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1 Abstract

Under Pressurized Water Reactor normal operating conditions, the external surface of zirconium
alloys cladding absorbs a fraction of the hydrogen produced by water reduction. During spent fuel
transport, hydrogen may desorb from the cladding. The study aims to identify and quantify the rate-
limiting step in the hydrogen desorption process initially present in the alloy. To better understand
this process, the Thermal Desorption Spectrometry (TDS) was used in association with X-ray
Photoelectron Spectroscopy analysis. TDS results were analyzed with finite elements simulations
using the Cast3M code. The optimization of the kinetic constants of hydrogen desorption was
performed with CEA (Alternative Energies and Atomic Energy Commission)-tool URANIE. Results
showed that hydrogen desorption kinetics from the metal is limited by the surface molecular
recombination. Arrhenius-type temperature dependence of kinetic constants allowed to simulate
experimental data with a good agreement. The optimized activation energy and the pre-exponential
factor for desorption processes were in the range of 290+10 kJ mol? and 3x10’ m* mol? s?

respectively.
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2 Introduction

In nuclear pressurized water reactors, ternary fission occurring within the uranium oxide fuel leads to
the formation of tritium. Part of this tritium can then potentially diffuse from the fuel rod through
the cladding and be released in the primary water, contributing to its radioactive contamination.
During drying, transport, reprocessing or storage of used nuclear fuels, part of this tritium may also
be released. A closer understanding of tritium transport phenomena, the quantification of their
kinetics and a robust modelling of it are key parameters for a better estimation of potential tritium
release. Tritium transport through the cladding includes tritium molecular adsorption and
dissociation at the inner surface of the cladding, made of zirconium alloys, diffusion through the
cladding and desorption or dissolution at the outer side of the cladding. As tritium transport involves
many elementary steps, the global kinetics of tritium release in primary water will be controlled by
the rate-limiting step. The aim of the present study, in the long term, is to identify and quantify the
rate-limiting step in the permeation process of tritium (or hydrogenated species) through usual
cladding materials such as Zircaloy-4 (referred to as Zy4 thereafter). The complexity of the system
relies on the fact that the cladding material exposed to primary water is continuously oxidized during
its lifetime, promoting hydrogen entry in the zirconium alloy from the outer side, while it is also
oxidized on its inner surface due to residual water interactions or uranium oxide/zirconium redox
reactions, and exposed to the tritium source [1]. It was therefore decided to first simplify the
problem by studying a less complex system: the present work focuses on the transport and
desorption processes of hydrogen in and from a Zy4 sheet unexposed to primary water. Therefore,
the only source of hydrogen considered here is internal hydrogen, coming from the elaboration
process. However, this simple system is more complex than it seems. Even at room temperature, a
native oxide layer (a few nanometers thick) forms instantaneously on the surface of zirconium alloys,
due to the high affinity of zirconium for oxygen and its low redox potential [1-3]. This thin oxide layer
may reduce hydrogen release from the alloy, due to different diffusion kinetics in the oxide [4] and to
different surface features as compared to the alloy, impacting adsorption states of hydrogen [5,6].
The hydrogen release from the bulk alloy can be decomposed into five elementary steps:

1. Diffusion of hydrogen atoms through the metallic part towards the metal/oxide interface,

generally via interstitial sites [7];
2. Integration within the oxide lattice by crossing the metal/oxide interface;

3. Diffusion though the oxide towards the subsurface;



4. Passing from subsurface sites to surface sites as adsorbed species;
5. Final recombination into dihydrogen molecules and desorption in gas form from the oxide

surface.

The hydrogen diffusion process through the a-Zr matrix has been widely investigated in the past [8—
15] leading to a thorough estimation of the hydrogen diffusion coefficient in the zirconium alloys.
The alloying elements do not seem to impact the diffusion coefficient of hydrogen. The diffusion
coefficient is a function of temperature and follows an Arrhenius law. The average diffusion
coefficient of hydrogen through the a-Zr matrix, deduced from the references [8—15], is expressed as

follows :

220 m?sY (Eq. 1)

Dy zr = Dfj 7 - exp (— ,’i—;) = 107", exp (_ RT

Where D% englobes diffusion entropy change and jump probability, E, corresponds to the
migration enthalpy (in J), T is the temperature (in K) and R the ideal gaz constant (8.314 J K mol?).
The hydrogen diffusion coefficient in the zirconium alloys is equal to 107 cm? s at 573 K. The values
of Dy z given in the literature [8-15] in the 400 — 900 K temperature range are rather well gathered,
unlike the diffusion coefficient determined in the oxide layer grown on zirconium alloys for hydrogen
species. Indeed, the latter is susceptible, for a given temperature, to vary of many orders of
magnitude, for instance between 10" and 10* cm? s at about 573 K [4,16]. Such variability is due
to many factors. The measurement of the diffusion coefficient depends indeed on the experimental
procedure (isotopic exposure followed by SIMS or NRA analyses, hydrogen implantation followed by
NRA analyses...), the environment (H,0 liquid or vapour, D0, H, D;) and the material (Zr, Zy4 and Zr-
2.5Nb...).

Furthermore the apparent hydrogen diffusion coefficient through the oxide layer deduced from
permeation or release experiment [15,17] is also 1 or 2 orders lower than the ones measured by
absorption during the corrosion process or diffusion after hydrogen implantation. The hydrogen
diffusion in the oxide is lower compared to the hydrogen diffusion in the alloy.

Concerning the recombination step of hydrogen at the surface, the theoretical model proposed by
Baskes [18] calculates the kinetics constants of this step from different metallic substrates. The value
obtained from this model is basically equal to +102*at*? cm? s at 773 K for zirconium. This value of
the kinetic constant found in reference [18] will afterwards be compared with that measured during
this study. This low value of kinetics constants suggest that surface recombination on zirconium

could be slow enough not to be neglected in the global hydrogen release kinetics.



Based on thermal desorption spectrometry and nuclear reaction analysis on titanium, Wilde [19]
proposes a schematic one-dimensional energy diagram visualizing the kinetic barriers encountered
by H atoms chemisorbed on a metal surface for the competing reactions of recombinative desorption
and bulk absorption. It assumes that the hydrogen desorption is limited by the surface

recombination step.

As the kinetic constants for each transport step of hydrogen from bulk alloy to dihydrogen surface
recombination and desorption (enumerated above from 1 to 5) are not all reported in literature nor
sufficiently documented, one identifies a need for assessment of the rate limiting step for the global
reaction and its kinetics, starting from the simple case of an unoxidized specimen. The impact of the
presence of significant oxide layer (pre-oxidized specimen) stands outside the limit of the present
paper and will need further dedicated works.

To reach this goal, the Thermal Desorption Spectrometry (TDS) technique was extensively used to
study hydrogen kinetics desorption [20,21] in association with X-ray Photoelectron Spectroscopy
(XPS) analyses. XPS analyzes enable to follow the evolution of the oxide layer during the desorption
experiment. The TDS results were analysed thanks to simulations by finite elements (FE) using the
Cast3M code [22,23] and the optimization of the kinetic constants has been performed with URANIE
tool developed at CEA. This tool is based on the “root” platform developed in the European

Organization for Nuclear Research Center [24].

3 Experimental Procedure

3.1 Material and specimen preparation

0.45 mm sheets of recrystallized Zircaloy-4 (Zy4) supplied by FRAMATOME™ were used. The typical
chemical composition of the alloy is given in Table 1. The specimens were cut from the sheet to 1 cm?
specimens. For each specimen, both main sides were ground with SiC emery paper and submitted to
a final polishing with % pm diamond paste. The samples were then cleaned in acetone-ethanol
solution and finally rinsed in deionized water and dried in air. The final thickness of the sample was

around 350 um.

Table 1. Typical chemical composition of the Zircaloy-4 alloy (wt.%).

Alloying elements Fe Cr Sn (0] H wt. ppm Zr




Zircaloy-4 0.18-0.24 0.07-0.13 12-15 0.10-0.14 20-30 Bal.

3.2 Thermal Desorption Spectrometry

The desorption kinetics of hydrogen are determined by thermodesorption. The Thermal Desorption
Spectrometry (TDS) set-up used in this study, developed at CEA, is made of a quartz tube under
vacuum (10® — 107 mbar) wherein the specimen is inserted, surrounded by a cylindrical furnace
coupled to a quadrupole mass spectrometer (Transpector 100-M INFICON™). By imposing an
external temperature ramp (by means of the tubular furnace), the specimen is heated up and volatile
solutes or adsorbates tend to desorb during heating. Desorbed species are then ionized, separated,
detected and counted (ion current) by the mass spectrometer. Hydrogen for instance can therefore
be detected and eventually quantified. The investigated temperature range is between 298 K to 1273
K. Calibrated 2H; leaks were used to calibrate the ion current corresponding to hydrogen species and
convert it into molar flux. TDS results regarding other desorbing species were not quantified. The
amount of hydrogen desorbed from the specimen in the course of the TDS experiment was

estimated by integration of this calibrated signal as function of the time during the experiment.

3.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Thermofisher Scientific
ESCALAB 250xi using a monochromatic X-ray Al-Ka source (hv = 1486.6 eV). The XPS analyzes make it
possible to follow the evolution of the oxide layer during the TDS temperature ramp. The analysis
zone consisted in a 900 um diameter spot. The data processing was performed using the

commercially available Avantage™ software, which permitted to estimate the oxide layer thickness.

4  Results and discussion

4.1 Thermal desorption spectrometry experiments

Figure 1 shows the hydrogen desorption thermogram (red circles) obtained on an as-prepared
Zircaloy-4 specimen. This TDS experiment was carried out with a 10 K min™ temperature ramp from
293 K up to 1273 K. Focus was made on two m/z ratio, 2 and 18 corresponding to dihydrogen and

water molecules respectively.
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Figure 1. TDS spectra obtained for a temperature ramp of 10 K min: the signals corresponding to
m/z = 2 (H,) and m/z = 18 (H,0) with the specimen in the analysis chamber appear in blue and red,
the signal of m/z = 18 without any sample appears in black.

For hydrogen, two desorption peaks were observed: one centered around 673 K and the second one
at higher temperature, located around 973 K. According to literature dealing with TDS thermograms
analysis, each peak should theoretically be assigned to a type of interaction of hydrogen with the
material (interstitial site, trapping at defects etc.) [25—28]. The aim of the following sections is to
determine to which kind of interaction the two peaks shown in Figure 1 do correspond.

Figure 1 also describe the evolution of the water molecule desorption flux for an experiment with a
sample in the furnace and another one without any specimen, respectively. Both flux decrease
during heating, showing the effect of continuous pumping of water desorbing from the set-up and
vacuum quality improvement. The sharper decrease in the water molecules flux observed in the 573-
673 K range in presence of the specimen, as compared to the blank (without specimen) suggests a
consumption of water molecules during the course of temperature ramping. Knowing the high
reactivity of zirconium and its alloys regarding water or oxygen, even at very low partial pressures
[29,30], we suggest that this water consumption may result from zirconium oxidation by residual
water within the set-up, thus forming an oxide layer on the specimen surface. Meanwhile, water
reduction leads to the formation of dihydrogen molecules. The first peak observed on the H, (m/z =
2, red circles) signal in the thermogram shown in Figure 1, occurring in the same range of

temperatures could therefore result from this reduction.



This interpretation was challenged thanks to the following TDS experiment: a Zy4 specimen was
introduced in the set-up and first heated at 10 K min™ up to 773 K (below the temperature at which
the second desorption peak occurs), cooled down to room temperature and then heated again at 10
K min? up to 1273 K with continuous pumping during the whole experiment duration. Figure 2a and
Figure 2b present, respectively, the evolutions of the hydrogen signal and of the H,O signal detected
by the mass spectrometer during the first (black dots) and second (red squares) temperature ramps.
Black curves (first temperature ramp) present similar features than in Figure 1, showing a good
reproducibility of the results. Red curves (second temperature ramp) do not show any sharp
decrease of the H,0 signal, nor concomitant H, peak, in the 573-673 K range. These observations
agree with the hypothesis of dihydrogen production resulting from Zy4 oxidation by residual water
molecules present in the set-up (vacuum and/or adsorbed on the quartz tube walls) prior to
temperature ramping: after the first ramp, most of the water molecules have desorbed and reacted,;
no oxidizing species are available any more during the second ramp. As a consequence, the first
hydrogen desorption peak was assigned to the reaction of reduction of water associated with Zy4

oxidation, following global reaction (Eq. 2) [31].

Zr + 2H,0 - Zr0O, + 2(1 — x)H, + 4xH (Eq. 2)
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Figure 2. TDS spectra detected during the first (black) and the second (red) temperature ramps at 10
K min: (a) H; signal; (b) H,O signal.

Note that in (Eq.2), a part of the hydrogen produced by water reduction is absorbed by the alloy
(“4xH").
The second hydrogen desorption peak was assigned to hydrogen desorption from the alloy itself.

Discussions on this high temperature peak and more TDS results will be provided further away in the

paper.



Besides, a rough estimation of the oxide layer thickness (6) formed during the temperature ramp up
to 773 K can be obtained by integrating the first peak of the spectrum and assuming x is equal to zero
in (Eq.2). One obtains an oxide thickness estimate around 40 nanometers due to the oxidation
process. The native oxide layer, initially present on the as-prepared specimens, is also to be taken
into account. Investigation conducted into this surface oxide layer and its evolution in the course of

the TDS experiment are described in the next section.

4.2 X-Ray Photoelectron Spectroscopy study of the surface oxide

The surface oxide thickness (6) was estimated by XPS, thanks to a method detailed elsewhere [32].
The Zr-3d oxide-to-metal peak ratio (lox/lmet Where | stands for the peak intensity) of the XPS

spectrum was used to determine 6 according to the relationship described in Eq.3.

§ = Ay c0s(0) In (IL‘“& + 1) (Eq. 3)

oX }LOX Imet

Where —2¢ js the ratio of the volume densities of Zr atoms in metal to oxide, 8 is the angle between

[0).4

the normal of the sample surface and the analyzer (set at 0 K in this work), Amet and Aox are the
inelastic mean free paths (corresponding to the average distance of an electron between two
inelastic collisions) in the metal and in the oxide, respectively. The mean free path values in metallic

Zr and ZrO; were evaluated according to the TPP-model [33] : Amet = 2.6 nm and Aox = 2.3 nm.

Figure 3 shows the XPS Zr-3d core levels spectrum obtained on a Zy4 sample after the final polishing.
The Zr-3d oxide-to-metal peak ratio was approximately 7, leading to a calculated native oxide film

thickness of 6.0 + 0.5 nm.
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Figure 3. Zr-3d core levels spectrum obtained on a Zy4 sample with its native oxide layer. Zr-3d
contributions assigned to ZrO; (dotted area) and metallic Zr (hatched area) were obtained by the

fitting procedure.

Attempts to quantify by XPS the oxide thickness that was formed during the TDS temperature ramp
were also made. A first TDS experiment was carried out with a 10 K min™ temperature ramp from
293 K up to 673 K, at the maximum of the first peak of hydrogen desorption. A second TDS
experiment, with an identical heating rate, terminated at 773 K, after the first peak, was conducted

to reveal a hypothetic evolution of the oxide thickness with temperature increase in the TDS set-up.

Figure 4a and Figure 4b present the XPS Zr-3d core levels spectra after TDS experiments terminated
at 673 K and 773 K, respectively. In Figure 4a, only the Zr-3d peak relative to oxidized zirconium is
observed (mostly in ZrO,): no metallic state (0 oxidation state) contribution was detected for the TDS
terminated at 673 K. It means the oxide thickness is greater than the XPS analysis depth (~ 10 nm).
After the interrupted TDS at 773 K, the Zr-3d peak relative to the metallic state contribution is
detected (Figure 4b). The Zr-3d oxide-to-metal peak ratio (lox/Imet) is much smaller (approximately
0.5) than the one found for the native oxide (approximately 6.0 + 0.5 nm), revealing a very thin
remaining oxide layer and a significant dissolution of the oxide layer. In Figure 4b the low binding
energy contribution was assigned to both Zr and ZrC. The binding energy chemical shift between
these two compounds is relatively small (~ 0.4 eV) [34] making their separation difficult. The
presence of ZrC is suggested by the C-1s core level spectrum (not shown): a contribution at 281.9 +

0.3 eV is noticed, which is characteristic of zirconium carbide compound [35].
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Figure 4. Zr-3d core levels spectra obtained on Zy4 samples after TDS experiments terminated at (a)
673 K and (b) 773 K. Zr-3d contributions assigned to ZrO, (dotted area) and metallic Zr or Zr carbide

(hatched area) are used for fitting procedure.

These XPS results show that: (i) during the heating ramp up to 673 K, the oxide thickness on the Zy4
specimen in the TDS chamber increased, which is consistent with surface oxidation by residual water,
and (ii) between 673 K and 773 K the oxide thickness decreased. The only possible explanation for
the second point is ZrO, dissolution in the alloy [36]. Since some re-oxidation of the specimen surface
by “in air” transition between TDS and XPS set-ups could have occurred, the following conclusion can
be drawn regarding the effective presence of an oxide layer during the TDS experiment when

temperature reached 773 K: either the oxide is absent or it is very thin.

A complementary XPS experiment was carried out on a Zy4 sample just after the final polishing. This
sample was heated directly under vacuum (~ 10° mbar) in the XPS chamber at 3 K min from 293 K
up to 973 K. A lower heating rate than in the previous experiments is chosen in order to enhance the
oxide scale dissolution and ensure acquisition time and good integration of the XPS signals (the lower
the heating rate, the greater oxide dissolution). Figure 5 presents the atomic relative concentration
of Zr, C (only the carbide contribution is considered in the quantification) and O obtained during this

experiment and suggests a dissolution of the native oxide from 400 K.
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Figure 5. Relative concentration profiles of Zr (black circles), C (red diamonds) and O (red squares) in
at.% during a temperature ramp at 3 K min™.

Beyond 673 K, the concentration is very low meaning that there is no more oxide at the surface.
From 850 K the relative concentrations of Zr and O are constant; the native oxide is completely
dissolved. During the temperature ramp, a high carbon concentration (approximately 25 at.%)
appears at the extreme surface. These zirconium carbides are probably due to the reaction between
the carbon of contamination present on the surface and in contact with the atmosphere and the
various manipulations in air. It is noted that in quantification, the aliphatic carbon (C-C, C-H) present

at the sample surface was not taken into account.

It is therefore not possible to conclude definitely about the total or partial dissolution of the oxide
layer before the emergence of the second hydrogen desorption peak during the TDS experiment. For
this reason, some calculations based on literature data were made to evaluate the oxygen dissolution
in the Zy4 and to determine the surface state of the specimen just before the second TDS desorption
peak observed for hydrogen. This represents a key point for the rest of the study, since it defines the
boundary conditions of the system considered for hydrogen desorption process from Zy4 bulk: with

or without an oxide layer.

11



4.3  Simulation of the oxygen dissolution and comparison with XPS and TDS experimental

results

Oxygen dissolution in the a-Zr matrix has been extensively studied during the last decades [37-39],
but mainly at high temperatures. During the dissolution of the oxide layer, the authors consider
oxygen solubilization very easy. No barrier effect to the oxygen diffusion at the oxide/metal interface
was noticed.

The dissolution of the oxide layer was modelled considering the oxide as an unlimited source of
oxygen and that the oxygen concentration in the subsurface of the alloy was constant and equal to
30 at.%, which corresponds to the saturation concentration of oxygen in the a-Zr matrix. Based on
these boundary conditions, Fick’s second law was used to solve the oxygen transport in the alloy
from its surface (subsurface). Due to the non-isothermal conditions of the TDS experiments, the
analytical solution of Fick’s second law could not be used. The dissolution process was solved
numerically by finite elements (FE) using the Cast3M code [22,23]. The diffusion equation used in the
Cat3M code is Fick’s second law (Eq. 5):

angzr =V- (DO_ZrV(CO_Zr)) (Eq.5)

According to literature data [40], the oxygen diffusion coefficient is quite well known and is

expressed as follows (Eq. 4):

Do zr = 6x107>. exp (— M)

T (m?s) (Eq. 4)
The actual temperature ramp obtained for a TDS experiment terminated at 773 K (corresponding to a
theoretical ramp of 10 K min™) and two others TDS experiments terminated respectively at 813 K and
853 K (based on the TDS experiment terminated at 773 K) were injected in the FE code and the Fick’s
second law was solved for each case. The corresponding calculated oxygen concentration profiles
after the three above-mentioned ramps including the cooling down to room temperature (we

considered the same cooling down for the three TDS experiments) are presented in Figure 6.

12



25000 900 ————T—T—T—TT

T T T T T T T T T T T T T T T T T

[ (a) ] (b) % —6—Tmax=773K
—@— Tmax=773 K { 200 —&— Tmax=813 K
20000 —o— Tmax=813 K g —3— Tmax=853 K

—l— Tmax=853 K B

15000

10000 500 |- /

Oxygen concentration (mol m-3)

400 [
5000

® ]

« @ 1 300
e @ ]
L () HI- ]

0 &..m‘.. "~ ‘uv*-
0.2 0.4 g ¥ I 200 L L L L I
0 0.6 0:8 1o 0 2000 4000 6000 8000 10000 12000
Depth (um) Time (s)

Figure 6. (a) Calculated oxygen concentration profiles (dots) in the alloy after a 10 K min*
temperature ramp up to 773 K (blue circles), 813 K (black diamonds) and 853 K (red squares),
respectively; (b) corresponding temperature ramp.

Calculated oxygen penetration depth increases strongly with the maximum temperature. The
amount of oxygen dissolved into the alloy during these thermal annealings, noota, Was evaluated by
integrating the simulated oxygen profiles. Results for 3 K min? and 10 K min® ramp rates are

gathered in Table 2.

Table 2. Oxygen amount per unit area (mol m?) dissolved in the alloy during various temperature

ramps up to 773, 813 and 853 K, respectively.

Ramp test Tmax=773K Tmax=813K Tmax=853K

No_total (mOI m-Z)
1.28x107 2.76x107 5.59x107
(10 K min™)

No_total (mOI m-Z)
1.13x10” 2.50x107 5.15x107
(3 Kmin?)

The dissolved oxygen amounts are relatively close whatever the ramp rate. The difference is due to
the higher temperature overshoot for the highest ramp: the effective temperature maximum was
around 10 K higher than that obtained for the lowest ramp.

The objective here is to estimate, with a 10 K min? heating rate, whether at the temperature at
which the second hydrogen desorption peak occurs the surface is still covered by an oxide layer, and
estimate its thickness. In previous calculations, the source of oxygen supplied by the oxide layer was

supposed infinite. As was estimated in previous section, the oxide layer thickness is finite and

13



reaches 40 nm. This corresponds to an amount of available oxygen that can be calculated from

following formula (Eq. 6):

No zroz = 2x40x 1077 x % (Eq. 6)

with pz,0, the density of the monoclinic zirconia (5.6 g cm™), Mzo, the molar mass of zirconia
(123 g mol™) and ny 2,0, the amount of oxygen in the zirconia layer per unit area, expressed in mol
m2. The corresponding oxygen amount is basically 3.64 x 107 mol m for a 40 nm thick oxide layer.
Comparing this value with those in Table 2, one sees that at 853 K, the oxide layer has fully been
dissolved but may remain at 773 K and 813 K.

In addition, one also has to take into account that part of the oxygen that was in the oxide layer that
has dissolved remains in the newly formed “oxygen —saturated alloy” in place of the former oxide
layer, representing 30 at.% of oxygen in this “new” matrix. Assuming a Pilling-Bedworth ratio (PBR) of
1.56 between ZrO, and Zr alloy, one can assume that 40 nm oxide corresponds to 26 nm alloy
saturated with O. The oxygen amount in this part, which has not contributed to diffusion in the

matrix towards the bulk, can be estimated by the following formula (Eq.7):

No zr = 26 x107°x 0.3 x 1% (Eq. 7)

with p,, the density of a-Zr (6.5 g cm™) and Mz the atomic mass of zirconium. The oxygen quantity
remaining in the metal in place of the formerly present oxide layer is 0.56 x 107 mol m2. The
corrected amount of oxygen inserted in the alloy during the dissolution of a 40 nm thick zirconia
layer is thus 0.56 x 107 mol m=.

By comparing the values given in Table 2 with the difference between the amounts given by the
equations (Eq. 6) and (Eq. 7) equal to 3.08 x 107 mol m*, we found that the oxide layer is almost
completely dissolved with a 10 K min or 3 K min! heating rate after the ramp stopped at 813 K and
definitely dissolved for the ramp up to 853 K. However, at 773 K this calculation shows that the third
of the oxide layer has approximately disappeared.

These first order calculations tend to show that at 853 K with a 10 K min® heating rate, i.e. at the very
beginning of the second hydrogen desorption peak in the TDS experiments, the oxide layer formed
during the first part of the experiment has completely disappeared by dissolution in the alloy matrix.
Good agreement with XPS analysis on TDS is obtained. Beyond 853 K, the studied system becomes

finally very simple as it can be considered as purely metallic and only hydrogen bulk diffusion in the
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alloy, hydrogen transition from subsurface to surface as adsorbate and surface

adsorption/desorption reaction have to be taken into account, as illustrated by the sketch in Figure 7.

Adsorption — desorption surface reaction

HS
alloy
Hydrogen diffusion process ‘ - Vacuum
H H,
i
2H, > H, +2s
2H, + 2s > 2H,

Figure 7. Sketch of the system considered for hydrogen release from the alloy at temperatures above
853 K.

4.4 Modeling of the hydrogen desorption kinetics and identification of the desorption rate-

limiting step

441 Preface

As previously mentioned, in the experimental conditions of the present study, the hydrogen

desorption mechanism can be reduced to three steps:

1. The hydrogen diffusion inside the Zy4 specimen;
2. Hydrogen transition from subsurface to surface as adsorbate;

3. The adsorption-desorption reaction occurring on the surface.

The objective here is to identify the rate-limiting step for global desorption from the alloy and to
determine the associated rate constant and its dependence with temperature. The second step
(subsurface to surface transport) was assumed to be rapid compared with the third one. In other
words, it is considered to be in equilibrium. In this case, the hydrogen surface covering rate is
assumed proportional to the interstitial hydrogen concentration near the surface. The system is

hereby reduced to two possible rate-limiting steps, i.e. (1) or (3).

As recalled in the introduction, the hydrogen diffusion coefficient Dy in the a-Zr matrix is well

documented and relevantly described by equation (Eq. 1). This expression of Dy was used as input
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data in the FE code (Cast3M) for all simulations. The diffusion equation used in the Cat3M code is

Fick’s second law:

acy. — —_—
==V (Dy,9(Cu,)) (Eq. 8)
where Cy; represents the concentration of hydrogen atom in interstitial positions inside the a-Zr

lattice and Dy;, the hydrogen diffusion coefficient in the alloy (i.e. from an interstitial site to another).

The recombination process of hydrogen at the surface is described by the following elementary step
(Eq. 9):
Kaa
2H;, < H, +2V,
,—)
k es
‘ (Eq. 9)

with H; an interstitial hydrogen atom in subsurface, V; a free interstitial site in the hcp lattice, and H,
a dihydrogen molecule released in vacuum.

The hydrogen recombination rate at the surface is given by the following expression (Eq. 10):
, 2 , (P 2
i, = Kaes(Car)” = kg (52) (Gr2)” (mol m2 1) (Eq. 10)

where Cr; and Cy, are, respectively, the volume density of the free interstitial sites and the
concentration of interstitial hydrogen at the surface (mol m3), k;; and k., are the
adsorption/desorption rate constants for each process (m* mol™? s) and Pu; the hydrogen pressure in
contact with the metal (Pa), and P° a reference pressure (Pa).

In the framework of this work, PHz was assumed very small due to continuous pumping and
secondary high vacuum in the TDS chamber (below 10 mbar) and taken as tending towards zero. In
other words the second term is neglected during the desorption process.

However, the hydrogen desorption rate entered in Cast3M code is not exactly the same as (Eq.10). It

is indeed expressed, for numerical commaodity, as follows (Eq. 11):

Pu, = Kdes (CHi)Z (mol m2s-1) (Eq. 11)

ZCIL:Init

with C,i,nit, the initial hydrogen concentration in the metal and k ., a desorption rate constant

expressed in m s?, and linked to the k:ies rate constant according to the following formula (Eq. 12):
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kges = 2CH k), oo (Eq. 12)

Note that unlike k’ges, kdes is function of the initial hydrogen concentration.

Two options were considered in order to reach our objective, which are the subject of next sections:
(i) the desorption rate is limited by diffusion in the bulk and (ii) the desorption rate is limited by

surface recombination.

4.4.2 Hydrogen diffusion in the metal as desorption rate-limiting step

The present study was carried out without any hydrogen charging of the Zy4 samples, only the
hydrogen resulting from the elaboration process, present as hydride in the as-received material was
used (approximately 24 wt. ppm). Une and Ishimoto determined a terminal solid solubility during the
dissolution of 20 wt.ppm at 473 K [41]. In the rest of the study, hydrogen will therefore be

considered in solid solution.

In order to ensure a diffusion-limited desorption rate, one had to impose an infinitely high

recombination kinetic constant whatever the temperature. A value for k¢es Was arbitrarily chosen as

kees = 1.63 x 105 exp (—

110000)

- m st in this section. This constant is three orders of magnitude

greater than the hydrogen desorption flux. All desorption flux calculations were made using an initial
homogeneous and uniform distribution of hydrogen in the Zy4 with an average concentration of 24
wt. ppm (i.e. 156 mol m3). Both experimental and simulated data of hydrogen desorption flux as
function of temperature are shown in Figure 8. According to findings mentioned in section 3.1 to 3.3,
the first experimental peak is not to be reproduced by the simulation since it was not assigned to
desorption from the alloy. We always refer to the high temperature peak when comparing

experimental data to simulation ones.
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Figure 8. Comparison of the H; fluxes obtained experimentally by TDS (blue squares) and by FE
simulation of a purely diffusion-controlled desorption rate (red circles).

The simulated hydrogen desorption flux (red circles in Figure 8) is undoubtedly far away from the
experimental second peak of the TDS spectrum (blue dots in Figure 8). Clearly, the TDS thermogram
cannot be correctly simulated by assuming only a diffusion-controlled desorption of hydrogen from
the Zy4 specimens. It can be noted that the diffusion coefficient of hydrogen through the a-Zr matrix
[8-15] is independent of the microstructure, the alloying elements (pure zirconium, Zircaloys, Zr-Nb)
and the precipitates (Zr(Fe,Cr),, B-Nb). Therefore trapping phenomenon is assumed negligible. The

option (ii), surface recombination, was therefore the only possibility to be a rate-controlling step.

4.4.3 Surface hydrogen recombination step as desorption rate-limiting step

The desorption peaks (TDS experiments) depend on the temperature ramp rate. TDS experiments at
different heating rates were carried out. Some experiments were repeated twice. Figure 9 represents
the influence of the ramp rate on the hydrogen desorption flux as function of temperature. These
tests were used to determine the activation energy of hydrogen desorption using the Choo-Lee plots

[25].
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Figure 9. TDS spectra obtained for signals corresponding to mass 2 (H,) for a temperature ramp of:
10 K min (blue line), 7 K min (black squares), 3 K min (red circles).

By increasing the heating rate, the peaks are shifted towards high temperatures, as shown in Figure

9. Using the temperature Ty at which the maximum hydrogen release occurs, the Choo-Lee

representation consists in plotting In (cb/Tz) versus 1/T with, ®, the ramp rate. The activation
m m

energy is given by the following Kissinger’s expression at the first order [42] (Eq. 13):

Eades = —R

Bln(‘D/Trﬁ )

Eqg. 13
() (Eg. 13)

where R is the ideal gaz constant (8.314 J K* mol?) and ¢ the heating rate (K mint).

Figure 10 depicts the evolution of In ((D/T2> as a function of the inverse of Tm. The desorption
m

activation energy is calculated from the slope of the linear curve.
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Figure 10. Choo-Lee representation: In ((D/T2> versus 1/T . Frame of the activation energy of the
m m

desorption step with high and low limits

The activation energy of hydrogen desorption calculated from Figure 10 is approximately 220 kJ mol
. However, the dispersion range is between 200 kJ mol™* and 370 kJ mol™. Figure 10 also shows that
the dispersion between experiments conducted at the same heating rate increased when the heating
rate decreased. Eq. 13. results from the assumption that diffusion is very fast. However, diffusion
may not be negligible for every heating rate. The use of a numerical model thus appeared as

necessary. The hydrogen desorption process was therefore solved by FE using the Cast3M code.

In the present case, both diffusion of hydrogen in the bulk (using Eq.1 for Dy and Eq.8) and surface
recombination reaction of hydrogen atoms into diatomic molecules (using Eq.11) were taken into
account in the calculations. They were made using a 24 wt. ppm hydrogen mean concentration in the
alloy. The desorption rate constant kqes dependence on the temperature follows an Arrhenius law,

with the activation energy of desorption Eages, and a pre-exponential factor k°¢es (Eq. 14):

E es
kges = kges- Exp (_ 2_‘;) (Eq. 14)

At first approximation, the pre-exponential factor of the desorption rate constant was set equal to

7.28x10° m s. Figure 11 represents the influence of the activation energy on the hydrogen
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desorption rate. The blue continuous curve corresponds to the TDS experiment, while others
correspond to simulations with activations energies varying from 220 to 260 kJ mol®. The

experimental temperature ramp was set to 10 K min.
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Figure 11. Comparison between simulated (dots) obtained by FE (Cast3M) and experimental (blue
continuous line) H, desorption flux at 10 K min* with different Eages values: 220 kJ mol? (black
circles); 240 k) mol? (red squares); 260 kJ mol™? (green diamonds).

Figure 11 shows a strong influence of the activation energy on the hydrogen desorption kinetics. The
red simulated curve with square markers well describes the experimental one in terms of maximum
flux and peak position. For a pre-exponential factor, k°ss, equal to 7.28x10° m s, the best fit was
obtained for an activation energy of about 240 kJ mol. However, the Full Width at Half Maximum
(FWHM) is too large compared with the experimental curve. Some adjustments are therefore
needed, in order to refine the values of the couple {k°ss, Eades} and to optimize the fitting of

experimental data.

In terms of peak maximum temperature and FWHM of the desorption peaks, the simulations carried
out using the recombination rate constants assessed previously were not able to describe properly
the TDS under a 10 K min? ramp, nor the other TDS performed at the two other different

temperature ramps (not presented here). As a consequence, a numerical plan aiming at the
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optimization of both coupled parameters of the recombination rate constant {k°ses, Eages} was

undertaken: the URANIE software was used in this aim.

4.4.4 Seeking for the surface recombination kinetic constants

The "Uncertainty and Sensitivity" platform URANIE developed by the CEA aims to regroup methods
and algorithms about Uncertainty and Sensitivity Analysis, Verification and Validation codes in the
same framework [24]. URANIE is based on the data analysis framework ROOT, an object-oriented and
petaflopic computing system developed by CERN. URANIE was used to assess the activation energy
(Eages) and the pre-exponential factor (k°¢es) of the surface recombination rate constant.

Two URANIE tools were used in this study: the sampler and the optimizer libraries. The sampler
library is developed to generate a design of experiment (deterministic/statistical) from Eages and k°ges
variables. In this study, the methodology LHS (Latin Hypercube Sampling) was employed. This tool

generates a dot matrix with random paired values {In(k°qes), Eages} as illustrated in Figure 12.
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Figure 12. The initial dot matrix of random paired values of Eages and k°qes (represented by In(k®ges)
here) obtained by the methodology LHS. The random paired values are the red circles surrounded by
blue and the “local” optimization are represented by the blue empty circles.

For each pair of values and each temperature ramp (3 K min, 7 K min? and 10 K min*!), the FE code
(Cast3M) simulates the associated hydrogen TDS thermogram. Then the normalized squared
difference between the calculated data and experimental ones (indexed with the subscript “i”) is

calculated by Cast3M using the following formula (Eq. 15):
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z:j(Fsimu(Xj)_l:exp(xj))2
2
maX(Zk(Fsimu(Xk))z, Zl(Fexp(Xl)) )

o:n
|

Where RR; is called a partial “error” criterion for experiment “i”, Fsimu(X;) and Fexp(X;) are the simulated

flux at the abscissa x; and the experimental one at abscissa x;, respectively. Subscripts “i”
(i € {1;2;3;4;5}) refer to following experiments: {1} for the 10 K min? TDS, {2} for the first
7 K mint TDS, {3} for the second 7 K min TDS, {4} for the first 3 K min* TDS and {5} for the second
3 K min TDS. A global error criterion called RESULTAT was defined and corresponds to the RR; sum

(Eq. 16):

RESULTAT = Y!=3RR; (Eq. 16)

The second tool, optimizer library, performs multi-criteria optimization with Genetic Algorithms
allowing finding a local minimum of RESULTAT from a given initial value of the recombination rate

constant pair (see the blue empty circles in Figure 12).

The first investigated domain of values ranged between 220 and 280 kJ mol™* for Eags and between
10 and 22 for In(k°4es). The initially investigated range does not allow to locate the global minimum at
the first domain boundary. Therefore, the range for Eages Wwas extended up to 350 kJ mol?; the range
for In(k°qes) was extended to 32. Figure 13 represents the 3D map of RESULTAT function of Eages and
In(k°4es). A valley of local minima is evidenced, and a linear regression between Eages and In(k°ges) in
the minima valley is highlighted (see thick red dots in Figure 14, showing only those for which
RESULTAT < 0.5). This suggests that a projection of the 3D map of RESULTAT on the Eages axis should

be equivalent in terms of minimization of the error to a projection on the In(k°qes) axis.
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Figure 13. 3D map of RESULTAT versus In(k°ses) and Eaqes in the range of [10, 32] and [220, 350],
respectively : thick red dots for RESULTAT < 0.5, blue dots for 0.5 < RESULTAT < 5 and yellow dots for
5 < RESULTAT < 9.
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Figure 14. In(k°qes) and Eages dependence for RESULTAT < 0.5 (thick red dots) and 0.5 < RESULTAT < 5
(bleu dots) with in continuous line the linear function between In(k°qes) and Eages and in dashed lines
the uncertainties of these paired values.

The resulting projection of RESULTAT 3D map on the Eages axis is presented in Figure 15. It shows
unambiguously a global minimum for an activation energy around 290 + 10 kJ mol?, paired via the

linear regression to a value for k°qes of exp(23 + 1) m s (k°ges = 9.7 x 10° m s1).
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Figure 15. Projection of RESULTAT on Eages axis in the [220, 350] kJ mol™ range.

It is also possible using the URANIE tools to determine the global minimum of the error criterion for
each experiment. Table 3 presents the paired values of Eages and In(k°qes) corresponding to the global
minimum for each experiment.

Table 3. Paired values of Eages and In(k°ges) corresponding to the global minimum for each
experiment.

Temperature ramp rate (K min)  Eages (kJ mol?) IN(K°ges) K°des (M s2)
Experiment 1 ;
+ +
(RR1) 10 240+ 10 16.5+1.5 1.5x10
Experiment 2 10
+ +
(RR2) 7 3205 25+1.5 7.2x10
Experiment 3 9
+ +
(RR3) 7 285+5 222+1 4.4x10
Experiment 4 1
+ +
(RRA) 3 3305 259+1 1.8x10
Experiment 5 3 3005 23.8+1.5 2.2 x10%
(RR5) - o '

It appears that there is a large difference of optimized values for the 10 K min™* ramp experiment and

the first 3 K min ramp one.

This final set of optimized values (Eages = 290 kJ mol? and k°4es = 9.7 x 10° m s) was then used to

simulate the five TDS experiments and injected in the FE code. Figure 16 compares the TDS
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desorption curves, simulated with these recombination kinetic constants (in red dot line) with

experimental data (in blue continuous line), for all the investigated ramp rates.
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Figure 16. Comparison between simulated with the paired values Eages = 290 kJ mol™ and k°ges = 9.7 x

10° m s (red dots) and experimental (blue line) H, desorption flux obtained by FE calculations

(Cast3M code) and TDS for different temperature ramps: (a) 10 K min%; (b) 7 K min™ - first
experiment; (c) 7 K min - second experiment; (d) 3 K min - first experiment;
(e) 3 Kmin! - second experiment.
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The good agreement, in terms of shape, peak position and peak FWHM, between experimental data
and simulation using this set of recombination kinetic constants, whatever the experiment or the
temperature ramp chosen, shows the reliability of the determined {Eages; In(k°qes)} pair values and the

robustness of the method used.

In the literature, Baskes studied the hydrogen desorption kinetics from pure zirconium [18]. Table 4
compares the desorption flux @y, calculated in the present study with those determined by Baskes
[18]. The desorption fluxes in this study are calculated with Eq. 11. (Eages = 290 kJ mol?,
Kdes = 9.74x10° m s). Table 4 shows the desorption flux at 773 K, 873 K and 973 K for Ci}?it =156 mol

m= and a Zy4 thickness equal to 180 pm.

Table 4. Comparison with the literature of the hydrogen desorption flux ¢, (mol m2s?),

Present study Baskes [18]
773 K 5.5x10° 7.3x10°
873 K 1x10° 2x10*
973 K 1.1x 10" 2x103

Values presented in Table 4 show that the hydrogen desorption fluxes from Baskes’ modelling are
very different from those of our study (1 to 3 orders of magnitude). This difference is however lower
at high temperature (i. e. 973 K). It is mainly due to the fact that our apparent activation energy of
desorption process (~300 kJ mol?) is much higher than the one used in Baskes’ modelling (~100 kJ
mol?). In Baskes’s approach, the energy paths of hydrogen to pass from the bulk metal to the
desorbed state as a diatomic molecule are only based on thermodynamic considerations in terms of
dissolution enthalpy in the metal (from free H; to solute H in the metal) and diffusion enthalpy in the
metal lattice. Wilde’s works [19], based on combined flash TDS and NRA measurements, show that
desorption from the metal, e.g. Ti in [19], is by far more complex and includes additional
energetically favored steps (leading the H atoms in metastable energy levels lower and lower from
bulk to surface) for hydrogen to pass from the lattice to subsurface sites, then to surface sites. In
such description proposed by Wilde et al., the energy barrier to overcome desorption (and surface
molecular recombination) may be much higher than usually proposed based only on dissolution

enthalpy considerations, modulated by diffusion enthalpy.
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4.45 Challenging the model

In order to challenge our hydrogen desorption model, two additional TDS experiments were
conducted following a more complex thermal history. A specific TDS procedure was adopted,
including several isothermal plateau. Between each isothermal plateau, a 10 K min heating rate was
applied. At the beginning of each experiment, an one-hour thermal treatment at 773 K was done in
order to minimize the influence of the oxide scale formation due to the oxidation process involving
chamber residual water described earlier in the paper; the specimen was then cooled down to room
temperature in the vacuum chamber before pursuing the TDS experiment. The selected isothermal
plateaus were: 773 K (15 min), 823 K (30 min), 853 K (1h) and 873 K (1h). The first quick step at 773 K
enabled to check the cleanliness of the chamber and the occurrence of possible oxidation

phenomena due to still-remaining water.

Figure 17 shows the experimental hydrogen desorption thermograms (black squares) obtained on an
as-prepared not pre-oxidized Zy4 sheet (see section 2.1) following this dedicated TDS procedure.
Results of FE simulations using a 24 wt. ppm hydrogen concentration and the paired values Eages =
290 kJ mol™t and k°ses = 9.7 x 10° m s and obtained by injecting directly in the code (Cast3M) the real

temperature ramps applied to the specimen are shown in Figure 17 in red circles.
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Figure 17. Comparison between simulated (red circles) and experimental (black squares) H; flux
obtained by FE (Cast3M model) with the paired values Eages = 290 kJ mol™? and k°ges = 9.7 x 10° m s!
and TDS.
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Simulation is very different from the experimental thermograms. This discrepancy can be due to
either the uncertainties of the kinetic constant parameters (Eages, k°aes) Or the initial hydrogen
concentration within the material.

The initial hydrogen concentration was thus determined by the inert-gas melting extraction
technique (using thermal conductivity in a Galileo G8 from Bruker) on a set of 10 specimens: the
average concentration measured was 25 + 5 wt.ppm (dispersion was attributed to sampling and not
to error of the technique). The initial homogeneously distributed concentration of hydrogen in the
Zy4 sheet was taken as an adjustment parameter (due to the potential variability of hydrogen
distribution along the Zy4 sheet) and tested in the [20; 30] wt.ppm range. Since k'qes is independent
of the initial hydrogen concentration unlike kqes, the concentration variation causes a modification of
the pre-exponential factor kqes (cf. Eq. 12). We also noticed that, except for the 10 K min! ramp rate,
the average activation energy is closer to 300 kJ mol™. Simulations were carried out with this higher
value than the previous solve (290 kJ mol?). As observed in Figure 18, better adjustments were
obtained for 24 wt.ppm of hydrogen and k°ss = exp(23) m s (empty green circles) and for 30

wt.ppm of hydrogen and k°ses = exp(23.23) m st (full red circles).
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Figure 18. Comparison between simulated (red circles) and experimental (black squares) H, flux
obtained by FE (Cast3M model) with the paired values Eages = 300 kJ mol™ and k°qes = exp(23) m s for
24 wt. ppm and exp(23.23) m st for 30 wt. ppm and TDS, respectively.

A global good agreement is found between simulation and experiments, giving more credit to the

model proposed (bulk diffusion but surface recombination kinetically-controlled desorption rate), the
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values obtained — and thus the methodology to assess them — as well as the way to solve it by finite

elements.

5 Conclusion

The hydrogen desorption process from an unoxidized Zircaloy-4 specimen has been evaluated
through thermal desorption spectrometry tests and by using modelling programed with Cast3M code
and URANIE optimization tool. The results of these investigations are consistent with the following

conclusions:

1. The hydrogen desorption kinetics from the metal is limited by the surface recombination
2H.4s = Ha. The surface reaction is a second-order equation (Eq.10).

2. By coupling the Cast3M code with URANIE optimization platform, it is possible to optimize
the error between the experimental spectra and the simulated ones and finally get the best-
fitted setting of the kinetic constant k'ges, of the surface recombination step, which is

expressed as follows (Eq. 17) :

(m*molts?) (Eq. 17)

5
k' 40s = 3% 107. exp (— M)

RT

The impact of the presence of a significant oxide scale (pre-oxidized specimen) on desorption kinetics
(barrier effect, recombination kinetics, rate-limiting step, etc.) will be studied later in future works.
The integration of the oxide scale effect is also planned in our hydrogen desorption model (Cast3M)

to determine the new rate limiting step for the complete system, more representative to “reality”.

This study illustrates the fact that interfacial reactions may be rate limiting even in the absence of
oxide layer. This is a positive statement for safety considerations. Another important outcome of the
present work is that researchers dealing with hydrogen permeation or desorption under the form of
gas phase, who generally consider a priori the system in the frame of a diffusion rate limited
problem, should be very careful and verify that such assumption remains valid and applicable to the

studied system.
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