can be simulated with a different value @& piparameter. Its mean value as well as its
uncertainty range for both experimental conditizneported in Table 3. The computed mass

gain rates (in red) as well as the whole set ofgrmental curves (in black) are plotted in

16



Figure 10 for 20% ©- 80% N and in Figure 11 for 5% 0 5% N> - 90% He.y 1[] and @ost
parameters used to compute the mass gain ratdsdoliat continuous red line in Figure 10
and 11 are the mean values given in Table 3. Ferdtitted red lines, the minimum and

maximum values ofreported in Table 3 have been used.
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Fig. 10.Experimental (black lines) and calculated (rec@&jimass gain rate vs. time at 850°C in 20%
O, - 80% N.. The g0 parameter used to compute the mass gain ratée isiean value reported in Table

3. Theyparameter is either the mean value (continuouding) or the lower/upper limit of the
uncertainty range (dotted red lines).
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Fig. 11.Experimental (black lines) and calculated (recgfijpmass gain rate vs. time at 850°C in 5% O
5% N, - 90% He. Theg,s; parameter used to compute the mass gain ratée isiean value reported in

Table 3. Theyparameter is either the mean value (continuoudine or the lower/upper limit of the
uncertainty range (dotted red lines).
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Experimental conditions y(nb_m'z,s'l) ¢post(mol.m'2.s'l)

850°C in 20% Q- 80% N 2116+110 9.510* + 0.7 10°
850°C in 5% Q- 5% N— 90% He 1.81d+ 0.6 1d 5210*+ 0.2 10/

Table 3.Values ofyand g, and their corresponding variation range.

The values ofy obtained for low and high oxygen and nitrogen phgiressures confirm that
the lowest partial pressures conditions favour dppearance of nodules rather than their
growth. It can be seen in Figure 11 that at theadrttle accelerated period the kinetic regime
is approximately linear (constant rate); moreowre various curves reach the same
asymptotical value. Such a linear regime correspdnda situation where all nodules have
merged, thus resulting in a constant value ofSk#)pos: function. In the case of experiments
in 20%QG - 80%N, mixture the linear period is not so clearly visildue to a lower frequency
of nucleation.

The non-reproducibility of the rate curves in thesgetransition stage is easy to explain from
statistical considerations; the number of nodufgsearing randomly on the surface during an
experiment remains relatively small compared totwWizgpens in the case of powders which

display a very high surface area.

4.2. Mechanism of nodules growth

Reactions sequence during the post-transition stage

The specimens were characterized with various tqaks [10][12]: optical microscopy,
scanning electron microscopy, X-ray tomographyrgneispersive X-ray spectrometry with
silicon drift detector, high temperature X-ray diftion, secondary ion mass spectrometry as
well as Raman spectrometry. Figure 12 shows adyjpixide microstructure during the post-
transition period and the corresponding schemd@fréaction zones to consider in order to
understand which reactions could explain the grosita nodule. In the regions containing
nodules, going from the external surface to thesinmetallic phase, successive zones are
distinguished: a cracked (initially dense) zircoméyer permeable to gases, a “porous”
zirconia layer, a layer containing both dense zira@and ZrN precipitates (gold colour), the
metallic part with thex-Zr(O) phase and the bulk allog-Zr). The same succession of phases
and interfaces was observed whatever the size eoihtdules, independently of time and

space.
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cracked dense ZrO,

dense ZrO, « porous » ZrO,

Zr0,- Zth\

(a)

cracked dense ZrO,

« porous » ZrO,

N densc Zr0O, - ZrN mixture

ZIN

R2
a-Zr(O) R3

Fig. 12. Optical microscopy image of a Zircaloy-4 plat®ss section in the post-transition stage after
reaction at 850°C in 20% 0 80% N, mixture (a) and scheme of the reaction zone incavgrg nodule

(b).

Due to the presence of large cracks in the outdrziania layer, the reacting gases have a
direct access to the porous zirconia layer. Onbhgis of the kinetic model described in
section 4, it can be inferred that the growth ofobdule corresponds to the inward advance of
the two-phase layer (dense Zr© ZrN mixture) at the expense of the metallic ghass
shown by Steinbriick, nitrogen may react watZr(O) to form a two-phase mixture of oxide
and nitride [19]. Thus, to explain the advance tt# bxide/metal interface, the following

reactions taking place near the metal/oxide interfzan be proposed:

ZIN+0, =N +Zr0, (R1)
N* +2ZrO, =ZrN +x0O’ (R2)
(2-x)O +2Zr0, = Zro, (R3)

where ZrQ is the notation used for tleeZr(O) phase.

Reaction R1 corresponds to the oxidation of ZrN\cimigates into dense zirconia by oxygen

which is assumed to reach the reaction zone aslecolar specie. This reaction releases

nitrogen species, probably present as point defacZsN (noted N) which diffuse inwards

and react according to R2 with thieZr(O) phase to give new ZrN precipitates. The eyg

released by the reaction R2 (noted @acts with ther-Zr(O) phase leading to the formation
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of dense zirconia in the two-phase layer. ZrN cansken as a catalyst for zirconium
oxidation since it offers a new reaction path withohanging the reaction balance. Then, the
transport of gases through the cracks initiated thé first dense zirconia scale allows setting
up an auto-catalytic mechanism, which self-sust#tiesformation of zirconium nitride and
dense zirconia at metal-oxide interface.

Oxidation and nitriding reactions are at the originthe “porosity” observed in the post-
transition oxide layer. SEM images show that craaksig the zirconium nitride precipitates
are parallel to the metal-oxide interface [10].depicted by Figure 13-A, the nitridation @f
Zr(0), which occurs without volume change, leadsatdawo-phase ZrN/ZrQlayer. The
oxidation of thea-Zr(O) phase into dense zirconia (Figure 13-B) semla volume increase
(the Pilling and Bedworth ratio PBR/zr is 1.56) which induces tensile stresses on ZrN and
cracks. The ZrN precipitates are finally oxidisetdaas this reaction leads to a volume
increase (PBRo2izn= 1.47), the dense zirconia located near to thalroaide interface, and

in contact with ZrN, is submitted to tensile stesssvhich generate cracks (Figure 13-C).
These phenomena explain the increase of the pamumia layer thickness while the nodule

grows inwards the alloy.
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A. nitridation of a-Zr(Q) (reaction R2)

N*j

ZrN

Zrox ZI"O_.,t

B. oxidation of a-Zr{O) (reaction R3)

t
ZrN
IrN
o
Zro,
!

C. oxidation of ZrN (reaction R1)

IerI

Fig. 13.Scheme of stresses (arrows) and cracks (whits)igenerated during the creation (A, B) and
the oxidation (C, D) of ZrN precipitates.

Rate-determining step of nodules growth

From previous sections (3. and 4.1.), we know tth@spite of its complexity, a steady-state is
established during the post-transition stage, wigckinetically controlled by a single rate-
determining step located near the mobile oxide/metarface. This excludes (at least in the
experimental conditions settled for this study)osgible limitation by gas diffusion through
the cracked and porous zirconia layers situategteabiee two-phase layer (no starvation). The
problem now is to determine the exact nature ofréite-determining step and the expression
of the areic growth rate{T,P,)p0s: The whole mechanism must involve the mechanisins o
each of the reactions R1, R2 and RS3. It was showsection 3.3. that the oxygen patrtial
pressure has an accelerating influence on the asdubwth. It can thus be deduced that the
rate-determining step should belong to reactiomRith is the only one that involve gaseous
oxygen. In addition, the localization of the ratte&mining step at the mobile oxide-metal
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interface is consistent with reaction R1 since tike-phase layer where this reaction takes
place spreads along the metal phase and can beledges “mobile” with time.
The series of elementary steps proposed to desttrdbbenechanism of zirconia growth by

zirconium nitride oxidation are given in Table eTvarious steps involve distinct reaction

intermediates which are surface sites s, adsorkggea O-s, zirconia oxygen vacancié§ ,

free electrons (for charge compensation), intesbtiizn) (release of nitrogen which diffuses

inwards through ZrN). In addition, reaction R2 aR®, which can be considered at

equilibrium (due to the rate-determining step agpnation), can be rewritten as follows:
Zr;r(a—Zr) +XO,y-zry T Nizmy = Zr;r(zm) + N)lil(ZrN) +x0

(R2))

gb

Zr.Zr(oc—Zr) + XC)i(oc—Zr) + (2 - X)Ogb = Zr.Zr(ZrOZ) + 2C)O(ZrOZ) (RB,)

where Qq.zr) represents an oxygen atom in th&r(O) phase and & an oxygen atom at a
grain boundary in the two-phase layer.
It can be noticed that a linear combination of dteps 1-4 and reactions R2’ and R3’ such as

(1—%}[(1)+2[(2)+(3)]+(4)+(R2')+rXX(R3')} leads to the stoichiometric reaction
balance:

[1—%)02(9) +7r0, O . zr0, (R4)

The equilibrium constant of the global reaction R4 is related to the equilibrium constants
of the intermediate reactioks (i= 1, 2, 4, R2’andR3’) by:

2
K2 = K1K22K4KR2'K|Z;2'_X (Eq. 6)

It is possible to express the areic growth ratesdlying a system of equations corresponding
to the proposed mechanism. The deviation from #dxiim was not considered here due to
the chosen experimental conditions. Theoreticalresgions of thego.s function can be
computed assuming that one of the elementary «tep2 or 4) is rate-determining. The
corresponding expressions have been reported ifasheolumn of Table 4. It can be shown
in Figure 6 that the experimental variations of #éneic growth rate with the oxygen partial

pressure can be very well adjusted by the followawvg (continuous line):
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VP(O;)

—_— Eq. 7
1+b/P(O,) (Ea.7)

with a= 2.3 andb=0.06.

This result demonstrates that the rate-determisieg is the external interface step of the

reaction of ZrN oxidation with coefficiena corresponding tok2\/K1K4KR2.K§§;X and

coefficientb to /K, . It can also be noticed that the expressioged is in agreement with

the absence of influence of the nitrogen partiakpure.

So it can be concluded that the reaction sequeasedbon an auto-catalytic effect of ZrN
precipitates is able to quantitatively explain iagiations of the rate with the partial pressure
of the gases, due to an interfacial rate-deterrgirstep involved in the mechanism of
oxidation of zirconium nitride precipitates, and agreement with theSy(t)post Kinetic

modelling.

Elementary step Areic growth ratées

K22K4KR2'KR>’2'_X

1 - Adsorption step O. +25=20-5 @ =k,P(G,)
’ 1+ KzVK4KRz'K|Z§'_X

0(2r0,) +S %:k (2 \/
1+,/K,P(O,)

2 - External interface step O — s+V +2e'=0: K,K 'KZ:,%_X

Vg, €' andOg g, from the

3 - Diffusi t i i -
usion step internal interface to the external

interface

_ Zremy T Ny =
4 - Internal interface step y . . @, =k,
Zr.Zr(ZrOZ) + 2VO + 4e+N i(ZrN)

Table 4. Mechanism of ZrN oxidation (reaction R1) and egsion of the areic growth rate of zirconia.
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5. Conclusions

This study proposes for the first time a quanttatnodelling of the oxidation of Zircaloy-4
in oxygen and nitrogen mixtures. Thermogravimetpeziments were done with thin plates
and variations of the reaction rate with time arattipl pressures of both gases were
investigated at 850°C. Dedicated experiments adbatéesting the existence of a steady-state
and a rate-determining step during the post-triamsiistage. The validation of both
assumptions has enabled us to write the reactterasathe product of two functions: the areic
growth rateg(T,P) and the function of tim&(t). The separate influence of the oxygen and
nitrogen partial pressures on tlgefunction was experimentally determined with thenju
method which allows exploring the kinetic behaviofia reacting system at a given extent of
reaction.

Based on detailed observations of oxidised spesmannucleation and growth model
originally derived for reactions with powders wasceessfully applied for the random
appearance and growth of zirconia nodules fromstiméace towards the inner bulk alloy.
Four functions are then necessary to model thetiogaate: Si(t)pre and ¢T,P)pre functions
that describe growth of dense zirconia @t)post and ¢T,P)ost that describe nodules
growth. The nucleation and growth model was ablevétl reproduce the shape of the rate
curves versus time during the post-transition st to explain the non-reproducibility of
the experiments. With such a model, the localiratbthe rate-determining step of nodules
growth was identified as being located at the oxmagal interface. Moreover, values for the
set of parameters (the growth rate of dense ziscgi the number of barriers per unit length
b, the nodules growth ratg.s: and the areic nucleation frequengycould be obtained from
curve fitting.

From the arrangement of the various phases andaoés between phases in the nodules
(porous zirconia, two-phase ZrN and dense de9er,a-Zr(0)), it was possible to propose a

sequence of three reactions:

- R1: oxidation of ZrN precipitates present at thadexmetal interface into dense
zirconia by oxygen molecules,
- R2: nitridation ofa-Zr(O) by nitrogen atoms released in R1,
- RS3: oxidation ofa-Zr(O) by oxygen atoms released in R2.
The porosity of the zirconia layer in the growingdnles can be explained by the volume
changes associated to reactions R1 and R3 leaulingal stresses and cracks.
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Finally, a mechanism decomposed in elementary dtephe oxidation of zirconium nitride
precipitates was proposed to explain the variatafrthe areic growth rate.s: with oxygen
and nitrogen partial pressures and to precise #taren of the rate-determining step. The
external interfacial reaction step of the oxidatadrthe ZrN precipitates was found to control
the nodules growth during the post-transition stage

Due to the number of experiments carried out tadest the assumptions (existence of a
steady-state and of a rate determining step), teermdéne the functions necessary to model the
reaction rate and to characterize the oxide scailly, one temperature was investigated. It
would be of great interest to determine the effeictemperature on processes (nodules
appearance and growth) by performing thermogravintests at different temperatures. The
number of experimental tests would be lower if éisgsumptions are assumed to remain valid
when temperature changes. It would be also infegesh further work to investigate the
dependency of the nucleation frequency (nodulesa@mce frequency) with the oxygen and
nitrogen partial pressure. Finally, it would be thodetermining the influence of the geometry
(cylindrical instead of plate) on the function whe Sy(t)post

The model presented in this paper provides an eaptan of the accelerating effect of
nitrogen by the nucleation and growth of noduleke Thass gain rate can then be well
reproduced by calculating integrals. It seems caraf@d to make such computations in code
systems for simulation of nuclear accidents. Néwedelss, the complex model could be
simplified in order to have a simple formulationr fthe mass gain rate, such as “an
accelerated law” as proposed in [7]. In this foratian, only one parameter, the accelerated
rate constant, is required to compute the mass igaé¢1 The accelerated rate constant is
temperature dependent with the temperature depeadesually following Arrhenius'
equation. This study demonstrates that the ratstanhnot only depends on the temperature
but also also on the partial pressurBise next step is thus to compute this acceleradt=l r
constant from the set of parameters of the compierel (gre b, @ost and)) for different
conditions (temperature and gas partial pressueésh. this simple model, it will be possible
to compute accidental scenarios with air ingressng the accelerated rate constant suitable

for the conditions encountered during the transient

Appendix A
The calculation method, as proposed by Delmon [$5based on a statistical approach

(random surface nucleation with a constant frequerand accounts for the possible
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recovering of the growing nuclei. The expressiohthe functionSy(t)pest are given in Table
A.

List of notations

y. areic nucleation frequency in number.st

eo. half-thickness of the plate in m

k: increasing rate of the radius of the semi-elligabshape of a post-transition zone in'T.s
Vin(Zr): molar volume of zirconium in frmor™*

x: distance between the surface of the plate anthtiex plane in m (cf. Fig A.1)

Ais defined by Eq. A.1:

A=T5Y (Eq. A1)

ris a dimensionless time variable afidorresponds to the dimensionless time of appearanc

of the nodules:

T :Lt (Eq. A.2)
€

=X (Eq. A.3)
€

The relationship betwednand g.stis given by Eq. A.4 wherén(Zr) is the molar volume of

zirconium in ni.mor*:

K=@uVn(Zr)  (EQ. Ad)

Fig. A.l.Inward growth of nuclei from the surface of thatglintersecting a plane at a distance x from the

surface [15]
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_Va(2n) _A f 2 g2 Acofn
Sn(T) post = . Aexp( 3rjﬂ(r E)exp{gf(:%r Zf)ﬂdf

1<r1r<2

_ Vin(Zr) A YT (2 r2)aud A 22
Sn(T) post = o Aexp{—gr jj; {(T -¢ )exp(gf (3r—25)ﬂd5

" %ZAexp( 2A(rs _gr+ 8)] [(? - &% + 26 - 2)expl2a(£ - 2)(r - 2))a¢

=22

S, (1) pou = ) o ;{ 2:;A(r —6r +8)j [(r2 - €2 + 26 - 2)ex{2A¢(¢ - 2)(r - 2))a¢
Table A. Equations of the functio8.(7),.s:for the nucleation and growth of nodules.

Appendix B

The expressions used for the calculatio®@f) are given in Table B for the three periods of

the dimensionless time(cf. Appendix A). Details on the calculations nsy/found in [12].

Table B. Equations of the functio§ (7)/S for the nucleation and growth of nodules.
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