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HIGHLIGHTS

e Model developed for reactions of nitrogen during air oxidation of Zr-cladding.

e Data from separate effect tests used to develop the model.
e Decisive importance of a-Zr(O) for nitriding reaction.

e Model implemented in special version of MELCOR 1.8.6 for simulation of air ingress sequences in reactors and spent fuel pools.
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A model has been developed to describe the nitriding of partially oxidized zirconium based cladding during an
air ingress sequence when the reaction has become starved of oxidant (oxygen and/or steam), and the subsequent
re-oxidation of nitride following of restoration of coolant. Key aspects of the model are the estimation of oxygen-
stabilised alpha zirconium, a-Zr(O), formed during pre-oxidation and its reaction with the nitrogen. Nitriding of
metallic Zr is much slower than a-Zr(0), and plays a comparatively minor role. The model is based on data from

separate-effects tests comprised pre-oxidation, nitriding in the absence of oxidant, and re-oxidation in the
absence of nitrogen, which were used to derive the kinetic parameters for the main reaction processes. Devel-
opmental assessment was performed using the test results, demonstrating favourable agreement for the main
reaction signatures. Independent assessment against Integral Test data is underway.

1. Introduction

One of the potential impacts of air ingress to overheated fuel during a
reactor or spent fuel accident is the formation of zirconium nitride (ZrN).
The reaction is not only a source of heat, but the ZrN itself reacts readily
and exothermically with oxygen, steam or even liquid water, with the
release of nitrogen. The formation of nitride, even in trace amounts,
causes the oxide layer to lose its effectiveness as a protective layer to
limit further oxidation.

Concerns over the risks of air ingress was first raised by Powers et al.
[1] following the realisation that the TMI-2 reactor vessel had been
worryingly close to lower head failure [2]. If the vessel had failed, there
would have been a pathway for air to ingress into the already severely
damaged core. Air oxidation kinetics were the subject of debate and
experimental studies [3]. The main concerns at the time were the effect
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of accelerated kinetics on the ongoing accident escalation, and the risk
that exposure of the fuel itself to oxygen would render certain of the
radiotoxic actinides and fission products in a more volatile state.
Further attention was focussed on air ingress sequence following the
Paks cleaning tank incident in 2003 [4]. Several experimental programs
were launched to investigate the impacts and to characterise the
chemical-dynamic processes in order to enable analysis and risks as-
sessments of the associated threats. Separate-effects test (SET) programs
to furnish basic data were launched at IRSN, France [5] and KIT, Ger-
many [6,7]. The integral test programs include QUENCH (KIT, Karls-
ruhe, Germany) [8], PARAMETER SF4 (Luch, Russia) [9], CODEX AIT
(AEKI, Hungary) [10], and the SFP-1 and —2 (Sandia National Labs,
USA) [11]. The main issue regarding core damage escalation was hith-
erto considered to be the accelerated oxidation kinetics due to the effect
of nitrogen on the integrity of the oxide layer. However, several of the
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integral tests demonstrated very significant nitriding and major impacts
on subsequent coolability.

In particular, the QUENCH-16 [12] and QUENCH-18 [13] experi-
ments, with air oxidation under starvation of oxidant, yielded data
which showed extensive formation of zirconium nitride followed by
strongly enhanced hydrogen production during the quenching process
with water, and also release of nitrogen. SETs with air oxidation under
oxygen starvation conditions also showed presence of zirconium nitride
in the post-test examination [14,15]. The Sandia Fuel experiments
showed strong nitrogen uptake during the oxygen starvation stage of the
experiments and nitrogen release during re-oxidation of the zirconium
nitride later on [16]. Not all those behaviours could be calculated with
severe accident codes, because models for the nitrogen/nitride reactions
were limited, e.g. ATHLET-CD and SOCRAT, or unavailable, e.g. MEL-
COR and SCDAP. PSI, Switzerland, and KIT, Germany, launched a
project for the development of a computer model to describe the ni-
trogen as direct reaction partner in the oxidation of zirconium based
cladding materials.

Due to the slower nitriding process compared with oxidation, the
new model is most important when the temperature increases slowly, e.
g. accidents where the nuclear heating is low enough that the escalation
is largely driven by the chemical reactions. Those types of scenarios are
most typical following an accident in spent fuel pools or wet storage
pools, where the environment will include any or all of steam, oxygen
and nitrogen. An accident in a spent fuel pool following total loss of
coolant can lead to high temperatures and severe degradation of the
fuel, opening ready pathways for major releases of volatile fission
products. Moreover, reactions between oxygen and exposed overheated
fuel can render some fission products in a more volatile state. The Sandia
fuel experiments showed that once all the coolant is lost, the highly
energetic zirconium-oxidation reaction in air and following sustained
nitriding, can bring about such an escalation within half a day.

The present nitriding work followed on from work performed at PSI
to specifically address nitrogen promoted oxidation in air from which
models for oxidation in air had been developed and implemented into
SCDAPSim/PSI, MELCOR 1.8.6/PSI, and standard MELCOR 2.x. The PSI
air oxidation model [17] was designed to model both breakaway in
steam at temperatures below 1050 °C and oxidation in air. It is based on
the observed phenomenon in which nitrogen degrades the protective
character of the oxide layer in a way that has a similar macroscopic
effect as breakaway oxidation, inducing a transition from parabolic to
quasi-linear kinetics. The nitride layer is observed to be similarly
non-protective [7]. Parallel developments were performed by GRS and
EDF, and implemented into ATHLET-CD [18] and MAAP, respectively
[19]. More recently a model for nitriding was developed and introduced
into ATHLET-CD [18]. At this stage no released code version included a
model for oxidation of ZrN.

The purpose of the present study was to extend the capability of the
PSI air oxidation model to include both the formation and oxidation of
nitride. It is noted that cladding oxidation and nitriding in air are
dominant issues in a spent fuel accident, since the decay heat levels are
low and the fuel is likely to undergo slow heating and long periods of
time (if cooling is not restored) at temperatures in the breakaway
regime.

The present nitriding project comprised two steps. The first step was
to conduct separate-effects tests in the frame of a PhD thesis [20] to
produce a database for the kinetics of the oxidation, nitriding, nitride
oxidation reactions, together with compositional data from post-test
examinations. The second step was to construct and assess a computer
model for the reactions, incorporate the kinetic parameters derived from
the database, for inclusion in severe accident codes. The model devel-
opment and implementation part of the second step is complete, while
the assessment is in progress at this time.

The following sections describe the model for the Zr-air-steam re-
actions: its physical basis, the reaction scheme and kinetics, the model
phases, implementation in the severe accident code MELCOR,
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illustrative comparison results with SETs data results, and finally sum-
marises its present status.

2. Phenomenology
2.1. Physical basis

Earlier SETs performed at KIT essentially aimed at investigating
oxidation of Zr-based cladding in air and other nitrogen containing at-
mospheres, showed that although nitrogen reacts very slowly with
metallic Zr, it reacts fairly rapidly with oxygen-stabilised a-Zr(O) which
is a metallic phase with absorbed oxygen, and with sub-stoichiometric
oxide [7,21]. The more recent SETs performed by Park [20] specif-
ically targeted the pre-oxidation (PO) - nitriding (NT) - re-oxidation
(RO) phases in the sequence in order to provide sufficient data to
develop a workable model. To effectively separate the different re-
actions taking place under different gas atmospheres, and the effect of
different gas mixtures on the reactions, the tests were carried out in
three sequential stages: pre-oxidation in oxygen, nitriding in nitrogen
and re-oxidation in oxygen. A carrier gas of argon was used in all stages.
For practical reasons, no steam could be used in any of the tests,
therefore oxygen was used as a surrogate.

The SETs were performed using 10 mm long samples of Zircaloy-4 in
four series at different temperatures: 900, 1000, 1100, and 1200 °C, with
arange of time durations for the PO and NT phases. In addition, some of
the tests were repeated with termination at intermediate times during
NT to allow inspections to determine the micromorphology and
composition prior to RO. Two different experimental thermo-balance
set-ups were used for the tests, Netzsch STA and Setaram TAG (see
Fig. 1).

Transient data were obtained for the gross mass gain from the
combined uptake of oxygen during PO, the nitrogen during NT, and the
balance of oxygen uptake and nitrogen release during RO. In principle,
the three separate phases should definitely determine the separate
contributions, but there were transition periods between PO and NT and
between NT and RO when the reaction chamber contained a mixture of
different gases, and the contributions were uncertain. Although the
transition periods made the kinetic quantification less precise, they
could not be prevented without including phases of inert gas flow to
allow the former reaction gas to be purged from the chamber, which
would have made the test conditions less representative. In a real acci-
dent sequence, there would be mixtures of reacting gases for at least part
of the time. The uncertainties could not be eliminated, but were reduced
by analyses made on the basis of gas exchange time in the chamber, the
observed changes in the mass gain rates, post-test determinations of the
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Fig. 1. Reaction rates for fast and slow nitriding of zircaloy cladding [20] and
pure a Zr(O) [17].
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final Zr, a-Zr(0), ZrO, and ZrN fractions, and the overall mass gain.

2.2. Summary of findings

The findings from the test program reveal a complex phenomenol-
ogy, described below [20,22].

Pre-oxidation: The PO comprised an initial short period of rapid
mass gain, with complete oxygen consumption in some cases, before the
rate declined and became limited by the kinetics of the diffusion of
oxygen across the growing oxide layer.

Both ZrO, and a-Zr(O) were formed during PO. The fractions of
formed ZrO, and «-Zr(O) could not be determined based on the tests.

The oxidation kinetics were generally parabolic after an initial
starvation period. However, longer (60 min) PO cases at 900 °C and
1000 °C exhibited an acceleration due to transition to breakaway
oxidation.

The mass gain continued at about the same rate during the PO to NT
transition, before the residual, non-consumed oxygen was purged, and
in some cases temporarily increased due to the effect of nitrogen on the
oxidation kinetics.

The formation of a-Zr(O) took place at all temperatures studied, but
was much more extensive at 1100 and 1200 °C than at 900 and 1000 °C.
As a consequence, the greater a-Zr(O) at the higher temperatures lead to
proportionally greater ZrN production once nitriding started. It is
thought that the main reason is the transition from monoclinic to
tetragonal oxide microstructure at ca. 1050 C, allowing the oxygen to
diffuse much more readily through the oxide scale.

Nitriding: The nitriding mass gain qualitatively correlates with the
a-Zr(O) availability. Fig. 1 shows that the total mass gain measured in
the present series of SETs exhibits a dependence on temperature that
qualitatively correlates with the production of «-Zr(O), the latter
determined from post-test inspection of oxidised samples from a sepa-
rate series of SETs performed at KIT. Quantitative significance cannot be
deduced, since the present results for each temperature cover a range of
reaction durations in two different experimental devices (STA and TAG).
The results from a separate set of tests also show a maximum o-Zr(O)
production rate at ca. 1400 °C. Complementary SETs at KIT on the re-
action of ZrOx with nitrogen show an analogous trend in the temperature
dependence of the ZrN formation [23].

Fig. 2 shows a segment of a sample after PO and NT at 1100 °C. The
ZrN (yellow/gold) is almost all located at the outer surface and just
underneath the oxide, with some also along radial cracks in the oxide. It
was at these locations where the o-Zr(O) was observed in other

Fig. 2. ZrN with oxide ingots at 1100 °C experiment with pre-oxidation and
nitriding. The black areas in the micrograph are voids presumably created
during sample preparation.
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oxidation + annealing tests at KIT [24]. One would expect the Zr(N) to
be predominantly where the a-Zr(O) had formed, which is according to
the phase diagram at the metal/oxide interface and, under starvation
conditions also at the oxide surface, as described by Stuckert [24].

Fig. 3 shows a vertical cut through a specimen of a SET with 10 min
of pre-oxidation in oxygen and 1 hour of nitriding at 1100 °C, further
illustrating the stochastic nature of the reaction phenomena. On the
right side (inner surface), the zirconium nitride (gold) has not broken
through the underlying oxide layer (grey), and the layers are essentially
coherent. Therefore no nitriding reaction of the a-Zr(O) between oxide
layer and metal occurred.

On the left side (outer surface), the nitriding reaction penetrated
through the oxide layer and has started to react with the underlying a-Zr
(0). Here, the arrangements of both the nitride and oxide exhibit
partially connected patches of one within the other. The reason for the
more advanced nitriding and quite different topology may be the cracks
that formed through the oxide during PO, and then became sites for
nitride to form during NT. It is conjectured that the outer oxide is more
susceptible to becoming cracked due to tensile hoop stresses, while the
inner surface layer was in compressive stress.

Following transition to nitriding, there was a period of fairly rapid
mass gain, as the a-Zr(O) readily converted to ZrN. During tests with a
long NT period, all the a- Zr(O) was converted to ZrN and ZrOo, leaving
only the p-Zr to react. The mass gain then dropped to a much lower (ca.
1/20) rate. In a few long NT cases the mass gain stopped, as all of the
initial Zr had reacted to form oxide and nitride. These cases were
valuable in helping to quantify the final separate masses, and hence
reduce the uncertainties due to the transition period.

The nitriding kinetics was essentially linear, indicating the nitride
layer which was formed was non-protective against continuing reaction.

Re-oxidation: During RO, the ZrN was oxidised rapidly leading to
oxygen starvation in the higher temperature cases. In some cases, all the
nitride was converted to oxide. The oxidation of the remaining Zr/ a-Zr
(O) continued, though at a slower rate than oxidation of the ZrN.

Like the nitriding, the ZrN oxidation kinetics were essentially linear,
due to the non-protective nature of the oxide thus formed. It is noted that
ZrN is a very dense material, resulting in a local volume reduction in the
vicinity of the lower density of ZrO,. This leads to breakaway-like
behaviour of the oxide/nitride layer at all temperatures, including
above 1050 °C where breakaway oxidation in steam does not occur.

During RO, the ZrN previously formed during NT appeared to have
been rapidly and extensively oxidised, so that a large fraction of the
reacted part of the sample was oxide. However, it cannot definitely be
determined to what extent the ZrN was oxidised before Zr/ a-Zr(O)
oxidation occurred. There was likely to have been some period when

Fig. 3. Zircaloy tube at 1100 °C, 10 min pre-oxidation and 1 h nitriding.
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both ZrN and Zr metal were oxidised. Inspection of the samples showed
some remaining ZrN.

There are signs that the Zr/ a-Zr(O) oxidation kinetics were linear
during RO, but due to the highly compromised state of the samples, that
cannot be definitely determined.

These findings are used as the basis for the model described below.

Significance of a-Zr(0): The a-Zr(O) is an important quantity for
controlling the nitride formation. However, since it was not possible to
directly determine kinetic data on its formation, use is made of standard
correlations, beneath which the production of a-Zr(O) by diffusion of
oxygen from the oxide layer to the metal is included. The SETs data for
mass gain during nitriding show a first period of fairly rapid ZrN for-
mation, attributed to the nitriding of a-Zr(O), followed by a period of
much slower ZrN formation, attributed to the nitriding of metallic Zr.
The nitriding of a-Zr(O) and metallic are separately represented during
the (oxidant-starved) nitriding period. Also included are the oxidation of
a-Zr(0) and ZrN during re-oxidation, with kinetics based, again, on the
SET data. Instead of one oxidation process, the new model includes five
different chemical processes for the interaction of the atmosphere with
zirconium based cladding materials.

3. Description of model

Reaction precedence: The following reaction precedence is assumed
throughout the model: oxidation by oxygen > oxidation by steam >
nitriding. Even though this is supported by both empirical observations
and basic thermodynamic data, the oxidation mechanism is in reality
more complex and determined by the local conditions, i.e., at the metal/
oxide and oxide/gas interfaces.

3.1. Model philosophy

The new nitriding model extends the number of chemically active
species to include nitrogen (hitherto treated as a catalyst for the
oxidation), and ZrN. An auxiliary species is the oxygen-stabilised alpha-
zirconium which we refer to a-Zr(O) and, as mentioned above, readily
reacts with nitrogen forming ZrN under oxygen-starved conditions.
Consequently, four different zirconium species, metal, oxide, a-Zr(0),
and nitride are reaction partners for three gases in the atmosphere, ox-
ygen, steam and nitrogen.

It may be helpful to remark of the nature of alpha-zirconium, with or
without dissolved oxygen. Alpha-zirconium is the low-temperature
phase of Zr, which converts to the high-temperature beta phase at
860 °C. At high temperatures beyond 860 °C, it can be stabilized by
oxygen (and nitrogen) initially produced by diffusion of oxygen from the
ambient atmosphere and, after formation of a protective zirconium
oxide layer from the oxide to the metal. The oxygen concentration of
a-Zr(O) can vary up to the saturation level, which is temperature
dependant and typically about 7 percent by mass. Within the partially
oxidised cladding, the concentration is at saturation at the oxide-metal
interface and decreases through the underlying metal. Diffusion of ox-
ygen from the oxide takes place down the concentration gradient. In the
computer model, a simplifying assumption is made in that the content of
oxygen in the a-Zr(O) is set to 6.5 wt% of the zirconium weight, which is
the maximum percentage of the oxygen found in the a-Zr(O) layer [25]
and is close to equilibrium.

This representation of the oxidation/nitriding processes is neces-
sarily simplified. There is some evidence that during nitriding, ternary
species such as Zr-oxynitrides are formed, perhaps as metastable inter-
mediary species [20]. It is also not possible to deduce from the data the
extent to which residual a-Zr(O) is converted to ZrO2 during the
nitriding of a-Zr(0). There are other simplifications implicit in the re-
action scheme described below, to deal with the complex and stochastic
nature of the processes discussed in the previous section, and to address
programming and numerical related issues.

The nitriding kinetics in the model are based on the layer thicknesses
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model of the different zirconium species in a way analogous to the PSI
breakaway and air oxidation model [17] where the non-protective na-
ture of the oxide and nitride layers are represented by using, for the
kinetics, an effective thickness less than the physical thickness.

The additional species added to the nitriding model multiplies the
number of possible chemical reactions as compared to the PSI break-
away and air oxidation model, some of which may be competing with
each other. A strategy is formulated to represent the precedence
amongst the group of reactions.

3.2. Reaction scheme and kinetics

Four different zirconium species, metallic (B-Zr), oxide (ZrOy),
metallic alpha-zirconium (a-Zr(0)) and nitride (ZrN) are reaction part-
ners for three gases in the atmosphere, oxygen, steam and nitrogen. The
consumption of the solid material layers due to reaction with gas species
is multiplied with a transition factor, when the layer thickness is below
30 um. This transition factor prevents sharp changes of reaction rates in
case of a complete consumption of a layer. Depending on the availability
of the reacting gases, several different reactions can occur in parallel, e.
g. nitriding, oxidation and alpha layer production under partial oxidant
starvation conditions. In all combinations of gas presence and material
layer presence, the mass conservation is fulfilled in the nitriding model.
In 45 different combinations of gases and material layers the nitriding
model is calculating the production of a-Zr(O), zirconium oxide and
zirconium nitride. All three phases can be produced, but also consumed:
a-Zr(O) by oxidation and nitriding, zirconium oxide by diffusion, and
zirconium nitride by oxidation.

A comparatively large number of chemical reactions and transport
processes involving species in the gas phase — Hy0, Oy, N3, Hy — and the
cladding media - Zr, a-Zr(0), ZrN, ZrO,. These are represented in a
simplified way in the following.

3.3. Reaction processes for zr and a-Zr(O)

In the presence of oxygen:
Zr + (0.8x+0.2) Oy = x ZrO;y + (1-x) ZrOq 4. (@D)]

In which x is the fraction of ZrO, formed in the reaction, and (1-x) if
the fraction o-Zr(O).
In the presence of steam and absence of oxygen:

Zr + (1.6x+0.4) HyO = x ZrO; + (1-x) ZrOgp4 + (1.6 + 0.4) Hy. (2)

For production of ZrO, in steam, the Cathcart-Pawel correlation is
used for mass gain rate WGgge in kg/mz/s:

=20_111
T

WGrye = 36.2 % e( >/(2 xcl xth), T < 1853K (Ia)

=16_610

WGrae = 10.117 ><e< )/(2 xcl xh),T > 1873K (Ib)
and linearly interpolated at 1853 < T < 1873.

Here th is the oxide thickness and c1 is the density of ZrO, multiplied
by the mass gain ratio, {M(ZrO3) - M(Zr)}/M(Zr) = ca.0.26. In the event
of breakaway, an effective thickness, theg, is used as described in [13].

The parabolic dependence:

d(th)?
dt

=/(T) (I

is recast in the form:

d(ih) _ f(T)
a2 % )
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Diffusion occurs during oxidation itself, and is included in most of
the oxidation weight gain correlations [25], and continues after the end
of oxidation without changing the weight. The diffusion does not take
place if a ZrN layer exists between the oxide and the metal or if break-
away has been induced at temperatures below 1050 °C. In the case of
breakaway, oxygen can access the underlying metal directly, resulting in
faster production of oxide, which is taken into account in the
air-oxidation and breakaway model [17].

The formation of a-Zr(O) starts simultaneously with the oxidation
process. If the oxidant flow rate calculated by the code based on initial
boundary conditions is smaller than the calculated diffusion rate, the
production of alpha layer is flow rate limited. Otherwise, the alpha
production mass gain rate is subtracted from the oxide mass gain rate. In
the absence of a clear understanding of how best to use existing
empirical correlations to treat the interacting processes of diffusion and
chemical reaction, an ad-hoc approach is adopted as an interim measure
to calculate the a-Zr(O) formation. The kinetic expressions are adapted
from an existing correlation in such a way as to provide an acceptable fit
to data from annealing tests [26]. The diffusion rate does not depend on
the oxide layer thickness if the oxide layer is thicker than 30 pm and so
the following temperature dependant rate law [25] is used in the model:

24227

WGrao(T) = 278.8 x e T

, T < 2073K (Iva)

10_252

WGrue(T) = 0.09422 x ¢ 7

, T > 2173 (Ivb)
and interpolated between 2073 and 2173 K.

It is noted that the production of a-Zr(O) continues via diffusion from
the oxide, even if oxygen is no longer present in the flowing gas.

We treat reaction (II) as though it is a single process. The molecular
bonds are broken at the surface of the growing oxide layer, and the
oxygen atoms diffuse through the oxide to react at the interface with the
underlying Zr (or a-Zr(O)). The solid state processes are essentially the
same for oxidation by steam and oxygen, except when the oxide layer is
damaged, when gaseous hydrogen can penetrate and accumulate in the
cracks and pores. However, the gas transport is somewhat affected by
the hydrogen or other non-condensable gases, while the energy needed
to break the molecular bonds is greater for steam than oxygen, per mole
of Zr oxidised. The empirical data for the respective oxidation kinetics,
and hence the correlations, may be slightly different as a result. We also
note that the precedence (oxygen > steam) stems from the gas phase
chemistry. If steam were consumed in the presence of oxygen, the
released hydrogen would rapidly combine with the remaining oxygen to
recover the steam consumed.

For practical purposes, in the model we assume all the oxide is ZrO,,
and all the a-Zr(O) has an oxygen fraction of 6.5% w/w, which is close to
saturation and almost exactly equivalent to ZrOgg4. In reality, the
average fraction may be higher or lower, and there is typically an oxygen
concentration gradient across both the cladding and the oxide.

Under non-starved oxidant conditions, the a-Zr(O) fraction, x, is
determined by the kinetic correlations for oxide and a-Zr(O) formation.
However, the a-Zr(O) is formed by diffusion of oxygen into the under-
lying metallic Zr and continues even if there is no oxidant available in
the gas. The correlation for a-Zr(O) formation is recast in diffusion form
in order to capture this.

In the presence of nitrogen and absence of both oxygen and steam:

2ZrOg4 + Ny = 2ZrN + 0.8[0] 3)
710y 4 + 1.6[0] = ZrO, (4a)
Zr + 2[0] = ZrO, (4b)
27r + N, = 2ZIN )

The kinetics for the fast nitriding of a-Zr(O) (3) and slow nitriding of
Zr (5) are both linear, and correlate with the SETs data as, respectively:
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=22_087

WGrau(T) = 213.88 xe T

(Va)

—=25_000

WGrau(T) = 110.0 x e T

(Vb)

Reactions (4a, b) are assumed to follow immediately from (3), so that
oxygen is retained within the cladding medium during nitriding. It is
also assumed that the second reaction (4a) takes precedence over the
third (4b), i.e. residual a-Zr(O) is converted to ZrO, before further a-Zr
(0) is formed. Egs. (3) and (4) imply recovery of 4 out of 5 mol of a-Zr(O)
reacted; therefore the nitriding process only slowly depletes the a-Zr(O)
inventory.

It is also assumed that the nitriding of a-Zr(O) (3) takes precedence
over that of metallic Zr (5), so that reaction (5) takes place only after all
the a-Zr(O) is converted to ZrN. The nitriding stops when no Zr remains.

3.4. Oxidation of ZrN

In the presence of oxygen or steam:
27N 420, = 27ZrO; + Ny (6)
2ZiN +4H,0 = 2Zr0; + N, +4H, @)

All the nitrogen produced by (6) and (7) is released from the reacted
cladding medium. In the model, the nitrogen released from the re-
oxidation is added into the corresponding volume and can be used for
nitriding reaction in the following nodes.

The kinetics are inherently uncertain due to the fact that the ZrN may
be distributed within the cladding in many different ways — externally or
internally with respect to the oxide, or embedded within the metallic Zr,
a-Zr(0), or ZrO,, or any combination of these locations. The data show
that the oxidation is much more rapid than would be estimated by any of
the parabolic correlations used in conjunction with any thickness that
might correspond to the quantity of previously formed ZrO/ZrN. It is
clear that there is little resistance to the transport of oxidant to the
nitride, and the resistance does not noticeably increase as the reaction
proceeds. The kinetic behaviour is typical of the fully transitioned
pseudo-breakaway oxidation in air, which might be expected in view of
the loss of structural coherence of the oxide caused by nitride embedded
within the oxide.

From the SETs data, the kinetics of ZrN oxidation are reasonably well
approximated by four times the same Cathcart-Pawel correlation as used
during PO, but with an effective oxide thickness corresponding to
pseudo-breakaway oxidation resulting from the non-protective nature of
the reacted layer following nitriding.

The rate of ZrN oxidation used in the model is

720‘”1
WGy (T) = 144.8 ><e( ' >/(2 el X thy) (VD)

where thesy is the effective oxide thickness in the air-oxidation pseudo-
breakaway model [17].

4. Model comparison with selected set data

Sample calculations with the PSI version of MELCOR 1.8.6/NT
illustrate the way modelled processes affect the oxidation and nitriding
phenomena.

Figs. 4 and 5 compare the modelled and observed thickness of the
oxide layer after 20 min (1000 °C) and 10 min (1100 °C) oxidation in
oxygen followed by 3 h and 6 h of annealing in argon at 1000 and
1100 °C. These tests were conducted to separately investigate the
thinning of the ZrO, scale by oxygen diffusion into the metal phase
forming a-Zr(0), and thereby contained no nitrogen. As can be seen, the
thickness ofthe oxide layer after oxidation decreases as more and more
of the oxygen diffuses into the underlying Zr forming metallic a-Zr(O).
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1000°C, 20 min PO, 3 and 6 h diffusion
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Fig. 4. Oxide layer growth at 1000 °C with following diffusion of oxygen to
Zr-metal.

1100°C, 10 min PO, 3 and 6 h diffusion
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Fig. 5. Oxide layer growth at 1100 °C with following diffusion of oxygen to
Zr-metal.

The dissolution of oxygen in the Zr metal is much faster at 1100 °C than
at 1000 °C, with a result, which may explain the much more extensive
nitriding observed in the tests themselves. Complete conversion to
saturated a-Zr(O) could be achieved by homogenizing an oxide layer of
depth ca. 0.07 mm uniformly on both inner and outer surfaces.

In Fig. 6, the results of a MELCOR calculation for a separate-effects
test at 1100 °C is shown with the measured weight gain of several
tests. The different tests were conducted with 10 min of pre-oxidation,
0.5, 1.0, 3.0, 6.0 and 15 h of nitriding and one test with 20 min of re-
oxidation after 15 h of nitriding. The time profiles for the mass gain
show clearly the respective reactions: the oxide formation during PO,
the fast and slow nitriding of the a-Zr(O) and metallic Zr, and the rapid
oxidation of nitride, in both the test and calculation, showing excellent
qualitative agreement. Quantitatively, the pre-oxidation as well as the
fast and slow nitriding mechanisms are in reasonably good agreement
with the experimental data bearing in mind the stochastic nature of the
mechanical behaviour of the cladding materials and hence its impact on
the observed reaction phenomena. This is shown clearly from the case-
to-case differences in the experimental data, e.g., Fig. 6, as well as from
the post-test examinations discussed previously, see Figs. 2 and 3,
despite the identical boundary conditions until the test has been
finished. Comparison with data for the single case with re-oxidation
shows an underestimation in re-oxidation mass gain, but the observed
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10 min PO, x h NT, 20 min RO at 1100°C
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Fig. 6. Weight gain data of experiments at 1100 °C with MELCOR calculation.

case to case variations suggest that caution should be used in attaching
quantitative significance.

4.1. Summary and conclusions

Results of separate-effects experiments at KIT have been used to
identify, during an air ingress sequence, the reaction chain comprising
oxidation, nitriding, and re-oxidation.

The key elements of the reaction chain are: (1) formation of a-Zr(O)
during and following oxidation; (2) reaction between the a-Zr(O) and
nitrogen to produce non-protective nitride layer; (3) re-oxidation of the
nitride and remaining Zr/a-Zr(O), with the release of nitrogen.

The experimental data enabled quantification of the kinetics of the
reactions steps, which was used in a predictive model. The model was
implemented in MELCOR 1.8.6 (3084) PSI code version.

The MELCOR code version will enable the code to simulate reactor
and SFP air ingress sequences and air/steam mixtures involving periods
of oxidant starvation.

In a first stage of assessment, the model is shown to successfully
reproduce the reaction phenomena sequence, and give good agreement
for the measured compositional signatures, namely a-Zr(O), ZrOy and
ZrN masses.

Assessment against air ingress integral experiments with oxidant
starvation is in progress, commencing with QUENCH-16. It is foreseen to
continue with further experiments, such as QUENCH-18 and the Sandia
Fuel Project, Phase I and Phase II.
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