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ABSTRACT

Full scale experiments conducted in 2011 and
2012 at the Sandia National Laboratories in
the Sandia Fuel Project, three QUENCH bun-
dle tests at KIT as well as many separate effect
tests in various labs have shown that nitrogen
plays an active role in the degradation process
of the Zr-based fuel cladding materials. Clad-
ding oxidation in the presence of nitrogen may
lead to accelerated loss of the only barrier for
the fission product release in case of a spent
fuel storage accident. To account for the ef-
fect of nitrogen in the cladding degradation,
PSI together with KIT has conducted an exper-
imental programme during the years 2014 and
2015.

More than 70 separate effect tests were con-
ducted by a PhD student of PSI at KIT. The re-
sults of the tests provide a data base sufficient
enough for the development of a nitriding and
re-oxidation model to describe the accelerated
degradation of Zr-based cladding materials un-
der air ingress conditions in the temperature
range 900-1200 °C. The samples were ana-
lyzed not only for the mass gain during expo-
sure to subsequently oxygen, nitrogen, and
again oxygen, but also for the composition af-
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ter the tests using a combined metallographic
and image analysis. The conceptual model for
nitriding includes formation of ZrO, and oxy-
gen stabilized «-Zirconium (a-Zr(0O)) during
pre-oxidation in oxygen, fast nitriding and slow
nitriding during the exposure to nitrogen, the
effect of breakaway oxidation, and the fast
re-oxidation of ZrN and remaining metal.

A standalone computer code to describe the
nitriding reactions was developed based on
the separate effect tests conducted at KIT. In
the present report, the model concept and the
first calculations are presented for all phases
of pre-oxidation, nitriding and re-oxidation.
The model includes the nitriding process un-
der starvation of oxygen and steam and the
strongly accelerated process of re-oxidation
when oxygen or steam is recovered as observed
in several separate effect tests as well as integral
experiments. The model distinguishes between
two regimes, the breakaway regime at temper-
atures below 1050 °C and the non-breakaway
regime above 1050 °C. In the high tempera-
ture regime the acceleration of the oxidation is
based on the morphology change due to the
nitriding reaction (porous structure of ZrO,
formed by re-oxidation of ZrN).



Project goals

The presence of nitrogen during the cladding oxi-
dation can lead not only to an acceleration of the
cladding degradation by oxygen or steam, but also
to enhanced cladding degradation under starva-
tion conditions by the production of ZrN. This will
lead to a strong reaction excursion at oxidant re-
covery because of high reaction rates for zirconium
nitride oxidation. Due to the exothermic nature of
the ZrN production additional chemical heat is pro-
duced and this leads to a temperature increase in
the oxygen starved regions. The consumption of
the nitrogen also reduces the convectional heat
loss by a buoyancy driven air flow in the fuel bundle
as observed in the Sandia fuel project [1]. Conse-
guently, adiabatic heat up is a reasonable descrip-
tion of this process.

The QUENCH-16 experiment [2] showed an unex-
pectedly high temperature excursion and hydro-
gen production during the quench phase with
water following air ingress with an oxygen starva-
tion phase. The temperature excursion was later
explained with the strong re-oxidation reaction of
Zr-nitrides produced during the oxygen starvation.
The strong effect of nitrogen on the oxidation ki-
netics of Zircalloy was confirmed in separate effect
tests (SETs) especially at IRSN, France [3—6] and KIT,
Germany [7-11]. With an additional experimental
program of SETs conducted at KIT, with special fo-
cus on the discrete stages of pre-oxidation in oxy-
gen, nitriding in nitrogen, and re-oxidation in oxy-
gen, a data base for the development of a nitriding
and re-oxidation model was produced. At differ-
ent temperatures (900 °C, 1000°C, 1100°C and
1200 °C) the single stages were investigated with
cladding samples of original diameter and material
with a length of 10 mm each. Two different ther-
mo-balances were used in more than 70 separate
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Figure 1: Nitriding weight gain with different materials
taken from [14]

effect tests. The mass gain during the different

phases was measured and the samples were also

investigated by optical microscopy and with a

scanning electron microscope (SEM) after the ex-

periments. All experiments were analysed and the
relevant phases for the model development were
identified.

The goals for this reporting period were:

1) to write a FORTRAN subroutine for the calcu-
lation of the different processes of nitriding
and re-oxidation

2) to develop a standalone computer program
with respect to the different gas compositions
and changing gas concentrations during up-
take and release of oxygen, steam, nitrogen
and hydrogen

3) to start the first validation phase with the cal-
culation of SETs and integral experiments

4) toidentify areas for further investigation and
model improvement

As base of the new nitriding model, the PSI air ox-
idation model implemented in the SCDAP/RELAP5
code was used [12]. The new model calculation
starts under starvation conditions of oxidants and
in the presence of nitrogen. The program logic for
the breakaway model is not modified.

Work carried out and
results obtained

The new nitriding model describes the different
phases of cladding degradation which can occur
during a severe accident in a reactor or in a spent
fuel pool. Different atmospheric conditions acti-
vate different parts of the oxidation and nitriding
model. The identification of these phases was im-
portant for the understanding of the physical and
chemical processes observed during the SETs.

Pre-oxidation

The oxidation of Zircalloy cladding in the pre-oxida-
tion stage is well known based on many investiga-
tions in the past [13]. Severe accident codes use
different reaction rate functions for different clad-
ding materials and for different gas compositions
(air, oxygen, steam). While most of the codes cal-
culate only the production of ZrO, the new model
also calculates formation of oxygen stabilized alpha
zirconium (a-Zr(0O)) using the reaction rate function
of Leistikow [13]. The reason for the calculation of
the production of a-Zr(O) can be seen in Figure 1,
which shows the reaction rates of nitrogen with
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different materials produced during cladding oxi-
dation. It can be seen that «-Zr(O) is the preferred
reaction partner for the nitriding process [14]. Ad-
ditional to the production of ZrO, and a-Zr(O) the
temperature dependent breakaway process [12] is
calculated to reproduce the higher reaction rates in
case of breakaway of the oxide layer. The new ni-
triding model is activated in the presence of nitro-
gen and when starvation of the oxidant takes
place. Oxidation is calculated if the minimum con-
centration of the oxidant in the atmosphere ex-
ceeds 0.1 %.

Oxygen diffusion

In the absence of steam, oxygen and nitrogen, e.g.,
in a pure hydrogen atmosphere, the pre-oxidized
cladding will undergo a reduction of the Zr-oxide
scale due to diffusion of oxygen from the ZrO,
layer to the zirconium metal. This process is mod-
elled because of the importance of a-Zr(O) for the
nitriding reaction. The same production rate func-
tion from Leistikow as described above is used for
this process and delivers good results for the grow-
ing of the a-Zr(O) layer and the coupled decrease
of the oxide layer. SETs were carried out at KIT to
confirm the oxygen diffusion rate in the absence of
oxygen in the carrier gas. In the SETs, the hydrogen
atmosphere was replaced by argon to investigate
the diffusion rates.

Nitriding

The nitriding process starts when nitrogen is avail-
able while steam and oxygen are under starvation
conditions or not at all available for the reaction
with the cladding material. The temperature de-
pendent reaction rate functions could be deduced
from the SETs conducted at K/T. The nitriding could
be mostly separated into a fast nitriding phase and
a slow nitriding phase with a smooth transition
in-between. The temperature dependent reaction
rates for both reaction mechanisms can be seen
in Figure 2 and Figure 3 as Arrhenius plots. In Fig-
ure 2 additional reaction rates are included from
SETs with a-Zr(O) [14]. In these tests pure a-Zr(O)
was used to deduce the (linear) reaction rates in
temperature range from 800°C to 1400°C. The
nitriding rates do not show protective parabolic
behavior similar to the pre-oxidation, but linear be-
havior without changing due to ZrN layer growth.
[t is assumed, that the structure of the zirconium
nitride as well as the formation of non-protective
oxide are responsible for a faster gas transport to
the reaction front and therefore, the reaction rate
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stays constant as long as the thickness of the layer
is in the order of 1 mm or less. Nitriding is cal-

culated as long as the concentration of nitrogen
exceeds 0.1 % in the atmosphere.

The slow nitriding rate is reached after the com-
plete nitriding of the a-Zr(O) layer. The reaction
rate then slows down by about a factor of 20. Dur-
ing the consumption of the alpha zirconium layer,
it is assumed that the oxygen from the layer is not
released from the sample but forms ZrO, and new
a-Zr(0). The micrographs taken after the nitriding
phase showed Zr0O, inclusions inside the ZrN layer
(Figure 4)

Re-oxidation

After the nitriding phase in the SETs, the samples
were again oxidized by oxygen. The reaction rates
of this oxidation were much higher than those at

Figure 2:

Fast nitriding rates
from SETs at KIT with
additional a-Zr(0) rates

Figure 3:
Slow nitriding rates
from SETs at KIT

Figure 4:
ZrN layer with
Zr0, inclusions




Figure 5:

Mass gain
measurement at 1100°C
with 10 min O,

15 h N, and 20 min O,

Figure 6:

Mass gain during
pre-oxidation of the
sample

the end of the pre-oxidation phase. During the re-
oxidation of the ZrN the rates were observed to
be about 10 times higher than at the end of the
pre-oxidation. For the mass gain, it has to be taken
into account that the nitrogen released during the
oxidation of ZrN leads to a mass loss of the sample
on one side and to a mass gain due to the oxidation
on the other side. After oxidation of ZrN has been
finished, in a second phase the remaining zirco-
nium metal will be oxidized as well. This second
phase is modelled as oxidation after reaching full
breakaway conditions as described in [12].

Code validation with SETs

The standalone code is written in a way that tem-
perature, gas composition and gas flow rate are
given as input to the oxidation routine and the re-
action rates of the different zirconium phases/spe-
cies are an output of the routine. These data can
then be used to calculate the total mass gain which
can be compared with the measured data and the
results of the micro graphical analysis after the
SETs. For comparison with the severe accident code
MELCOR a detailed input deck was written to
model the Setaram TAG facility which is one of the
two facilities used for the SETs. Only the pre-oxida-
tion phase can be compared, because there is no
nitriding model available in MELCOR.
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The SETs shown below are executed with the Se-
taram TAG facility with a very leak tight furnace
tube and a high accuracy scale at a temperature of
1100 °C. After 10 minutes of pre-oxidation, a ni-
triding phase of 15 hours was carried out followed
by a re-oxidation phase of another 20 minutes.
As can be seen, the mass gain calculated for the
experiments with the standalone code is in good
agreement with the experimental data (Figure 5)
in all phases of the SETs.

Figure 6 shows the calculated mass gain curves
from MELCOR and the standalone code for the
phase of the pre-oxidation. In these tests the
pre-oxidation time was 600 seconds. After switch-
ing on the gas flow it needed about 40 seconds
for the reacting gas to reach the position of the
sample due to the slow mass flow and the facil-
ity geometry. Another 250 seconds passed until
the steady state concentration of the oxygen was
reached at the sample position (Figure 7). These
concentrations are deduced from experimental
measurements. After 600 seconds of pre-oxida-
tion the reacting gas was changed from oxygen to
nitrogen to start the nitriding process. The concen-
tration of the reacting gases before and after the
sample position in the experimental facility (Figure
7) shows the consumption of almost all the oxygen
(starvation) at the beginning of the experiment un-
til about 350 seconds. From this time until about
750 seconds the oxidation is running under non-
starved conditions, even after switching of the gas
source from oxygen to nitrogen. After reaching
starvation conditions under presence of nitrogen
the nitriding reaction is starting.

The mass gain rate calculated by the standalone
code for the two experiments, one with pre-oxida-
tion and nitriding and the other additionally with
re-oxidation, is in very good agreement with the
experimental values for all phases of the SETs (Fig-
ures 8, 9 and 10). The MELCOR calculation did not
cover the beginning of the test because of the
modelling of the facility with a small number of
volumes (there is only one gas concentration set
for every volume). The MELCOR calculation also
consumes only up to 90 % of the available oxygen,
while the standalone program is consuming all the
available oxygen as long as the oxygen flow rate
remains smaller than the oxygen consumption rate
defined by the reaction rate. The mass gain during
the nitriding phase (Figure 9) could also be calcu-
lated in very good agreement with the experimen-
tal data. The fast nitriding reaction with the con-
sumption of the a-Zr(O) as well as the transition
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Figure 7: Concentration of the reacting gases before and
after the sample position

Figure 8: Mass gain rate during pre-oxidation of the sample
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Figure 9: Mass gain rates during nitriding phase

to the slow nitriding reaction are fitting the data.
During the re oxidation (Figure 10), the consump-
tion of ZrN and the production of ZrO, with the
resulting total mass gain rate are shown to agree
with the experimental data.

Sandia fuel project: Phase Il

In an earlier ENSI research project [15] the OECD
SFP experiment phase Il [1] was investigated. As a
result of the investigation the open question of the
influence of nitriding reactions on the experiment
progression was identified. With the standalone
program described above, oxidation and nitriding
reactions during the cladding degradation were
calculated using the temperature and mass flow
data calculated with MELCOR. The model of the
1 x 4 fuel assembly experiment (1 heated assembly
in the centre and 4 cold fuel assemblies around)
was represented by a seven ring model horizon-
tally and with 12 vertical nodes along the active
length of the fuel assemblies (FAs). The FAs were
standard 17 x 17 rods PWR fuel assemblies with
original materials except for the fuel which was
simulated by MgO pellets with electrical heating.
The cooling of the FAs was performed through
buoyancy driven air flow to simulate a spent fuel
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Figure 10: Mass gain rate during re-oxidation phase

pool after loss of coolant. After heat up due to the
electrical heating of the centred FA the cladding
ignited at about 1200 K in the vertical node 10 in
the centre of the heated FA. Then the zirconium
fire propagated first downward and after complete
oxidation of the cladding in the lowermost nodes
it propagated upwards again until all the cladding
was oxidized. During the downward propagation
of the zirconium fire all thermo couples (TCs) failed
after passing of the fire front. Also, the gas flow
measurement device at the inlet of the bundle was
destroyed by molten aluminium from the neutron
absorbers (borated aluminium plates). Only the off-
gas measurement was functioning until the end of
the experiment. Figure 11 shows the temperature
of two nodes below the ignition point calculated
by MELCOR. The calculation is in good agreement
with the experimental data until failure of TCs at ig-
nition of the cladding at the TC position. After the
zirconium fire passed the nodes the temperature
decreased in the calculation because of oxygen
starvation and therefore missing chemical energy.
The increase of the chemical energy due to the ni-
triding reaction under partial or full oxygen starva-
tion conditions is shown in Figure 12. This indicates
that the calculated temperatures after the first




Figure 11:
Temperatures of
two nodes below
ignition point

Figure 12:
Chemical power
produced in
active node 6

Figure 13:

Off-gas measurement
of SFP phase Il
experiment [1]

maximum are too low because of the missing ni-
triding energy. The «nuclear power» shown in
figure 12 represents the electric heating power in
this node until failure of the heating device shortly
after ignition of the zirconium fire.

The off-gas data (Figure 13) indicate that the con-
sumption of nitrogen in the oxygen starved region
of the FAs led to a counter current gas flow from
above. Each vertical line in Figure 13 represents ten
hours in the experiment. It can be seen that after
ignition at about 6 hours, the oxygen flowrate
dropped to zero and at about ten hours it suddenly
«recovered». This oxygen «recovery» can be ex-
plained by the consumption of nitrogen between
10 and 15 hours which led to an almost stagnant
gas flow in the FA (Figure 14) if the nitriding model
is used. This almost stagnant gas flow from below
allows a counter current gas flow from above car-
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rying oxygen to the bundle enabling the measure-
ment of oxygen in the «off-gas».

When the zirconium fire reaches the lowermost
nodes at about 15 hours the counter current gas
flow was stopped (Figure 13) and the oxidation
front started to move upwards to oxidize the pro-
duced ZrN and remaining metal. This leads to the
release of nitrogen and a thereby increased gas
flow of nitrogen at the outlet (Figures 13 and 14).
The nitrogen consumption calculated by the stand-
alone program between 30 hours and 50 hours
(Figure 14) is because of the too low temperatures
after the ignition in the upper region calculated by
the MELCOR code (Figure 11) without including
the nitriding process. After failure of the TCs and
the inlet gas flow device the comparison of the
calculation with the experiment can only be done
in a qualitative way. The mass balance from the
released nitrogen due to the off-gas analysis in the
late phase indicated the nitriding of a large amount
of the non-oxidized metal left during zirconium fire
downward propagation.

The strong influence of the nitriding reaction on
the thickness of the remaining metal layer is shown
in Figure 15 and Figure 16. Without considering the
nitriding reaction the metallic cladding survives the
zirconium fire during the downward propagation
as calculated by MELCOR (Figure 15) until 60 hours
for node 6 and 70 hours for node 8 when the fire
propagates upwards again and oxidises the re-
maining metal.

The standalone code has no material property
package and no heat radiation and conduction
models and therefore the enhanced temperatures
due to the nitriding reactions and the reduced con-
vectional heat loss cannot be calculated. The tem-
perature drop (Figure 11) after ignition calculated
by MELCOR lead to a reduced nitriding reaction of
the cladding in node 8, about half a meter below
the first ignition point (Figure 16). At about 25
hours MELCOR calculates increasing temperatures
due to the oxidation front coming closer to node 8
during the upward propagation of the zirconium
fire. With these increasing temperatures the stand-
alone code now calculates increasing nitriding
rates and a complete nitriding of the cladding at
about 33 hours. Shortly after 50 hours the oxida-
tion front reaches node 8 and then oxidises the ZrN
until 58 hours. The process of the nitriding in this
node would have happened earlier if the tempera-
ture calculation would have taken the nitriding
energy into account. The higher temperatures in
node 6 (Figure 11) lead to a complete consumption

ENSI Erfahrungs- und Forschungsbericht 2018



of the zirconium metal at 8 hours due to the addi-
tional nitriding instead of almost 60 hours as in the
MELCOR calculation without nitriding.

National Cooperation

Atthe national level the results will be implemented
into projects with both ENSI and swissnuclear for
application to safety analyses of the Swiss nuclear
power plants. The national partners are regularly
informed about the results of the project.

International Cooperation

In close collaboration with KIT in Germany, addi-
tional data sets from earlier experiments (SETs and
QUENCH experiments) were used for the further
validation of the nitriding model. For the imple-
mentation of the nitriding model into severe acci-
dent codes, contacts have been made with the
SCDAPSIm code developers (ISS) as well as with
Sandia National Laboratories (MELCOR) and the
US NRC. Results of the project are presented in
different meetings with the partners.

Assessment 2018 and Perspectives
for 2019

In 2018, a standalone computer code was written
for the developing and the testing of the new clad-
ding degradation subroutine. The model devel-
oped during the year 2018 was implemented into
the existing air oxidation and breakaway code [12]
and tested successfully with separate-effect tests
and the Sandia fuel project phase Il. Areas for fur-
ther validation were identified especially in the low
temperature range below 1300 K because of the
breakaway effect and in the temperature range
above 1600 K because of the reduction of the re-
action rate between «-Zr(O) and nitrogen [14].
Additional data sets from experiments (SETs and
QUENCH experiments) conducted at KIT in Ger-
many will be used to update the nitriding model for
calculations in the extended temperature region
below 1300 K and above 1600 K. Validation calcu-
lations will be prepared for other large scale exper-
iments and the code will be prepared and described
for the implementation into severe accident codes
like MELCOR and SCDAPSIim.
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Figure 14:

Gas flow calculation
at the outlet

of the inner ring

Figure 15:

Thickness of material
layers calculated

by MELCOR

Figure 16:

Thickness of material
layers calculated

by standalone code
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