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1 Abstract 

 

This study aims at identifying and quantifying the rate-limiting steps of the hydrogen desorption 

process from unoxidized M5Framatome alloy. Gaseous deuterium charging, Thermal Desorption 

Spectrometry (TDS), Differential Scanning Calorimetry (DSC) and finite elements simulations of TDS 

results reveal that hydrogen desorption kinetics from the metal is limited by the surface molecular 

recombination (similarly to Zircaloy-4) and that part of the hydrogen originated from the elaboration 

process of M5Framatome and Zr-2.5%Nb is trapped by the Nb-rich precipitates. In the studied 

conditions and regarding M5Framatome, the desorption flux corresponding to this initially trapped 

hydrogen reaches its maximum after the total dissolution of the precipitates, which releases 

hydrogen into solid solution. The kinetic constant corresponding to surface recombination identified 

on M5Framatome was identical to the one previously determined on Zircaloy-4. 
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2 Introduction 

 

Zirconium-based alloys are widely used as nuclear fuel rod cladding material in pressurized water 

reactor (PWR) owing to their low capture cross section of thermal neutrons and good mechanical 

properties. Among them, M5Framatome alloy (Zr-1%Nb) developed and licensed by Framatome (so-

called M5 here-after) proved to have a better corrosion resistance and a much lower hydrogen 

uptake than Zircaloys alloys under normal operating conditions in PWRs [1,2].  

The hydrogen contained within the claddings has three possible origins: (i) elaboration process, (ii) 

corrosion in primary water, both dealing with protium species, and finally (iii) ternary fission products 

as tritium species. During the elaboration process, a small hydrogen amount is absorbed into the 

metal leading to an initial hydrogen concentration of around 0.0025 wt.% [3]. Under normal 

operating conditions in PWRs, the external surface of zirconium alloy fuel cladding is exposed to 

primary water and continuously oxidized, process during which the cladding absorbs a fraction of the 

hydrogen atoms produced by water reduction [4,5].  This fraction is itself partitioned between the 

metal and the oxide layer, in different proportions according to the affinity and transport properties 

of hydrogen in each solid phase (in terms of solubility and diffusivity). In the fuel rod, ternary fission 

occurring within the uranium oxide fuel leads to the formation of tritium, part of which can then be 

absorbed and potentially diffuse through the cladding. During drying, transport, reprocessing or 

storage of used nuclear fuels, hydrogen and tritium may desorb from the cladding, which implies 

safety concerns. A closer understanding of hydrogen/tritium transport phenomena is a keystone for 

a better estimation of hydrogen/tritium potential release. 

 

As already exposed in reference [6], the hydrogen release from the alloy can be decomposed into 

five elementary steps: 

1. Hydrogen diffusion via interstitial sites through the alloy towards the metal/oxide interface 

[7]; 

2. Integration into the oxide lattice by crossing the metal/oxide interface;  

3. Diffusion through the oxide towards the subsurface; 

4. Passing from subsurface sites to surface sites as adsorbed species; 

5. Final recombination into dihydrogen molecules and desorption from the oxide surface.    

 

In previous studies [6,8], we studied the hydrogen desorption from a Zircaloy-4 (referred to as Zy4 

thereafter) sheet. The only source of hydrogen considered in that case was internal hydrogen coming 
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from the material elaboration process. We showed that hydrogen desorption kinetics from the 

unoxidized alloy was limited by its molecular recombination reaction on the surface. By coupling 

modelling programmed by finite elements (FE) with Cast3M code [9] and URANIE optimization tool 

[10], we quantified the desorption rate constant k’des with an activation energy and a pre-exponential 

factor equal to 290 ± 10 kJ mol-1 and 3 x 107 m4 mol-1 s-1 respectively. The use of Zy4 in PWRs is 

decreasing as more advanced alloys are supplanting it. It is therefore crucial to study also the release 

process of hydrogen and tritium from more recent cladding materials such as M5 alloy.  

 

Zy4 and M5 have both an α-Zr hexagonal compact structure. The diffusion coefficients of hydrogen in 

these alloys are very close as for other pure α-structured zirconium alloys [11–20]. The major 

differences between Zy4 and M5 lay in their global chemical composition and their Secondary Phase 

Particles (SPPs) nature and distribution. Most alloying elements included in zirconium alloys have 

indeed a low solubility in α-Zr (hcp) matrix [21]. Alloying elements in Zy4 are mainly tin, iron and 

chromium , the last two forming inter and intra-granular Laves phases, Zr(Fe,Cr)2 [22,23]. The M5 

alloy contains mainly 1 wt.% of niobium instead of tin. Two types of precipitates in this alloy are 

observed Laves phases Zr(Nb,Fe)2 and β-(Zr,Nb) precipitates, the latter containing about 85 wt.% of 

niobium [24].  

The potential role of such SPPs in hydrogen transport (diffusion and trapping) in the alloy may be 

questioned. Following Density Functional theory simulations by Burr et al. [25,26], the intermetallic 

precipitates ZrFe2 and ZrCr2 are not able to trap hydrogen whereas, niobium-containing precipitates 

such as ZrNb2 would. Calculated solution enthalpy for an interstitial hydrogen atom in β-Nb was 

similar to that in α-Zr. The niobium-rich precipitates could thus modify the hydrogen distribution, 

transport or desorption kinetics. The main investigation technique used to monitor hydrogen 

desorption is Thermal Desorption Spectrometry (TDS) [6,8,27,28], for which a temperature ramp is 

applied to the specimen, typically between 293 and 1273 K. In this temperature range, many phase 

transformations may occur (starting with the α/β phase transformation) that could interfere with 

hydrogen desorption and affect the signal analysis.  

Differential Scanning Calorimetry (DSC) studies were carried out by Toffolon [29,30] in order to 

investigate the phase transformation kinetics of SPPs for both alloys. The heating rate was 5 K min-1 

and revealed that the SPPs dissolution occurred at lower temperature for the zirconium-niobium 

alloys (about  923 – 973 K for M5 alloy [29]  and between 873 K and 1033 K for quaternary alloys Zr-

Nb-Sn-Fe [30]) than for Zy4 alloy (around 1073 K [30]). Using also DSC experiments, Forgeron et al. 

[31] showed that the allotropic transformation from α-Zr (hcp) to β-Zr (bcc) phase happened at 

higher temperature (1023 K and 1083 K for M5 and Zy4, respectively) at the thermodynamic 

equilibrium. 
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This study is aimed at identifying the rate limiting step of the hydrogen desorption kinetics from 

unoxidized M5 specimens, quantifying the desorption rate constant and studying the SPPs influence 

on the hydrogen desorption. To reach these goals, the TDS technique was extensively used to 

measure hydrogen desorption kinetics. It was associated with High Sensitivity Differential Scanning 

Calorimetry measures (HS-DSC). HS-DSC study enabled to determine the various microstructural 

evolutions during a temperature ramp typical of a TDS analysis. Finite elements using the Cast3M 

code [6,9] coupled with URANIE optimization tool [10] were used to analyze these data and extract 

the most probable values for the different kinetic constants involved in the hydrogen desorption 

rate-limiting step. Ultimately, the desorption processes between M5 and Zy4 are compared and 

discussed. In order to investigate the potential difference in the desorption process of the hydrogen 

originated from the elaboration process and the hydrogen absorbed after the elaboration, two 

different kinds of specimens were used: uncharged samples and deuterium charged samples. Please 

note that the results and discussion regarding the deuterium charged specimens are presented only 

in section 4.6. The other following sections refer to uncharged specimens containing hydrogen that 

originated from the elaboration process exclusively. 

 

3 Experimental Procedure 

 

3.1 Material and specimen preparation  

 

0.45 mm-thick sheets of recrystallized M5 and Zr-2.5Nb alloys were used. They were supplied by 

Framatome and ATITM, respectively. The chemical composition of the alloys used in this study is given 

in Table 1. For the M5 alloy, the hydrogen concentration was measured by the inert-gas melting 

extraction technique (using thermal conductivity in a Galileo G8, Bruker GmbH) on a set of 10 

specimens. The average initial concentration was about 104 ± 20 mol m-3. Before TDS experiments, 

the specimens (1 cm²) were ground with SiC paper and submitted to a final polishing with ¼ µm 

diamond paste. The final sample thickness was around 0.35 mm. Specimens were rinsed in deionized 

water then cleaned in acetone-ethanol solution and dried in air. 

 

Table 1. Chemical composition of the M5 and Zr-2.5%Nb alloys used in the present study. 

Alloying elements Nb wt.% O wtppm Fe wtppm H wtppm Zr 

M5 1 1400 400 13 – 19 Bal. 

Zr-2.5%Nb 2.5 1100 1200 10 Bal. 
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3.2 Thermal Desorption Spectrometry 

 

The desorption kinetics of hydrogen was measured by Thermal Desorption Spectrometry (TDS). TDS 

set-up used in this study, developed at CEA, is made of a quartz tube under vacuum (10-6 – 10-7 mbar) 

wherein the specimen is inserted, surrounded by a cylindrical furnace and coupled to a quadrupole 

mass spectrometer (Transpector 100-M INFICONTM). By imposing a temperature ramp up to 1273 K, 

the specimen is heated up. Desorbed species are then ionized, separated, detected and counted by 

the mass spectrometer. Hydrogen species are quantified thanks to the H2 calibration previously 

realized. The hydrogen amount desorbed from the specimen during the TDS experiment was 

estimated by integrating the calibrated signal as a function of time during the experiment. 

 

3.3 High sensitivity calorimetry 

 

Calorimetry experiments were carried out using a Setaram Multi HTC high-temperature high-

sensitivity calorimeter in order to follow the phase transition during the heating. This technique 

measures a heat flow between a sample and an inert reference during a thermal cycle. Experiments 

were conducted under inert gas (pure argon or helium) at a heating rate of 10 K min-1. 

Microstructural changes such as the allotropic phases transformaOons (α→β), and the phenomena of 

secondary phases precipitation/dissolution (intermetallic, β-Nb precipitates) undergone by the 

sample during this cycle were deduced from the obtained data. 

 

3.4 Gaseous deuterium charging 

 

For gaseous deuterium charging, each specimen was inserted in a quartz tube (200 mL). A heat 

treatment at 873 K during 1 h under vacuum (10-4 mbar) was first carried out in order to dissolve the 

native oxide layer. Deuterium gas was then injected into the tube at room temperature in amounts 

corresponding to – once absorbed – 50 wtppm equivalent hydrogen in the alloy (i.e. 100 wtppm of 

deuterium). Deuterium charging lasted 1 h at 873 K. During subsequent cooling, deuterium 

precipitates as zirconium hydrides (deuterides) [16,32–34]. According to Kearns’ investigations on 

hydride dissolution in Zy4 [35], for such a hydrogen concentration, the formed hydrides will dissolve 

quickly and at relatively low temperature (below 573 K) during the TDS temperature ramp. 
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4 Results and discussion 

 

4.1 Thermal desorption spectrometry experiments 

 

Figure 1 compares the hydrogen desorption flux obtained on M5 specimens and Zy4 samples [6,8] 

for two temperature ramp rates, 10 K min-1 and 7 K min-1, respectively. The temperature for TDS 

experiments varies in the range from 293 K to 1273 K.  

 

 

Fig. 1. Comparison of the H2 fluxes measured by TDS during a temperature ramp at: (a – b) 10 K min-1 

and (c – d) 7 K min-1 on two as-prepared M5 samples (red triangles and blue squares) and Zy4 alloy 

[6] (full and empty black circles). 

 

TDS curves corresponding to the experiments on M5 samples (red triangles and blue squares curves) 

show three hydrogen desorption peaks (one little peak around 650 K and a main peak around 950 K 



7 

 

with a shoulder at higher temperature). Thermograms corresponding to Zy4 samples (black circles) 

only present two peaks (one little peak around 650 K and a main peak around 950 K without any 

shoulder). This likely suggests that the first two peaks (650 K and 950 K) would result from the same 

two desorption mechanisms for both M5 and Zy4.  

Hydrogen released at around 650 K (first TDS peak) is a product of the residual water reduction 

present in the quartz device [6]. A rough estimation of the oxide layer thickness formed during the 

temperature ramp up to 773 K was obtained by integrating the first hydrogen desorption peak and 

neglecting the hydrogen absorption [6]: around 10 ± 5 nanometers. At room temperature, a native 

oxide layer (a few nanometers) forms on the surface of zirconium alloys owing to the high affinity of 

zirconium for oxygen and its low redox potential [11,36,37]. This thin oxide layer may block or reduce 

hydrogen release from the alloy, by acting as a diffusion barrier [38]. During TDS experiments, at 

temperatures around 750 K the specimens are consequently covered by an oxide layer of 

approximately 20 nm (native oxide plus oxide formed during experiment), which eventually turns out 

to dissolve into the alloy when temperature rises [6]. This oxide layer dissolution during the TDS 

temperature ramp was evaluated by simulation of oxygen diffusion in the M5 alloy and is presented 

in section 4.2.  

For Zy4 alloy, the second desorption peak was assigned to the desorption of the hydrogen contained 

in the alloy (solid solution hydrogen), the rate limiting step of this desorption being the surface 

recombination reaction [6]. This peak was shifted towards higher temperatures in the presence of an 

oxide layer [8]. For M5 alloy, this peak was accompanied by another one: a shoulder at slightly higher 

temperature. As mentioned earlier, the first high temperature peak may correspond to the 

desorption of hydrogen in interstitial sites positions as for Zy4 alloy, but the second one has to be 

assigned to desorption from other sites, generally referred to as traps. As pointed out in the 

introduction, the main difference between M5 and Zy4 alloys lies in their precipitates. SPPs may 

indeed impact the hydrogen desorption kinetics in different ways, acting either as traps for 

hydrogen, or as “hot/cold spots” for hydrogen surface recombination, for instance. Keeping 

abovementioned assumptions concerning the desorption peak around 950 K, an hypothesis 

concerning the peak at higher temperature for M5 alloy (around 1050 K) would be that it 

corresponds to the desorption of the hydrogen initially trapped in deep trapping sites (i.e. needing 

high thermal activation to untrapp). The niobium-containing precipitates encountered in M5 alloy are 

highly probable candidates for such traps, since no equivalent signal was observed during desorption 

from Zy4 alloy. Study of these high temperature peaks constitute the main body of the following 

sections. 
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4.2 Simulation of the oxygen dissolution 

 

The objective here is to estimate the temperature corresponding to the complete dissolution of the 

20 nm-thick oxide layer and to compare it with the temperature corresponding to the onset of 

hydrogen desorption from the alloy (high temperature peaks) in order to determine the surface state 

(metallic or oxide) of the sample when hydrogen desorbs. 

Following the methodology described in our previous works [6,8], i.e. solving numerically by finite 

elements the diffusion process of oxygen in the M5 alloy matrix, taken into consideration the actual 

TDS temperature ramp as input data, the 20 nm-thick oxide layer was found to be completely 

dissolved at 833 K. This result is based on the assumption of an uniform dissolution process (see 

discussion in [6,8]). 

For M5 alloy, the two high temperature hydrogen desorption peaks appear above 900 K, after this 

theoretical total oxide layer dissolution. They are therefore both representative of hydrogen 

desorbing from the metal, without any oxide layer on the surface, which simplifies the studied 

system.  

 

4.3 Modelling of the hydrogen desorption including a contribution from the hydrogen 

trapped by SPPs 

 

Since hydrogen desorption occurs after the full theoretical oxide layer dissolution, the system can be 

considered as purely metallic and steps (2) (integration into the oxide lattice) and (3) (diffusion 

process through the oxide) described in the introduction are not relevant anymore. Therefore, the 

hydrogen that is already in interstitial solid solution follows steps (1) (diffusion process through the 

metal), (4) (transition from subsurface to surface) and (5) (recombination into molecules and 

desorption). According to our assumption, the hydrogen that is trapped in Nb-rich precipitates need 

first to detrapp from these sites into interstitial sites before following the same steps, i.e. the 

diffusion process through the metal up to desorption. The sketch in Figure 2 illustrates the new 

system in M5 alloy during TDS, for temperatures above 833 K.  
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Fig. 2. Sketch of the system considered for hydrogen desorption from the alloy at temperatures 

above 833 K, including release of hydrogen from Nb-rich precipitates into the matrix. 

 

Based on the results obtained by Wilde on titanium [39] and our previous study on Zy4 [6], step (4) 

(transition from subsurface to surface) was assumed to be much faster than step (5) (recombination 

into molecules and desorption). Step (4) is thus considered to be at equilibrium. In this case, the 

hydrogen surface coverage is assumed to be proportional to the interstitial hydrogen concentration 

at the vicinity of the surface (subsurface). The system is hereby reduced to three possible rate-

limiting steps, i.e. detrapping, diffusion or recombination. 

The hydrogen desorption model presented in [6], which includes diffusion and surface 

recombination, was updated in order to take into account hydrogen detrapping from niobium-

containing precipitates. Please note that this model is intended to represent hydrogen desorption 

kinetics but is not relevant for hydrogen absorption and particularly trapping phenomena. 

Under these hypothesis, the diffusion equation must be solved with terms for sources and sinks for 

traps, as done by McNabb and Foster considering the chemical reaction (Eq.1) and associated 

coupled equations (Eq.2) and (Eq.3) for modified diffusion (modified Fick’s second law) and 

trapping/detrapping [40]. McNabb and Foster’s set of equations is commonly used in steels [41] and 

nickel [42,43]. 

      (Eq.1) 

In Eq.1, H represents a single hydrogen atom in an interstitial site, �		����� a free trap site, and �H����� 

a trapped hydrogen atom, with 	
 and 	� the respective trapping and detrapping kinetic constants. 

This reaction deems one H atom per trap site maximum and assumes that traps are not 

interconnected (dilute system hypothesis), meaning that hydrogen in traps have to be released in the 

H � �		�����		
	�	��
��
��	�H�����	            
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matrix before interacting further. Here only one type of trap site is assumed, and hypothesis is made 

that the trap sites are initially fully occupied, meaning that the trap site occupancy fraction at initial 

time θ(t=0) equals 1. 

 

����
�� � � ��

�� = ∇��� ∙ !"#$∇%&#$'���������������(    (Eq.2) 

 

��
�� = 	
)1 − ,-&.� − 	�,     (Eq.3) 

 

In Eq.2 and Eq.3, &.� is the local interstitial hydrogen concentration (mol m-3), θ the trap site 

occupancy fraction, � the trap site density (moltrap m-3), ".�  the hydrogen diffusion coefficient in the 

alloy equal to )3.2	 ± 2.5-. 1056	exp !− :;<<<	±	=<<<
>? ( m2 s-1 [11–20], 	
 and 	� the hydrogen trapping 

and detrapping kinetic constants, respectively in m3 s-1 mol-1 and s-1. Note that in the calculations 

performed in the present work, N is kept constant whatever the temperature, meaning that all 

possible modifications such as defects annealing or else during the temperature ramp are neglected. 

It is assumed that each kinetic constant, 	
 and		�, follows an Arrhenius relationship, involving an 

activation energy (Ep and El, expressed in J mol-1) and a pre-exponential constant (	
< and 	�<).  

The hydrogen recombination and desorption process at the surface is described by the following 

reaction (Eq.4):  

       (Eq.4) 

with Hi an interstitial hydrogen atom in subsurface, Vi a free interstitial site in the hcp lattice, and H2 

a dihydrogen molecule released in vacuum. 

The hydrogen recombination and desorption rate at the surface is given by the following expression 

(Eq.5): 

    

φAB = 	CDEF %&.�'
G	 	 	 (molH2 m-2 s-1) 	 (Eq.5) 

 

where 	CDEF
 is the desorption rate constant (m4 molH2

-1 s-1). 

However, the hydrogen desorption rate computed in Cast3M code is not exactly equation (Eq.5). It is 

indeed expressed, for numerical commodity, as follows (Eq.6): 

 

φAB = HIJ
G����K�L %&.�'

G		 	 	 )molH2 m-2 s-1-	 	 (Eq.6) 

2#M		
FHIJ�NN�	#G � 2OM	
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with &.MMPM� 	the initial interstitial hydrogen concentration in the metal (mol m-3) and 	CDE a desorption 

rate constant expressed in m s-1 and linked to the 	CDEF  rate constant according to the following 

formula (Eq.7): 

	CDE = 2 × &.MMPM� × 	CDEF      (Eq.7) 

The initial interstitial hydrogen concentration in the metal &.MMPM� is also equal to the difference 

between the total initial hydrogen concentration in the metal &.�R�	(mol m-3) and the initial hydrogen 

concentration in the traps N (mol m-3). 

The desorption rate constant depends on the temperature according to the following Arrhenius law 

(Eq.8): 

	CDE = 	CDE< . exp !− STHIJ
>? (     (Eq.8) 

 

with UVCDE the activation energy for desorption (J mol-1) and 	CDE< 	a pre-exponential factor 

(m s-1). As seen previously (section 4.1), the desorption peak from hydrogen in solid solution starts at 

the same temperature for both M5 and Zy4. The same value of the pre-exponential factor 	′CDE<  

determined for Zy4 (	′CDE< = 3.107 m4 mol-1 s-1) [6] was therefore used for M5. Nevertheless, a 

potential difference between the values of the activation energy of the surface recombination rate 

UVCDE of M5 and Zy4 was taken into account. Beyond determining the value of UVCDE for M5, our 

goal is to quantify the kinetic parameters	U�, 		�< and the trap site density N associated with the 

second high temperature peak for M5 alloy. Based on TDS experimental data, a numerical 

optimization plan for the quantification of these parameters was undertaken with help of the 

URANIE software [6,10]. The kinetic parameters corresponding to the trapping were not included in 

the optimisation plan of this study mainly dedicated to detrapping and desorption. Following section 

is dedicated to the description of this work.  

 

4.4 Determination of the kinetic constants by FE methods based on TDS experimental data 

 

The desorption peaks positions and relative intensities obtained during TDS experiments depend on 

the temperature ramp rate. Such dependence on the temperature ramp have been widely used in 

TDS thermograms analysis [44–47], and provide a sufficiently large thermogram landscape to be used 

as reference data for code testing, quantification and optimization. For the present study, TDS 
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experiments were carried out on M5 samples at different heating rates, varying between 1 and 10 K 

min-1 (two samples were tested at 7 K min-1 to check reproducibility). Figure 3 shows the influence of 

the ramp rate on the hydrogen desorption flux. The third desorption peak seems to disappear for the 

slowest ramp rate but is actually present in the form of the long tail at high temperatures. 

Desorption data corresponding to the two samples tested at 7 K min-1 are relatively similar, excepted 

for the intensity of the first high temperature peak. In all thermograms presented here, the second 

peak is broader than the first one, suggesting a correspondence to a process with a lower activation 

energy. 

 

 

Fig. 3. TDS spectra obtained on M5 samples for signals corresponding to mass 2 (H2) during a 

temperature ramp of: 10 K min-1 (black curve), 7 K min-1 (green and red curves), 5 K min-1 (blue 

curve), 3 K min-1 (yellow curve) and 1 K min-1 (purple curve). For full colour quality figure, the reader 

is invited to consult the online version of the paper. 

  

These six TDS experiments were used to identify the optimized value of parameters	UVCDE,	U�, 		�< 

and N. The Cast3M-URANIE coupling procedure is detailed in our previous paper [6]. The URANIE 

sample tool generates a dot matrix with random quadruplet values with the LHS (Latin Hypercube 

Sampling) methodology. For each quadruplet of values and each temperature ramp (1 K min-1, 3 K 

min-1, 5 K min-1, 7 K min-1 and 10 K min-1), the FE code (Cast3M) simulates the associated hydrogen 

TDS thermogram. Then the normalized squared difference between the calculated data and the 

experimental ones is calculated by Cast3M using the following formula (Eq.9):   
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RRY = ∑ )[\]^_%`a'5[bc�)`a--²a
d�`e∑ %[\]^_)`f-'f

B ,			∑ ![bc�)`h-(h
Bi	

   (Eq.9) 

 

where RRi is called a partial error criterion for experiment “i”, Fsimu(xj) and Fexp(xl) are the simulated 

flux at the abscissa xj and the experimental one at abscissa xl, respectively (temperature on the x-

axis). Subscript “i” (i ∈ {1;2;3;4;5;6}) refers to following experiments: {1} for the one at 10 K min-1, {2} 

for the first one at 7 K min-1, {3} for the second one at 7 K min-1, {4} for the one at 5 K min-1, {5} for 

the one at 3 K min-1 and {6} for the one at 1 K min-1 TDS. 

Manual simulations were first carried out to restrict the investigated domain for each parameter to 

be optimized. The ranges of investigation were thereafter set as indicated in Table 2. 

 

Table 2. Parameters used in the numerical resolution with their ranges of investigation. 

θ 
DA] 

(m2 s-1) 

k
p 

(m3 mol-1 s-1) 
ln(k

l

0
) 

E
l 

(kJ mol-1) 

N 

(mol m-3) 

Ea
des 

(kJ mol-1) 

At t = 0 

θ = 1 
1056exp e− 35000

RT i 0.06	exp e− 35000
RT i 18 – 30 225 – 305 1 – 30 278 – 294 

 

URANIE sampling tool was then used to determine the minimum of the error criterion for each 

experiment. Table 3 presents the quadruplet values {UVCDE, U�, ln	)	�<-, �} corresponding to the 

minimum error criterion for each experiment. 

 

Table 3. Optimized values of the kinetic constants parameters and the total hydrogen concentration 

obtained for the six tested temperature ramp rates. 

 
10 K min-1 

(RR1) 

7 K min-1 

#1 (RR2) 

7 K min-1 

#2 (RR3) 

5 K min-1 

(RR4) 

3 K min-1 

(RR5) 

1 K min-1 

(RR6) 

Average 

and 

range 

CH
tot (mol m-3) 103 76 85 75 92 95 88 ± 15 

ln(k
l

0
) 23.1 23.7 20.8 23.7 26.6 24.5 24 ± 3 

El (kJ mol-1) 246 240 229 252 280 274 254 ± 27 

N (mol m-3) 18.9 20.2 22.5 16.0 15.4 8.8 17 ± 8 

Eades (kJ mol-1) 282 291 291 280 289 290 287 ± 7 
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For each TDS experiment, the amount of hydrogen desorbed from the specimen after reaching 850 K 

was quantified by integrating the hydrogen desorption flux as a function of time and converted into 

hydrogen homogeneous concentration C
H

tot
 according to specimen geometry. 

The final optimized detrapping kinetic constant (	�) and the activation energy of desorption (Eades) 

are equal to 2.6x10p<	exp !− G=q	±	G6	�r	dstuv
wx ( s-1 and 287 ± 7 kJ mol-1, respectively. As expected, the 

Eades value for M5 alloy is identical to the one obtained on Zy4 alloy (290 ± 10 kJ mol-1) [6]. 

The values of the kinetic constant parameters indicated in Table 3 were used to simulate the six TDS 

experiments with the FE code. For all the investigated ramp rates, Figure 4 compares the 

experimental TDS desorption data (black continuous line) with the simulated ones (red dotted line). 

This figure shows that the upgraded model used, taking into account the hydrogen detrapping 

process, representing hydrogen release from the precipitates, is able to simulate the presence of two 

peaks in the hydrogen desorption from M5 alloy, although with some difficulties in terms of shapes 

and peak positions. In particular, the poor simulation of the last hydrogen desorption peak by our 

model, especially the decreasing slope of the second peak, suggests that the trapping/detrapping 

equation may not be perfectly adapted to the real physical phenomenon representative of the 

hydrogen desorption from the precipitates. 
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Fig. 4. Comparison between simulated (red dots) and experimental (black line) H2 desorption flux 

obtained by FE calculations (Cast3M code) and TDS for different temperature ramps: (a) 10 K min-1; 

(b) 7 K min-1 - first experiment; (c) 7 K min-1 - second experiment;  (d) 5 K min-1; (e) 3 K min-1 and (f) 1 

K min-1. Parameters used for each ramp are those given in columns in Table 3. 

 

A plot of the ratio of N to CH
tot obtained by the optimisation process is presented in Figure 5. It 

indicates that this supposedly constant ratio varies with the temperature ramp rate. This is in 
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contradiction with the hypothesis stating that the trap density N (related to the density of niobium-

containing precipitates) is constant throughout the whole temperature ramp. 

 

 

Fig 5. Evolution of the N / CH
tot ratio as function as the temperature ramp rate. 

 

These discrepancies between simulations and experimental results suggest some evolution of the 

niobium-containing precipitates density during the TDS experiment. According to literature [29–31], 

at high temperatures, niobium-containing precipitates undergo a phase transformation. During this 

phase transformation process (or dissolution), a release of hydrogen into the matrix could be 

expected. Therefore, the dissolution of the precipitates could be one of the hydrogen release rate-

limiting steps. The next section is dedicated to investigating the dissolution of these precipitates and 

the α/β allotropic phase transformation by HS-DSC. 

 

4.5 Phase transformations occurring during TDS temperature ramps 

 

In link with the aforementioned precipitate-dissolution limited hydrogen desorption hypothesis, this 

section focuses on the phase transformations in M5 alloy during temperature ramps. Figure 6 shows 

the α/β allotropic phase transformation and compares the transformed fraction from βNb to βZr 

deduced by calorimetry (HS-DSC) with the TDS desorption flux of hydrogen obtained at identical 

temperature ramp rates (10 K min-1 and 3 K min-1) for both experiments. 
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Fig. 6. (a) Endothermic heat flow thermograms obtained by calorimetry on as-received M5 sample 

submitted to a 10 K min-1 (black line) and 3 K min-1 (blue line) temperature ramp. (b) Comparison 

between transformed fraction of βNb � βZr obtained by calorimetry (dashed lines, the left 

ordinates) and hydrogen desorption flux (continuous lines, right ordinates) on as-received M5 

samples submitted to a 10 K min-1 (black lines) and 3 K min-1 (blue lines) temperature ramp as 

function of temperature. Gaussian peak deconvolutions into 2 peaks of the TDS data are shown in 

dotted lines. 

 

Figure 6a reveals the SPPs dissolution occurred between 900 and 1023 K in accordance with 

Toffolon’s observations [29]. The DSC experiments also show that the allotropic transformation from 

α-Zr (hcp) to β-Zr (bcc) phase begins at 1023 K as indicated by Forgeron’s work [31]. In Figure 6b, the 

deconvolution of the TDS desorption curves into two peaks with a Gaussian shape is presented, in 

order to separate the contribution from the hydrogen initially in interstitial sites (first peak) and the 

contribution from the hydrogen initially trapped by the precipitates (second peak). The α/β allotropic 

phase transformation occurs mainly after the second hydrogen desorption peak indicating that 

hydrogen desorption is not controlled by the α/β allotropic phase transformation. It appears that the 

maximum dissolution rate lays in-between the two TDS peaks. In addition, as observed for the 

hydrogen desorption fluxes, the transformation βNb � βZr is also slightly shifted towards lower 

temperatures for a slower ramp. Table 4 indicates that the temperature corresponding to the 

desorption peak related to hydrogen initially trapped by the precipitates and the temperature 

corresponding to full β-Nb precipitates dissolution are very close for both studied temperature ramp 

rates. 

 

Table 4. Comparison between the maximum temperature of the third thermodesorption peak and 

the temperature when the transformed fraction of βNb � βZr equal to one deduced from Figure 6. 

 
Maximum temperature of the 

third thermodesorption peak 

Temperature at which the 

transformed fraction of βNb � βZr 



18 

 

equals 1 

10 K min-1 1040 K 1023 K 

3 K min-1 1010 K 1003 K 

 

To summarise, during the temperature ramp towards high temperatures, it seems that the hydrogen 

trapped by Nb-rich precipitates is released in solid solution only when these precipitates dissolve; 

hydrogen atoms are then free to diffuse in the α-Zr matrix and to desorb from the specimen after 

surface recombination into molecules. It would therefore be more relevant to implement the 

hydrogen desorption model with a kinetic law representative of precipitate dissolution, instead of a 

hydrogen detrapping law with a constant trap density. This implementation and associated 

simulations will be the subject of further work. 

 

4.6 Desorption of the hydrogen absorbed after the elaboration  

 

The results and discussion presented in the previous sections correspond to the study of uncharged 

M5 specimens, and address only desorption of the hydrogen that was taken up during the 

elaboration process. However, under normal operating conditions in PWRs, the global concentration 

of hydrogenated species increases owing to the hydrogen absorption process occurring during the 

corrosion of the cladding. The study of a potential hydrogen trapping by the precipitates after the 

elaboration as well as its impact on the hydrogen desorption kinetics is the subject of the present 

section. 

Gaseous deuterium charging was used, followed by thermal desorption experiments, to trace and 

differentiate hydrogen species absorption and trapping induced by environmental exposure from 

hydrogen species issued from the elaboration process. 

In addition to M5, a Zr-2.5%Nb alloy, which present higher volumic fraction of niobium-containing 

precipitates, was studied. These alloys contained initially a metastable phase enriched in niobium. To 

obtain an α-Zr microstructure, a thermal aging of 5000 h in the α phase temperature domain (at 843 

K and 798 K for Zr-2.5%Nb and M5 alloys respectively) was carried out. The obtained microstructures 

were detailed in Toffolon's thesis [48]. During thermal aging, almost all of the hydrogen initially 

present in the alloys desorbed: the final hydrogen concentrations, measured by the inert-gas melting 

extraction technique, were around 4 ± 1 wtppm for both alloys. 

As described in section 3.4, gaseous deuterium charging was carried out at 873 K during 1 h on the 

two alloys in order to reach a deuterium concentration of around 50 wtppm equivalent H (i.e. 100 
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wtppm of D). Figure 7 compares the desorption flux of the different hydrogen species (H2, HD and D2) 

obtained on M5 and Zr-2.5%Nb samples (after thermal aging and gaseous deuterium charging). 

These TDS experiments were conducted from 293 K up to 1273 K with a 10 K min-1 temperature ramp 

rate.  

 

 

Fig. 7. Hydrogen and deuterium desorption flux comparison between Zr-2.5%Nb (blue diamonds) and 

M5 (red squares) after thermal aging followed by gaseous deuterium charging: (a) H2 flux, (b) HD flux 

and (c) D2 flux. 

 

As expected, Figure 7 shows that, for both alloys, the main desorption flux corresponds to the D2 

form. The maximum D2 desorption fluxes take place at the same temperature for M5 and Zr-2.5%Nb, 

i.e. around 1000 K. Unlike deuterium atoms, voluntarily introduced by gaseous charging, the 

hydrogen (1H) atoms come from elaboration process. Basically, D2 signal gives therefore indication on 

desorption of species introduced as tracer of environmental uptake, whereas H2 signal provides 

information on hydrogen introduced in the alloy during its elaboration. HD signal is a mixture of both.  
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Two hydrogen desorption peaks in H2 form are observed in Figure 7a, as found earlier: the first 

hydrogen desorption peak corresponds to the hydrogen in solid solution and the second peak to 

hydrogen trapped by the precipitates during elaboration. The HD desorption flux in Figure 7b shows 

one main peak with a slight shoulder around 1100 K. Only one D2 desorption peak is present in TDS 

thermogram shown in Figure 7c. These observations were the same for both alloys and suggest that 

during the gaseous charging at 873 K, the deuterium is barely trapped by the precipitates and 

remains almost exclusively in solid solution.  

The trapping of hydrogen by the precipitates clearly takes place during the material elaboration 

process. No contribution associated with a potential deuterium trapping is observed although 

charging was performed at 873 K, which suggests a very difficult trapping (high energetic barrier for 

hydrogen in the α-Zr matrix to enter the Nb-containing precipitates). This observation is consistent 

with some ab-initio calculations performed for steels containing carbides showing very difficult entry 

of hydrogen into secondary phases [49]. The trapping kinetic constant associated with the interaction 

of H and the Nb-containing precipitates in M5 was not determined in the present work. Hydrogen 

detrapping from the precipitates appears to require also a high energy since hydrogen is mainly 

released when the precipitates dissolve. 

The hydrogen species contained in the nuclear fuel claddings mainly comes from the water reduction 

occurring during corrosion under normal operating conditions and for a very little part from the 

ternary fission within the uranium oxide fuel. The obtained results indicate that they should not be 

significantly trapped by the niobium-containing precipitates and should stay in solid solution in the 

matrix (in the laboratory time scales at least) or precipitate as hydrides. Consequently, the hydrogen 

trapping by the niobium-containing precipitates has not to be taken into account in the desorption 

process of the hydrogen absorbed during operation. In the unoxidized state, the desorption kinetics 

of the hydrogen absorbed by M5 during is identical to the Zy-4 one and is limited by the surface 

recombination step. 

The modelling of the total trapping / detrapping process from the material elaboration to its use in a 

reactor will be the subject of future studies as well as the interpretations of this trapping /detrapping 

process during storage or transport of spent fuel. 

 

5 Conclusion 

 

The hydrogen desorption process from unoxidized M5 and Zr-2.5%Nb alloy has been investigated by 

thermal desorption spectrometry experiments, high sensitivity differential scanning calorimetry and 



21 

 

by using FE modelling programmed with Cast3M code and URANIE optimization tool. The results of 

these researches are consistent with the following conclusions: 

1. Similarly to Zy4, the desorption kinetics of the hydrogen in interstitial solid solution in 

unoxidized M5 is limited by the surface recombination reaction 2Hads � H2. 

2. The kinetic constant 	′CDE of the surface recombination step is identical to the Zy4 one and is 

expressed as follows (Eq.10) 

	′CDE = 3	x	106	exp !− G.y<	`	p<z	{	|R�uv
wx ( (m4 mol-1 s-1)  (Eq.10) 

 

3. During the elaboration process of M5 and Zr-2.5%Nb, the niobium-containing precipitates 

trap a part of the hydrogen contained in the alloys. In the studied conditions and regarding 

M5, the desorption flux corresponding to this initially trapped hydrogen reaches its 

maximum after the total dissolution of the precipitates, which releases hydrogen into solid 

solution, indicating a high activation energy for detrapping. 

4. During a gaseous deuterium charging of M5 and Zr-2.5%Nb carried out at 873 K up to 100 

wtppm, the precipitates did not trap the deuterium, indicating a high activation energy for 

trapping and suggesting that the hydrogen that is absorbed by the nuclear fuel cladding 

during normal operating conditions should not be trapped by the precipitates. 
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left ordinates) and hydrogen desorption flux (continuous lines, right ordinates) on as-received M5 

samples submitted to a 10 K min-1 (black lines) and 3 K min-1 (blue lines) temperature ramp as function 

of temperature. Gaussian peak deconvolutions into 2 peaks of the TDS data are shown in dotted lines. 

 




