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1 Abstract 

 

This study aims at identifying the rate-limiting step and quantifying the kinetic constants of diffusion 

and deuterium desorption from a Zircaloy-4 alloy oxidized in light primary water. Secondary Ion Mass 

Spectrometry deuterium concentration profiles in ZrO2, combined with finite elements simulations, 

reveal that the deuterium desorption from an oxidized Zircaloy-4 alloy is kinetically controlled by a 

mixed regime of surface recombination and diffusion in the oxide in the 600 K – 1000 K  temperature 

range. At lower temperatures, desorption is controlled by the deuterium diffusion in the oxide layer 

whereas at higher temperatures the surface recombination reaction dominates. 
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2 Introduction 

 

The nuclear pressurized water reactor (PWR) fuel claddings contain hydrogen originating from the 

manufacturing process and from the corrosion by water. Under normal operating conditions in PWRs, 

the outer surface of zirconium alloy fuel claddings is exposed to primary water and zirconium alloys 

continuously oxidize into zirconia. During this process, the cladding absorbs a fraction of the hydrogen 

produced by the reduction of water [1–3]. Hydrogen chemical potential and transport properties differ 

in zirconia and in the alloy, which leads to a partition of hydrogen between the alloy and the oxide 

scale. In the uranium oxide fuel, ternary fission leads to the formation of another hydrogen isotope: 

tritium. A part of this tritium is then absorbed and diffuse through the cladding, potentially reaching 

the primary water. The inner surface of the cladding is also oxidized by initial residual water and by the 

uranium oxide [4]. During drying, transport, reprocessing or storage of used nuclear fuels, some 

hydrogen and/or tritium may desorb from the cladding involving safety concerns. The present study 

aimed at quantifying the influence of the oxide scale on the tritium desorption from the cladding for a 

better estimation of the potential tritium release in the different aforementioned cases. 

The hydrogen or tritium release from the bulk alloy has been decomposed into five steps, as detailed 

in [5–7]. The first step is the hydrogen diffusion through the  α-Zr matrix generally via interstitial sites 

[8] towards the metal/oxide interface. Numerous studies on this process in the literature allow to 

estimate a hydrogen diffusion coefficient in the zirconium alloys over a wide range of temperatures 

[9–16]. It is expressed following an Arrhenius-type law whatever the zirconium alloy considered. An 

average hydrogen diffusion coefficient is deduced from the literature [8,10–16]: 

 ������� = ���� ���� . exp 
− ����� =  10��. exp 
− ������� � m2 s-1   (Eq. 1) 

 

with ���� ����
 including the migration entropy and the jump attempt frequency, Ea the migration 

enthalpy (in J mol-1), T the temperature (in K) and R the ideal gas constant (8.314 J K-1 mol-1). The 

hydrogen diffusion coefficient in the zirconium alloys is equal to 6 × 10-11 m² s-1 at 573 K. 

Hydrogen absorption and desorption kinetics into/from oxidized zirconium alloys have been widely 

studied in the literature [6,11,17–25]. A barrier effect of the oxide layer was highlighted irrespective 

of the transport direction: absorption [21–26] or desorption [6,11,17–20,27]. Andrieu et al. [28,29] 

were interested in tritium permeation through Zircaloy-4 into primary water. For experiments carried 

out for 252 days at 619 K, they concluded that the tritium permeation rate-limiting step was the tritium 

transport through the oxide layer. 
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The hydrogen diffusion mechanism in the oxide layer has been widely investigated in literature. As 

shown in Figure 1, the experimental procedures used for diffusion assessment (absorption by water 

corrosion process or release process) significantly affect the values of the hydrogen diffusion 

coefficient in the oxide layer. These values compiled from literature data, for instance at 573 K, vary 

from 10-21 to 10-17 m2 s-1 [16,18,25,30]. The hydrogen diffusion coefficients estimated in the zirconium 

oxide layers are always much lower than the ones estimated in the alloy. 

 

Figure 1. Evolution with temperature of some hydrogen diffusion coefficients in zirconium oxide 

layers compiled from literature  [16,18,25,30]. 

 

The values of the diffusion coefficients deduced from the release experiments gathered in Figure 1 are 

significantly lower (about two orders of magnitude at 633 K) than those obtained in absorption 

conditions. All the diffusion coefficients were determined by assuming that hydrogen diffusion through 

the oxide layer was the rate-limiting step. This striking gap may be explained by a different mechanism, 

a different rate-limiting step or a different hydrogen diffusing species between the absorption and 

release processes. More specifically the role played by the surface dissociation or recombination step 

has to be investigated from a kinetic viewpoint.  

Moreover, an oxide scale dissolution into the alloy has been reported by Andrieu et al. [28,29] and 

Juillet et al. [6] during a long isothermal treatment or a temperature ramp, respectively. The difference 

of oxygen chemical potential between the oxide and the metal causes this dissolution, which is 

enhanced by the high oxygen solubility in zirconium [31]. Our previous study [6] on the hydrogen 

desorption from the Zircaloy-4 during a temperature ramp after oxidation in a dry Ar-20%O2 

atmosphere demonstrated that hydrogen desorption only began after local oxide layer dissolution 
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occurred. This means that, in such conditions, the hydrogen desorption from the alloy was controlled 

by the oxide dissolution kinetics. However, under the conditions encountered by fuel claddings in PWR 

primary water (long-term isotherms, temperature around 573 K), there is no actual oxide thickness 

decrease because of the continuous oxidation. 

The aims of this study are to identify the rate-limiting step and to quantify the kinetic constants of 

diffusion and deuterium (2H) desorption from a primary water-oxidized Zircaloy-4 alloy. To minimize 

the oxide layer dissolution throughout the experiment duration and to be closer to PWR operating 

conditions, the deuterium desorption kinetics were carried out under isothermal operating conditions. 

The adopted approach consisted of 4 main steps: (i) charging in hydrogen or deuterium the zirconium 

alloy (Zircaloy-4 here), then (ii) oxidizing these specimens in light primary water, (iii) carrying out 

isothermal desorption steps under vacuum, then (iv) comparing the experimental results with 

numerical simulations (Cast3M code [32] and URANIE platform [33]). 

 

3 Experimental Procedure 

 

3.1 Material and specimen preparation  

 

Framatome supplied a 0.45-mm thick sheet of recrystallized Zircaloy-4 alloy for the present study (see 

chemical composition in Table 1). The specimens (1 x 1 cm) were ground up to grade P2000 with SiC 

emery paper then cleaned in deionized water, rinsed in acetone-ethanol solution and finally dried in 

air. A 0.35-mm final thickness was obtained. 

 

Table 1. Chemical composition of the studied Zircaloy-4 ingot. 

Alloying elements 
Fe 

(wt.%) 

Cr 

(wt.%) 

Sn 

(wt.%) 

O 

(wt.%) 

C 

wt.ppm 
Zr 

Zircaloy-4 0.19 – 0.21 0.11 1.31 – 1.35 0.11 – 0.12 118 – 129 Bal. 

 

3.2 Hydrogen and deuterium cathodic charging 

 

Deuterium was chosen as an isotopic tracer in order to distinguish between hydrogen species present 

in the alloy before oxidation (both deuterium and hydrogen) from that absorbed during the oxidation 

experiments (hydrogen only). The cathodic charging device consisted of a platinum counter electrode 

serving as an anode and the sample to be charged acting as a cathode. The solution used was sulphuric 

acid H2SO4 at 0.05 mol L-1 in a mixture of D2O and H2O. To enhance the protons reduction, a cathodic 
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current density of -7.5 mA cm-2 was imposed by a galvanostat at the working electrode. Charging was 

done at 353 K and lasted 11 h. In order to homogenize the distribution of hydrogen and deuterium in 

the samples an annealing treatment was carried out in vacuum (10-7 mbar) at 673 K during 5 hours. 

The resulting hydrogen and deuterium concentrations before oxidation were quantified by thermal 

desorption spectrometry (TDS). They were [1H] = 56 wt.ppm (i.e. 0.51 at.%) and [2H] = 54 wt.ppm (i.e. 

0.25 at.%). Such deuterium concentration therefore corresponds to a 27 wt.ppm equivalent hydrogen 

concentration. 

 

3.3 Corrosion tests 

 

The pre-charged Zircaloy-4 samples in hydrogen and deuterium were then corroded in a static 

autoclave at 633 K and 188 bars in light primary water up to 50 days to form an oxide thickness of 1.5 

µm (deduced from the weight gain). The water chemistry was composed of 2 wt.ppm of lithium and 

1000 wt.ppm of boron prepared using lithium hydroxide (LiOH, H2O) and boric acid (H3BO4). 

 

3.4 Thermal Desorption Spectrometry (TDS) 

 

The Thermal Desorption Spectrometry technique was used to determine the hydrogen and deuterium 

content and the desorption kinetics of the pre-charged samples. Each specimen was inserted in a 

quartz tube under secondary vacuum (10-6 – 10-7 mbar), surrounded by a cylindrical furnace, coupled 

to a Transpector 100-M (INFICONTM) quadrupole mass spectrometer. During heating, desorbed species 

are ionized, separated, detected and counted by the mass spectrometer. To convert the ion current 

into hydrogen and deuterium molar fluxes, calibrated 2H2 leaks from LacoTech™ were used. The 

amounts of hydrogen and deuterium desorbed from the specimen in the TDS in the course of a 

temperature ramp of 10 K min-1 up to 1273 K were estimated by integration of the calibrated signals 

(m/z=3 and m/z=4) as function of the time during the experiment. After oxidation, one sample was 

desorbed in the TDS set-up at 773 K during 7 days and another at 723 K during 19 days. Under these 

desorption conditions, the mass spectrometer could not measure properly any desorption flux due to 

a high background noise compared to the potentially very low desorption flux. After each vacuum 

isotherm, the sample was cut into two parts: one part underwent a TDS temperature ramp of 10 K min-

1 up to 1273 K in order to quantify the hydrogen and deuterium concentrations remaining in the 

specimen after 7 days at 773 K and 19 days at 723 K; the second one was used for further 

characterization by SIMS. 
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3.5 Secondary Ion Mass Spectrometry (SIMS) 

 

SIMS analyses were carried out on the specimens before and after both desorption experiments, i.e. 

at 773 K during 7 days and at 723 K during 19 days. The Secondary Ion Mass Spectrometry system was 

a CAMECA IMS 7f and analysis conditions used a 40 nA current and 15 kV energetic Cs+ primary ion 

beam. Two type of analyses were conducted: 

� Penetration profiles of deuterium (2H) and oxygen (16O) from the surface were measured in 

dynamic sputtering conditions. The diameter of the analyzed area was 33 µm. Species depth 

distribution profiles were then deduced knowing the oxide thickness. The metal/oxide 

interface was set at 50 % of the 16O signal maximum in zirconia. The different elements 

intensities were normalized by a multiplying factor in order to get the same 16O signal intensity 

value in the oxide scale for each analysis. 

� Ion mappings of the 1H and 2H elements distribution on a surface of 400 x 400 µm² were 

recorded. In this case, the samples were prepared in cross section embedded in a Wood alloy. 

 

Figure 2 shows on a three-dimensional sample the locations where the SIMS profiles and maps were 

done. 

 

 

Figure 2. 3D schematic description of the location where the SIMS profiles and maps were done. 

 

4 Experimental results 

 

4.1 Estimation of the amount of deuterium desorbed from PWR-pre-oxidized specimens 

during the isothermal heat treatments 

 

The hydrogen and deuterium desorption from oxidized samples were carried out under vacuum in the 

TDS set-up during 7 days at 773 K or 19 days at 723 K. These desorption conditions were chosen in 
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order to find the best time-temperature compromise, between a reasonable test duration (several 

days) and temperatures high enough to accelerate the desorption process while limiting the oxide 

layer dissolution [6,28,29]. 

The deuterium and hydrogen desorbed amounts were deduced from the quantities remaining in the 

material measured from a TDS temperature ramp test carried out after each isothermal test, the initial 

amount in each specimen before the oxidation step being known. Hydrogen and deuterium contents 

at the different steps of the experiments are summarized in Table 2. The hydrogen desorption flux 

obtained from a TDS temperature ramp after a 7-day isotherm at 773 K is presented on the Figure 3 as 

an example. The hydrogen and deuterium concentration values are quantified by integrating the 

desorption fluxes of H2, HD and D2 as function of time. 

 

Table 2. Hydrogen and deuterium concentrations in the specimens after cathodic charging 
(measurements carried out after homogenization and before oxidation) and after isothermal 
desorption at 773 K and 723 K. 

 Initial After 7 days at 773 K After 19 days at 723 K 

[H] (wt.ppm H) 56 82 93 

[D] (wt.ppm H) 27 31 30 

* at.ppm = wt.ppm H x 91.22 

 

Figure 3. TDS flux of H2 (blue dotted line), HD (red dashed line) and D2 (black continuous curve) 
obtained for a temperature ramp of 10 K min-1 on a sample previously desorbed during 7 days at 773 

K. 
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Irrespective of the thermal treatment, the pre-charged deuterium did not apparently desorb. The mass 

spectrometer does not measure any desorption flux because the signal is either zero or less than the 

device's detection limit. After the desorption step, the hydrogen concentrations within the metal rise 

by around 50 percent in comparison to the hydrogen amount initially present. This increase in 1H 

content is due to the hydrogen (1H) absorption during the oxidation step in light primary water. This 

hydrogen uptake of around 30 wt.ppm during the oxidation process is consistent with the work of 

Tupin et al. [25] who measured an absorption of 24 wt.ppm in 0.45-mm thick Zircaloy-4 alloy after 50 

days of oxidation at 633 K and 187 bar in PWR solution ([B] = 1000 wt.ppm and [Li] 2 wt.ppm) to form 

an oxide thickness of 1.5 µm.  

 

In order to characterize the hydrogen and deuterium localization in the metal, SIMS analyses were 

carried out before and after the isothermal desorption steps. The results of these analyses will be also 

compared with the 1H and 2H amounts previously measured by TDS. 

Due to the highly heterogeneous distribution of hydrogen species in the metal (due to hydrides 

formation), local analyses such as SIMS abrasion profiles were not accurate. Thus, mappings of the 1H 

and 2H elements distribution in the metal were performed on the samples prepared in cross section 

before and after the desorption step, imaging ion distribution on 300×300 µm² areas (see Figure 4). 

On each map, for 1H and 2H elements, the signal was integrated into a region of interest (in red dotted 

lines in Figure 4, 250×250 µm² in area) in order to determine an average intensity of hydrogen or 

deuterium signal in cts s-1. This average value is indicated in Figure 3 under each map obtained from 

ten scans of the area of interest. 
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Figure 4. Mapping of the 1H (left) and 2H (right) elements distribution in the metal of Zircaloy-4 
samples after cathodic charging followed by oxidation during 50 days in light primary water: (a-b) 
before desorption; (c-d) after desorption at 773 K during 7 days and (e-f) after desorption at 723 K 

during 19 days. 

On the ion maps in Figure 4, the red color indicates a high concentration of the studied elements (1H, 

2H). These maps reveal the presence of hydrides rich in hydrogen and deuterium for the three samples. 

A non-zero signal of hydrogen (1H) in the matrix (green color in Figures 4a, 4c and 4e) may result from 

the hydrogen re-deposition process occurring during the analysis. 

It is worth noting that, both the size of the zone analyzed by SIMS and the heterogeneity of the 

hydrogen distribution induced by the presence of hydrides may affect the accuracy of these SIMS-

mapping measurements. A preliminary comparison between three ion maps recorded at three 

different zones of the same cross section allowed to estimate the accuracy of these SIMS-mapping to 
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be around 20 %. The deuterium intensity of the non-desorbed specimen (Figure 3b) thus basically 

ranges from 5.8 x 105 to 8.6 x 105 cps s-1. Taking this 20 % accuracy into account, it can be assessed that 

the amounts of 1H and 2H before and after the isothermal desorption treatments remained equivalent, 

in consistency with previous TDS results.   

To summarize, no or few deuterium present in the alloy was desorbed during the vacuum heat 

treatments carried out during 7 days at 773K and 19 days at 723K. This observation highlighted that 

the deuterium desorption is rate-limited by a very slow step such as the deuterium diffusion through 

the oxide layer or the surface recombination. Further analyses were needed to understand this 

extremely low desorption kinetics. SIMS abrasion analyses from the oxidized surface were performed 

on the three samples to track the hydrogen and deuterium diffusion process in the oxide layer.  

 

4.2 Evolution of the deuterium distribution in the oxide scale during desorption heat 

treatments 

 

These SIMS analyses aimed at providing information on the rate-limiting step of hydrogen desorption 

from the metal. For instance, a high concentration of deuterium in the oxide layer at the vicinity of the 

surface would reflect a kinetic control by the surface recombination step, while a deuterium 

concentration profile in zirconia from the oxide/alloy interface with a low penetration distance in the 

oxide would suggest a diffusion rate-limiting step. Please note that only deuterium (2H) is used here, 

not hydrogen (1H) due to its mixed origin (primary water or initial cathodic charging). 

Figure 5 compares the normalized SIMS profiles of oxygen and deuterium for all samples before and 

after the isothermal desorption step. 
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Figure 5. Normalized SIMS profiles after oxidation and before desorption (black dotted curves), after 
desorption at 773 K during 7 days (red continuous curves) and after desorption at 723 K during 19 

days (blue dashed curves) of: (a) oxygen (16O) and (b) deuterium (2H). 

 

In the case of a Zircaloy-4 alloy oxidized in light primary water and desorbed under isothermal 

conditions at 773 K or 723 K, the oxide scale dissolution is not very marked as evidenced by the oxygen 

intensities before and after desorption (Figure 5a). The oxide / alloy interface (50 % of the 16O 

maximum signal) is indeed fluctuating between 2200 and 2300 s abrasion time, fluctuations that 

represent 5 % of the oxide layer thickness, i.e. around 75 nm as the layer thickness is 1.5 µm. A slight 

interface spreading is nonetheless observed. The oxide dissolution in the metal being low, it will be 

neglected thereafter. We also observe in Figure 4b that the deuterium concentration is undetectable 

in the core of the oxide layer after oxidation and before desorption (0 to 1000 s of abrasion in Figure 

5b), and that some diffusion of deuterium from the metal occurred during the oxidation process 

(concentration gradient in the 1000 – 2000 s abrasion time).  

In both studied desorption conditions, the deuterium present in the metal crossed the oxide/metal 

interface and diffused towards the surface, as evidenced by the concentration gradients in Figure 4b. 

An interesting point is that the deuterium intensity at the oxide/metal interface is significantly higher 

after desorption at 773 K than after desorption carried out at 723 K. The interfacial equilibrium 

constant between the deuterium concentrations in the oxide and in the metal depends on 

temperature. It is therefore very likely that the deuterium concentration in the oxide at the interface, 

in equilibrium with the deuterium concentration in the alloy, increases with temperature. Another 

striking point is the non-zero signal for deuterium (Figure 4b) observed at the vicinity of the surface 

after the isothermal desorption treatments: this indicates that deuterium (i) has arrived at the surface 

(via diffusion, as shown by the concentration profile), and (ii) has accumulated in the subsurface of the 

oxide layer, suggesting a mixed kinetic regime with two rate-limiting steps.  
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In order to determine the rate-limiting step(s) and to quantify the associated kinetic constants, these 

SIMS deuterium profiles after oxidation and desorption heat treatment were simulated using a 

numerical modelling with the finite elements (FE) Cast3M code. The corresponding model and 

simulations are presented in the next section. 

 

5 Numerical model and simulation approach 

 

5.1 Description of the modelling with Cast3M code  

 

Finite Elements calculations may diverge when one of the simulated parameters is subjected to local 

discontinuities. Therefore, the numerical model developed with the Cast3M code assumes for all times 

that the hydrogen concentrations in the metal and the oxide are equal at the metal/oxide interface. In 

other words, the equilibrium constant at this interface is considered to be equal to 1.  

For the same reason, this model merges the steps of subsurface/surface passage and surface 

recombination into a single step. This simplification of the reaction system imposed by the constraints 

of numerical modelling by finite elements means that the equilibrium constant of the 

subsurface/surface passage step is considered as included in the kinetic constant of the surface 

recombination. 

Finally, the modelling of the numerical code takes only into account three steps as illustrated in Figure 

6. 

 

 

Figure 6. Sketch of the system considered for deuterium release from the alloy in the numerical 
study. 

The diffusion equations in the alloy and in the oxide layer implemented in the model are governed by 

Fick's second law. 
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����_��� =  !" ∙ 
�������  $%&'_�(!!!!!!!!!!!!!!!!!"�      (Eq.2) 

 

����_)*�� =  !" ∙ 
��)*����  $%&'_)*(!!!!!!!!!!!!!!!!!!"�      (Eq.3) 

 

with %&�_�  the concentration of deuterium atoms in the interstitial position in the metal (mol m-3), %&�_)* the concentration of deuterium atoms in the interstitial position in the oxide (mol m-3), �������
 

and ��)*����
 the deuterium diffusion coefficients in the metal and in the oxide, respectively (m2 s-1).  

The expression (Eq.1) for the hydrogen diffusion coefficient in the metal is used as input data in the 

finite element code (Cast3M) for all the simulations. The hydrogen and deuterium diffusion coefficients 

in the α-Zr phase are assumed to be equivalent. The passage of deuterium from subsurface to oxide 

surface and the process of surface recombination and desorption in the form of dideuterium is 

described by reaction (R.1) and (R.2) respectively. The reaction (R.2) is forced in the forward direction 

by vacuum pumping, so equilibrium is not possible and the absorption reaction was neglected. 

��_+,  + . /01_23456667  �_8       (R.1) 

2�_8  :;0<)�4=66667  �> + 2.                   (R.2) 

where ��_+,  is a deuterium atom in the interstitial position in the oxide at the outer interface (mol m-3),  �_8 the deuterium atom adsorbed on the surface, . a free site on the surface and �> the molecule 

desorbed in vacuum, ?@A_8BC the equilibrium constant of the reaction (R.1) and DE@F+GC the desorption 

rate constant of the reaction (R.2). 

As previously mentioned, the code does not take into account the subsurface – surface passage step 

but consider the following surface recombination process (R.3) which is in reality the linear 

combination of the reactions (R.1) and (R.2):  

2��_+,   :H02I  J :;0<)�4 K /01_234L=666666666666666667   �>     (R.3) 

Assuming the hydrogen subsurface – surface passage at the equilibrium, which means that this step is 

very fast compared with the recombination one, the desorption flux of deuterium (molD2 m-2 s-1) is 

expressed by the following equation (Eq.4): 

φNL = D�@8O 
%&�_)* | �Q *RS �> = :H02>���_)*2�Q 
%&�_)* | �Q *RS �>
   (Eq.4) 
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with D�@8O = :H02>���_)*2�Q . 

D�@8O  is the desorption constant of the reaction (R.3) (m4 molD2
-1 s-1), D�@8 is the desorption constant 

introduced into Cast3M code (m s-1) and %&�_)*8T�  is the saturation concentration of deuterium in the 

oxide layer (mol m-3). %&�_)* | �Q *RS  corresponds to the deuterium concentration at the subsurface. 

Finally the relationship between D�@8 and D�@8O  is the following equation (Eq.5): 

D�@8 = 2%&�_)*8T� D�@8O        (Eq.5) 

The concentration %&�_)*8T�  is an input parameter in Cast3M. However, no accurate measure of this 

parameter value is available in literature.  

The gradual decrease in oxygen signal intensity observed on SIMS profiles (Figure 4a) indicates that 

the metal/oxide interface is extended and diffuse. This is caused by the size of area analyzed by SIMS 

(33 µm in diameter) and the roughness of the inner interface. Contrary to the SIMS profiles, the 1D 

modelling with Cast3M code supposes a sharp interface between the oxide layer and the metal, which 

was assumed fixed and at a distance of 1.5 µm from the oxide surface.    

In order to compare and calculate the difference between the simulated profiles and those obtained 

experimentally by SIMS analysis, the SIMS profiles were linearly extrapolated up to the metal/oxide 

interface. The extrapolated value of the deuterium intensity at this interface was converted to 

concentration, assuming that for the experiment at 773 K, the deuterium concentration in the oxide 

at the internal interface was equal to the initial concentration in the metal (150 mol m-3). The 

hypothesis of the deuterium concentration equality at the metal/oxide interface is supported by two 

observations based on the work of Tupin et al. [34]. First, in their work, Tupin et al. observe from SIMS 

analyses on a Zircaloy-4 oxidized 28 days in D2O at  633 K (2 wt.ppm of lithium and 1000 wt.ppm of 

boron), a hydrogen intensity in the zirconia resulting from the absorption from the metal or the 

residual hydrogen in the heavy water equivalent to the hydrogen intensity in the metal. Second, 

according to ERDA measurements, the hydrogen concentration in zirconia was determined around 2 

at. %. From our SIMS analyses, the deuterium intensity was found to be ten times lower than the 

hydrogen intensity at the metal/oxide interface, which would assume a deuterium concentration at 

the metal/oxide interface of 0.2 at. %. As a reminder, a deuterium concentration equal to 150 mol m-

3 corresponds to 0.3 at. %. Given the relation between the intensities linearly extrapolated at the 

interface obtained on the samples desorbed at 773 K during 7 days and at 723 K during 19 days, the 

deuterium concentration in the oxide (and in the metal) at the metal/oxide interface was deduced 

from the following formula :  
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%&�_)*8T� (723?) =  %&�_)*8T� (773?) YZ@,��>� Z@,����[ \    (Eq.6) 

where Z@,��>� and Z@,���� are the extrapolated intensity values at the metal/oxide interface for the 

desorption experiments at 723 and 773 K, respectively, and  %&�_)*8T� (723?) and %&�_)*8T� (773?) are the 

deuterium concentration at the metal/oxide interface at 723 and 773K. 

Finally, the deuterium concentration in the oxide was set at 80 mol m-3 for the experiment at 723 K. 

The initial deuterium profile before desorption was extended linearly in the metal until it reached the 

same deuterium concentration as for the desorbed samples, i.e. 80 mol m-3 at 723 K and 150 mol m-3 

at 773 K. 

Figure 6 describes the measured and extrapolated SIMS profiles of deuterium as a function of the 

distance from the oxide surface formed on the Zircaloy-4 samples oxidized in light primary water 

before (black crosses) and after desorption (red squares and blue triangles, respectively for 7 days at 

773 K and 19 days at 723 K). Figure 8 shows the schematic representation of the deuterium 

concentration profile, extracted from the SIMS depth profiles shown in Figure 7 before deuterium 

desorption, which has been implemented in the numerical model as initial conditions. The deuterium 

intensity peak observed in the metal for the non-desorbed sample (black crosses) corresponds to the 

presence of a hydride which precipitated during cooling. Contrarily to the situation in the metal, the 

deuterium distribution measured in the oxide is considered to be identical to the one at the experiment 

temperature. 
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Figure 7. Normalized SIMS profiles as a function of depth after 50 days oxidation in light primary 
water at 633 K and before desorption (black crosses), (a) after desorption at 773 K during 7 days (red 

squares) and (b) after desorption at 723 K during 19 days (blue triangles) of deuterium: measured 
SIMS profiles (continuous lines) and extrapolated SIMS profiles (dashed lines). 
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Figure 8. Schematic representation of the SIMS profile before desorption injected into the numerical 
model for a 1.5 µm-thick oxide layer, a 180 µm-thick metal and a saturation deuterium concentration 

dependent on the simulated experiment (%&�_)*8T� = 150 mol m-3 or 80 mol m-3 depending on the 

considered temperature). 

 

5.2 Calculations and optimization  

It is assumed here, as generally admitted, that the desorption constant (D�@8) and the deuterium 

diffusion coefficient in the oxide (��)*����
) depend on the temperature according to an Arrhenius law 

(Eq.7 and 8 respectively). 

D�@8 = D�@8� . exp 
− �TH02�� �      (Eq.7) 

��)*���� = ��)*� ���� . exp 
− �TH�]]�� �     (Eq.8) 

with D�@8�  (m s-1) and ��)*� ����
 (m2 s-1) the pre-exponential factors and ^_�@8 and ^_���� the activation 

energies of desorption and migration in the oxide respectively (J mol-1). 

The previously defined kinetic parameters are used as input data in Cast3M code.   

Coupling Cast3M with the URANIE platform makes the optimization of the values of these four kinetic 

parameters (D�@8� , ��)*� ����
, ^_�@8 and ^_����) possible. The Cast3M-URANIE coupling procedure is 

detailed in our previous paper [5]. A dot matrix with random quadruplet values with the Latin 

Hypercube Sampling methodology is generated by the URANIE sample tool. For each quadruplet of 

values and each desorption heat treatment (773 K during 7 days and 723 K during 19 days), the FE code 

(Cast3M) simulates the associated deuterium concentration profile as a function of depth. Using the 

following formula (Eq.9), the normalized squared difference between the simulated profiles and the 

experimental ones is calculated by Cast3M:  
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RRa = ∑ (cdefg$Kh(�cijk(Kh))²hlmKY∑ $cdefg(Kn)(n L ,   ∑ 
cijk(Kp)�p L\     (Eq.9) 

with RRi a partial error criterion for experiment “i”, Fsimu(xj) and Fexp(xl) the simulated concentration at 

the abscissa xj and the experimental one at abscissa xl, respectively. Subscript “i” (i ∈ {1;2}) refers to 

following experiments: {1} 773 K during 7 days, {2} 723 K during 19 days.  

A total error criterion called RESULTAT has also been defined and corresponds to the sum of the RRi. 

The ranges of investigation for each parameter are summarized in Table 3. The range of values for the 

desorption parameters were inspired by previous studies carried out at CEA. The range of values 

chosen for the diffusion coefficient of hydrogen in the oxide layer allow to cover the wide range of 

values provided by literature (from 10-21 to 10-16 m² s-1) as previously shown in Figure 1 [16,18,25,30], 

in the temperature range of interest for the present study (i.e. 723 – 773 K). 

 

Table 3. Investigation ranges of the kinetic parameters used in the numerical calculations. 

�������
 

(m2 s-1) 
ln(D�@8� ) 

^_�@8 

(kJ mol-1) 
ln(��)*� ����

) 
^_���� 

(kJ mol-1) 

10��exp Y− 35000RT \ (-25) – (-20) 30 – 50 (-18) – (-13) 150 – 180 

 

The total error criterion RESULTAT reaches a minimum for the apparent desorption kinetic constant 

(D�@8O ) and a diffusion coefficient (��)* ����
) equal to: 

D�@8O = 7x10�t� uvw 
− �x,� :y G+z{|�� � m4 mol-1 s-1    (Eq.10) 

and 

��)* ���� = 2x10�} uvw 
− t�~,t :y G+z{|�� � m2 s-1    (Eq.11) 

 

Figure 9 compares the simulated SIMS profiles with this apparent desorption kinetic constant (Eq.10) 

and this diffusion coefficient (Eq.11) with the measured and extrapolated experimental SIMS profiles. 
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Figure 9. Measured experimental (continuous lines), extrapolated experimental (dotted lines) and 
simulated (black crosses) SIMS profiles of deuterium concentration as function of depth. Simulated 
profiles are drawn using kinetics constants Eq.10 and Eq.11: (a) after desorption at 773 K during 7 

days and (b) after desorption at 723 K during 19 days. 

 

On Figure 9, the simulations (black crosses in Figure 8) describe very well the SIMS profile after 

desorption at 773 K during 7 days and slightly underestimate the SIMS profile after desorption at 723 

K during 19 days. A globally very good agreement between simulation and experimental data was 

achieved. However, as these kinetic constants was determined based on only two experiments, further 

(future) investigations would be needed to assess them more accurately.  

 

As highlighted in Figure 10, the hydrogen diffusion coefficients in the oxide extracted during this work 

at 773K and 723K (blue crosses) are in good agreement with those stemming from the works of Kunz 

[18] and Austin [16]. These latter have been deduced from tritium release experiments from a Zircaloy-

2 alloy oxidized and previously charged with tritium. On the other hand, the diffusion coefficients of 

this study are not consistent with the literature data obtained from absorption experiments (yellow 

and green circles). Many possibilities could explain this gap.  

First of all, the mechanism of the hydrogen release from the metal is not necessarily the same as the 

one occurring during the hydrogen absorption process induced by the water corrosion. The hydrogen 

diffusing species can actually be different between absorption and release processes resulting in a 

significant variation of the migration energy and the hydrogen diffusion coefficient. 

It can be also due to the modelling considered and its deficiencies. In the absorption study, Tupin et 

al. [25] simulate the hydrogen diffusion profile in the oxide layer to quantify the diffusion coefficient 

using Fick's second law without taking into account the adsorption reaction at the oxide surface. The 
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finite element model used in the present study considers in contrast the surface recombination 

reaction in addition to the diffusion process.  

 

Figure 10. Comparison of the “hydrogen” (or its isotopes) diffusion coefficients in the oxide layer 
found in the present study (blue crosses) with literature-extrapolated values (versus experimental 

method) [16,18,25,30]. 

Knowing the desorption kinetic constant and the diffusion coefficient, the deuterium desorption flux 

could be simulated. Figure 11 presents the deuterium desorption flux obtained by simulation at 773 K 

during 60 days. 

 

 

Figure 11. Simulated deuterium desorption flux at 773 K during 60 days with the kinetic constants 
expressed according to Eq.10 and Eq.11. 
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In agreement with the experimental SIMS profile in Figure 9a, Figure 11 shows that after 7 days at 773 

K, the deuterium desorption flux is in a transient state. The higher the desorption time, the higher the 

deuterium desorption flux. This latter tends towards a constant value beyond 60 days of desorption 

meaning that the steady-state is reached. In view of the simulated desorption flux during the first 7 

days, the deuterium desorbed amount is estimated to be in the order of 6 x 10-11 molD2 cm-2. 

Considering a 1 cm2 surface sample with a 0.35 mm thickness comprising an initial deuterium 

concentration of 150 mol m-3, only one thousandth percent of the initial amount is released after 7 

days of vacuum treatment at 773 K. This desorbed deuterium quantity is actually not detectable with 

the techniques used in the present study (TDS and SIMS). 

In PWRs, the operating temperature being lower (~ 573 K), the steady-state establishment will take 

longer. Moreover, in this context, the fuel cladding remains in the reactor for several months. It is 

therefore important to study the deuterium release in the long term when the steady-state should be 

reached. 

 

5.3 Analysis of the calculations   

 

5.3.1 Surface concentration at steady-state    

 

In steady state, the deuterium diffusion flux arriving at the surface is equal to the desorption rate as 

expressed in the following equation (Eq.12): 

&�)*H�]]
@)* 
%&�)*��Q − %&�_)*_2{2 | �Q *RS � =  D�@8O 
%&�_)*_2{2 | �Q *RS �>

   (Eq.12) 

equivalent to (Eq.13) 


%&�_)*_2{2 | �Q *RS �> + &�)*H�]]
:H02I  @)* %&�_)*_2{2 | �Q *RS − &�)*H�]]

:H02I  @)* %&�)*��Q = 0  (Eq.13) 

with %&�_)* ��Q , the deuterium concentration at the metal/oxide interface, %&�_)*_2{2 | �Q *RS , the steady-

state deuterium concentration at the outer interface (mol m-3) and eox the oxide thickness equal to 1.5 

µm. 

Solving this second-degree equation in deuterium surface concentration gives the unique physical 

solution for the steady state deuterium surface concentration (Eq.14): 
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   %&�_)*_2{2| �Q *RS = � ��)*H�]]
�H02I  0)* ��� ��)*H�]]

�H02I  0)*�L�x ��)*H�]]
�H02I  0)*���)*��Q>    (Eq.14) 

 

As already mentioned, the actual deuterium concentration in the oxide at the metal/oxide interface is 

not known. However, following the assumption of the equilibrium constant at the metal/oxide 

interface being equal to one, the calculated deuterium concentration in the oxide at the interface is 

the same as the one in the metal, whatever the temperature. 

Figure 12 shows the evolution of the steady-state surface concentration of deuterium versus 

temperature. 

 

Figure 12. Evolution of the steady-state surface concentration of deuterium versus temperature with 
the concentration profiles associated to the deuterium in the oxide at 400 K (in red on the left) and at 

1200 K (in black on the right), deuterium profiles for %&�)*��Q = 150 mol m-3. 

 

Three domains are evidenced in Figure 12 (central blue curve):  

1. At low temperatures, the deuterium release process is limited by diffusion through the oxide 

layer. In this case, a linear concentration gradient of deuterium is established between the 

inner to the outer interfaces and the surface concentration is low.  

2. At high temperatures, the deuterium surface recombination is the rate-limiting step. The 

concentration is then uniform and constant throughout the oxide layer and close to the 

deuterium concentration at the metal/oxide interface.  

3. For intermediate temperatures (typically in the [500; 1000] K range), the steady state surface 

concentration increases significantly with the temperature and the concentration gradient 

inside the oxide layer therefore decreases when temperature raises.  
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To summarize, the deuterium release process can be divided in three kinetic regimes as function of 

temperature: at low temperature, the rate-limiting step is the deuterium diffusion through the oxide; 

at high temperatures, deuterium surface recombination is rate-limiting and in-between a mixed kinetic 

regime prevails. These deductions from steady state analyses will be further discussed later on.  

As shown in Figure 13, gathering the experimental concentration profiles extracted from SIMS analysis 

and the simulation of the steady-state concentration profile, it is clear that the steady-state has not 

been reached at the end of the 7-days desorption experiment at 773 K : the deuterium surface 

concentration is much lower than the calculated steady-state concentration.   

 

Figure 13. Comparison between measured (red continuous line) and extrapolated (dotted lines) 
experimental SIMS profiles of deuterium concentration as function of depth after 7 days of 

desorption at 773 K and the simulated (green squares) deuterium profile at the steady-state at 773 K. 

 

The next section is dedicated to draw the evolution of the diffusion flux and the recombination rate as 

a function of temperature and to study the predominance domain of each process in terms of kinetic 

control. 

 

5.3.2 Diffusion and surface recombination pure cases and rate-limiting regime versus 

temperature  

 

Using the optimized kinetic constants of desorption and diffusion of deuterium in the oxide layer, the 

flux can be calculated for: 
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� a surface recombination pure case from (Eq.15): 

φNL = D�@8O 
%&�_)* | �Q *RS �>
      (Eq.15) 

where %&�_)* | �Q *RS is equal to 150 mol m-3 because there is no concentration gradient of deuterium in 

the oxide in a surface recombination pure case. 

� a diffusion pure case according to (Eq.16): 

φNL���� = &�)*H�]]
@)* 
%&�)*��Q − %&�_)* | �Q *RS �     (Eq.16) 

with %&�_)* | �Q *RS  equals 0 mol m-3 and %&�)*��Q  equals 150 mol m-3. 

Figure 14 shows the temperature domains where the desorption flux according to the expressions of D�@8O  and ��)*����
 determined previously is limited either by the deuterium diffusion in the oxide or by 

the surface recombination of deuterium into dideuterium. The deuterium desorption flux in steady-

state and in transient state after 7 days at 773 K and 19 days at 723 K are compared. 

 

 

Figure 14. Desorption fluxes evolution as a function of temperature, considering diffusion as a 
limiting step (red circles) or the surface recombination reaction (black triangles), taken individually 

from the kinetic constants determined previously (Eq.10 and Eq.11) and the desorption flux in 
steady-state (blue dotted line) and in transient state (black crosses). 
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For relatively low temperatures, below 600 K, the deuterium desorption rate is controlled by hydrogen 

diffusion in the oxide layer. Above 1000 K, the surface recombination of the deuterium becomes 

limiting provided the oxide layer still exists. In the temperature range studied, i.e. between 600 K and 

1000 K, the desorption rate is determined by an interface-diffusion mixed kinetic regime. In steady-

state, the desorption flux of deuterium tends towards a diffusion limiting step at low temperature and 

towards a surface recombination limiting step at high temperature. 

In the temperature range investigated during this study (723 K – 773 K), there are both a significant 

concentration gradient in the oxide and a significant hydrogen surface concentration: around 10 – 20 

mol m-3 (see Figure 9) in consistency with a mixed kinetic regime. In addition, as expected, the 

desorption fluxes assessed by simulations for these two experiments (19 days_723 K – 7 days_773 K) 

are much lower (black crosses) than the steady-state fluxes (blue dotted line).  

From the desorption fluxes, the amount deuterium desorbed can be estimated. 

 

5.3.3 Assessment of deuterium amount desorbed in the long term    

 

By integrating the desorption flux with the optimized kinetic constants, the desorbed deuterium 

amount can be assessed for a 500-days (period of one PWR cycle approximately) exposure time at 573 

K, the average in-vessel temperature. The deuterium concentration profile in the oxide layer after such 

exposure conditions can be simulated as shown on the Figure 15. 

 

 

Figure 15. Simulated deuterium concentration profile as function of depth, obtained with the kinetic 
constants expressed according to Eq.10 and Eq.11, after desorption at 573 K during 500 days. 
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Figure 14 indicates that, at such temperature, the steady state desorption flux would be in the order 

of 10-14 mol m-2 s-1. However, Figure 15 shows a diffusion profile of deuterium in zirconia representative 

of the transient state. After 500 days at 573 K, the deuterium still failed to reach the surface of the 

oxide. To tend towards the steady-state, several tens of years would be necessary. Therefore, at 573 

K, the deuterium amount released from the alloy through the 1.5 µm-thick zirconia layer is 

infinitesimal. These calculations represent an upper limit of the deuterium desorbed amounts due to 

the assumption of the concentration equality in the metal and in the oxide (which is likely less than 

that in the metal at lower temperature) at the metal/oxide interface. In addition, under operating PWR 

conditions, the hydrogen absorption process during the water corrosion cannot be neglected, unlike 

under vacuum. The corresponding hydrogen flux through the oxide is opposed to the deuterium or 

tritium release from the alloy, which may have an impact on the desorption rate. Moreover, the 

presence of water molecules adsorbed at the oxide surface may modify the desorption mechanism. 

Finally, the oxide layer of few nanometers at the beginning grows progressively until it reaches a 

thickness of 1.8 µm in the pre-transient regime. Beyond this thickness, in post-transient regime, the 

oxide layer will continue to grow, forming a porous zirconia sub-layer on the surface, which will 

probably be more permeable to hydrogen. 

 

6 Conclusion 

 

The effect of the presence of a 1.5 µm-thick oxide layer formed during 50 days in light primary water 

at 633 K and 188 bars on the deuterium desorption from Zircaloy-4 was evaluated through SIMS 

analysis and by using modelling programed with FE Cast3M code and URANIE optimization tool. Two 

heat treatments were carried out in vacuum during 7 days at 773 K and during 19 days at 723 K. The 

results of these researches are consistent with the following conclusions: 

1. During the oxidation of the samples, the deuterium present in the metal did not diffuse 

through the oxide layer. 

2. During both studied heat treatments, a concentration gradient of deuterium in the oxide layer 

appears, revealing the deuterium transport from the metal into the oxide and its diffusion in 

the oxide towards the external interface. However, during these two isotherms, the deuterium 

did not desorb in a significant and measurable way. 

3. No marked dissolution of the oxide layer formed in light primary water was evidenced after 7 

days at 773 K and 19 days at 723 K under vacuum. 
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4. The kinetic constant D′�@8 of the surface recombination step and the deuterium diffusion 

coefficient  ��)* ����
 in the oxide layer are expressed as follows: 

D′�@8 = 7x10�t� uvw 
− �x,� :y G+z{|�� � m4 mol-1 s-1     (Eq.10) 

��)* ���� = 2x10�} uvw 
− t�~,t :y G+z{|�� � m2 s-1    (Eq.11) 

5. The deuterium desorption from an oxidized zirconium alloy is rate-limited by a mixed regime 

of surface recombination and diffusion in the oxide for a temperature range between 600 K 

and 1000 K. At lower temperature, the desorption rate is controlled by the deuterium diffusion 

in the oxide whereas at high temperature the surface recombination step prevails. 
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