
HAL Id: hal-03920111
https://hal.science/hal-03920111

Submitted on 3 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Hydrogen retention in ITER’s Diagnostic First Wall
submitted to cyclic thermomechanical loadings

Shihao Bian, Jonathan Mougenot, Yann Charles, Xavier Bonnin, Tom
Wauters, Richard Pitts

To cite this version:
Shihao Bian, Jonathan Mougenot, Yann Charles, Xavier Bonnin, Tom Wauters, et al.. Hydrogen
retention in ITER’s Diagnostic First Wall submitted to cyclic thermomechanical loadings. Procedia
Structural Integrity, 2022, 42, pp.172-179. �10.1016/j.prostr.2022.12.021�. �hal-03920111�

https://hal.science/hal-03920111
https://hal.archives-ouvertes.fr


 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2019) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of 23 European Conference on Fracture - ECF23  

23 European Conference on Fracture - ECF23 

Hydrogen retention in ITER’s Diagnostic First Wall submitted to 
cyclic thermomechanical loadings 

Shihao Biana*, Jonathan Mougenota, Yann Charlesa, Xavier Bonninb, Tom Wautersb, 
Richard Pittsb 

aUniversité Sorbonne Paris Nord, Laboratoire des Sciences des Procédés et des Matériaux, LSPM, CNRS, UPR  3407, F‐93430, Villetaneuse, 
France 

bITER Organization, Route de Vinon-sur-Verdon, CS 90046, 13067, St. Paul Lez Durance Cedex, France 

Abstract 

A simplified ITER’s Diagnostic First Wall is modelled in Abaqus Finite Element software to evaluate hydrogen retention after 
cyclic plasma exposure, and especially, the impact of mechanical fields. Using several User Subroutines, a strongly coupled chemo-
thermo-mechanical problem is set and solved. Hydrogen field results with or without mechanical fields are compared, during the 
different loading phases, leading to the conclusion that, for this simplified problem, mechanical fields have no important impact on 
hydrogen retention. 
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1. Introduction 

ITER (International Thermonuclear Experimental Reactor) is an international nuclear fusion research and 
engineering project aimed at replicating the fusion processes of the Sun to produce energy on Earth. The largest 
nuclear fusion reactor in the world, the ITER tokamak, is under construction.  

ITER’s Diagnostic First Wall (DFW) structure (Loesser et al., 2017) is composed of structural elements intended 
to support plasma diagnostic devices and protective panels of the vacuum chamber. These are made of 316L steel, 
and are subjected to cycles of both heat and particle fluxes (including tritium, a radioactive isotope of hydrogen). 
These particles may diffuse in the structure and get trapped by material defects (vacancies, dislocations, ...), assisted 
by thermo-mechanical fields. 

 

Fig. 1. (a) ITER DFW location (reproduced from (Loesser et al., 2017)); (b) DFW (reproduced from (Giacomin et al., 2015)) 

Estimating the amount of tritium contained in DFW is mandatory for safety issues and component reliability (e.g., 
to avoid any Hydrogen Embrittlement-related phenomenon), especially to assess tritium permeation fluxes towards 
the DFW’s cooling pipes, linked to a pollution risk. 

If several thermomechanical studies have been performed on this component (Khodak et al., 2017; Smith et al., 
2017), to the authors’ knowledge, no analysis has yet been provided related to tritium diffusion and trapping in the 
DFW, with or without accounting for thermal and mechanical fields (Benannoune et al., 2020). 

The aim of this study is to model, in Abaqus Finite Element software, tritium transport through a very simplified 
DFW model, submitted to cycling loadings. 

First, the DFW model and the constitutive equations are presented, as well as the modelling strategy. Results are 
then shown and commented. 
 
Nomenclature 

𝐶!  diffusive hydrogen concentration  𝐴 elastic limit 
𝐶" trapped hydrogen concentration  𝐵 hardening constant 
𝑁!   interstitial sites density 𝐶 strain rate constant 
𝑁" trap density 𝑛 hardening exponent   
𝜃!  interstitial site occupancy 𝑚 thermal softening exponent 
𝜃"  trap site occupancy 𝜀#  equivalent plastic strain 
𝜌 density 𝜎$ yield stress 
𝐶# specific heat 𝑇%&&'  room temperature 
𝑇 temperature 𝑇()*+ melting temperature 

 

 

(a) (b) 
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!
The ITER Diagnostic Division is responsible for 

designing and procuring the First Wall Blankets that 
are mounted on the vacuum vessel port plugs at both 
the upper and equatorial levels  This paper will discuss 
the effects of the diagnostic aperture shape and 
configuration on the coolant circuit design.  The DFW 
design is driven in large part by the need to conform the 
coolant arrangement to a wide variety of diagnostic 
apertures combined with the more severe heating 
conditions at the surface facing the plasma, the first 
wall.  At the first wall, a radiant heat flux of 35W/cm2 

combines with approximate peak volumetric heating 
rates of 8W/cm3 (equatorial ports) and 5W/cm3 (upper 
ports).   Here at the FW, a fast thermal response is 
desirable and leads to a thin element between the heat 
flux and coolant.  This requirement is opposed by the 
wish for a thicker FW element to accommodate surface 
erosion and other off-normal plasma events.   
 
I. INTRODUCTION 
 

ITER upper ports and equatorial ports contain 
structures largely dedicated to the support and 
positioning of diagnostics elements, posed to view or 
interact with the plasma.  It is anticipated that additional 
elements such as the glow discharge probes (GDC) and 
disruption mitigation systems (DMS) will also be 
housed in these structures. On the plasma end of these 
port plugs (PP) structures are mounted DFW 
components whose function and responsibilities are to 
protect the diagnostics elements housed in the port plug 
structure from volumetric and radiant plasma heating 
and provide radiation shielding while providing plasma 
viewing access for the diagnostic operation.   Interfaces 
between these items are complicated by ownership.  
The DFW components are being supplied by ITER 
directly while the interfacing components are being 
supplied by the domestic agencies (DA).  With the 
many diagnostics systems housed in the fourteen upper 
port plugs (UPP) and eight equatorial port plugs (EPP) 
there are numerous variations of configurations and 
apertures.  Each DFW may contain a unique set of 
apertures and cavities to provide an acceptable 
diagnostic environment and view of the ITER plasma 
conditions. 
 
II. GENERAL REQUIREMENTS 
 

The goal of the DFW design is summed up in the 
following statement: “Provide a design that allows 
versatility in diagnostic size and configuration while 
maximizing diagnostic access to the plasma and 

protecting the diagnostics from plasma heat loads.  This 
design must provide adequate nuclear shielding for port 
cell, vacuum vessel and magnets (with combined efforts 
of diagnostic shielding module (DSM) and port 
structure).  The attachment of the DFW must allow for 
remote handling replacement in the hot-cell.”   

 

!
Figure 1 Diagnostic Port Plug locations on ITER, 
equatorial and upper port plugs, circled in red. 

Many other ITER component requirements exist as well 
as design guidance.  Requirements or guidance that 
have a more profound effect on the design choices are 
noted, the foremost being the radial position of the 
DFW.   The design of the port plug positions the DFW 
surface recess 10cm compared to the wall mounted 
blanket shielding modules.  
 

 
Figure 2 Elevation section of UPP recess verse wall 
mounted blankets 

This set back is discussed in detail in “Port-Based 
Plasma Diagnostic Infrastructure on ITER”, C. S. 
Pitcher (Ref 1).  Despite this radial set-back (that 
protects the DFW from plasma interaction) uncertainty 
remains for “off-normal” plasma events that may 
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𝜆 thermal conductivity 𝑅#  particle implantation depth 
𝜺,-  thermal strain tensor 𝜑.'#  implantation flux of hydrogen 
𝛼	 thermal expansion coefficient  𝐷!  hydrogen diffusion coefficient  
𝑰 identity tensor 𝐶!/ hydrogen boundary condition 

2. Constitutive equations 

Several physical phenomena are involved in the problem resolution: hydrogen transport and trapping, mechanical 
behavior, and heat transfer, all being coupled. In the following, hydrogen is considered instead of tritium. 

2.1. Hydrogen transport 

It is assumed that the total hydrogen concentration can be split into a diffusive part, 𝐶!, and a trapped one, 𝐶". If 
several kinds of traps are involved, 𝐶" = ∑ 𝐶",.. , 𝑖 being the trap kind number. These concentrations are related to 
trap densities 𝑁",. (or interstitial site density 𝑁!) by the occupancy 𝜃",. ∈ [0,1] (denoted 𝜃! for diffusive hydrogen): 

⎩
⎨

⎧
𝐶! = 𝑁!𝜃!

𝐶" =@𝐶",.
.

=@𝑁",.𝜃",.
.

	 (1)	

Coupling mechanically-assisted hydrogen flux 𝜑!	(based on Fick's law) (Bockris et al., 1971; Li et al., 1966) and 
mass conservation yields the diffusion and trapping equation (Sofronis and McMeeking, 1989) 

𝜕𝐶!
𝜕𝑡

+%
𝜕𝐶𝑇,𝑖
𝜕𝑡

"

= 𝜵. )𝐷!𝜵𝐶! + 𝐷!𝐶!
𝑉#
𝑅𝑇

𝜵𝑃#/	 (2)	

where 𝑅 is the ideal gas constant, 𝑇 the absolute temperature, 𝐷! the hydrogen diffusion coefficient, and 𝑉3 the partial 
molar volume of hydrogen. 𝑃3 = −1/3	tr(𝝈) is the hydrostatic stress, where σ is the stress tensor. The temporal 
evolution of the trapped hydrogen concentration (for each trap) can be computed using the so-called McNabb and 
Foster equation(McNabb and Foster, 1963), for 𝐶! ≪ 𝑁! (or 𝜃! ≪ 1) 

𝜕𝐶$,"
𝜕𝑡

=
𝑘"
𝑁!
𝐶!2𝑁$," − 𝐶$,"4 − 𝑝"𝐶$," 	 (3)	

where p4 and 𝑘. 	are the detrapping and trapping reaction rates.  

2.2. Heat transfer 

The heat transfer equation is 

𝜌𝐶#
𝜕𝑇
𝜕𝑡 = 𝜵. (𝜆𝜵𝑇)	 (4)	

where 𝜌 is the density, 𝐶# the specific heat and 𝜆 the thermal conductivity. Any temperature variation induces a 
thermal expansion tensor such as 
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𝜺,- = 𝛼(𝑇 − 𝑇.5.,)𝑰	 (5)	

where 𝑇.5., is the initial temperature, and 𝑰 is the identity tensor. 

2.3. Mechanical behavior 

Isotropic thermo-elasticity is considered, based on Young modulus 𝐸 and Poisson ratio 𝜈. Isotropic hardening is 
assumed, based on a Johnson-Cook law (G. R. Johnson and Cook, 1983) 

𝜎$ = T𝐴 + 𝐵𝜀#5V W1 − X
𝑇 − 𝑇%&&'

𝑇'67, − 𝑇%&&'
Y
'

Z	 (6)	

where 𝜎$ represents the yield stress and 𝜀# the equivalent plastic strain. 𝑇%&&' and 𝑇'67, represent respectively the 
room and melting temperatures (assumed to be equal to 300 and 1356 K respectively). Last, 𝐴, 𝐵, 𝑛 and 𝑚 are 
material parameters. 

2.4. Material parameters 

All parameters are extracted from literature. 𝑁! and 𝐷! can be found in (Penzhorn et al., 2012). One trap has been 
considered, with a trapping energy equal to 0.7 eV (Guillermain, 2016), and a density such that log𝑁" = 25.26 −
2.33𝑒89.9;! site/m3 (adapted from (Kumnick and H. H. Johnson, 1980) to account for an initial dislocation density 
equal to 1012-1014 m/m3). Heat transfer parameters have been taken from (Umbrello et al., 2007), with an temperature-
independent expansion coefficient (Sayman et al., 2009). Last, thermomechanical parameters have been extracted 
from (Chandrasekaran et al., 2005; Umbrello et al., 2007). 

 

Fig. 2  Implementation scheme of a strongly coupled thermo-chemo-mechanical problem in Abaqus software. 

3. Implementation 

The chemo-thermo-mechanical system described in the three paragraphs is resolved in a fully coupled way (strong 
coupling) using the Abaqus Finite Element software (Simulia, 2011), based on the 'coupled temp-displacement' 
procedure and user subroutines (see (Charles et al., 2017; Vasikaran et al., 2020) for details): 
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1$% = 3(. − .'0'$)`	 (5)	

where .'0'$ is the initial temperature, and ` is the identity tensor. 

2.3. Mechanical behavior 

Isotropic thermo-elasticity is considered, based on Young modulus V and Poisson ratio [. Isotropic hardening is 
assumed, based on a Johnson-Cook law {Johnson:1983tr} 

a1 = Ub + c*#0X d1 − d
. − .2334

.567'30 − .2334
e
4
e	 (6)	

where a1 represents the yield stress and *# the equivalent plastic strain. .2334 and .567'30 represents respectively 
the room and melting temperatures (assumed to be equal to 300 and 1356 K respectively). Last, b, c, f and g are 
material parameters. 

2.4. Material parameters 

All parameters are extracted from literature. &! and 5! can be found in {Penzhorn:2012ds}. Two traps have been 
considered, with the same trapping energy (0.7 eV {Guillermain:yvOpv0eM}), but different densities: &",8 =
8.2 × 1089  site/mm3 {Penzhorn:2012ds} and log&",/ = 23.26 − 2.33o:;.;=!  site/m3 {Kumnick:1980dc}. Heat 
transfer parameters have been taken from {Umbrello:2007hv}, with an temperature-independant expansion coefficient 
{Sayman:2009cf}. Last, thermomechanical parameters have been extracted from {Umbrello:2007hv, 
Chandrasekaran:2005vk}. 

 

Fig. 2. Implementation scheme of a strongly coupled thermo-chemo-mechanical problem in Abaqus software. 

3. Implementation 

The chemo-thermo-mechanical system described in the three paragraphs is resolved in a fully coupled way (strong 
coupling) using the Abaqus Finite Element software {Simulia:2011ux}, based on the 'coupled temp-displacement' 
procedure and user subroutines (see {Charles:2017ci, Vasikaran:2020bi} for details): 
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• a UEXPAN subroutine, which can determine the thermal expansion, furthermore, the use of this 

subroutine makes it possible not to worry about the thermal contribution to the deformations transmitted 
by Abaqus to the UMAT subroutine. 

 
 

3.1. Material parameters 

The parameters used are globally the same as those used in (Benannoune et al., 2020), the thermomechanical 
parameters are taken from (Umbrello et al., 2007), with an expansion coefficient considered to be independent of 
temperature(Sayman et al., 2009). Finally, the data for hydrogen diffusion are taken from(Penzhorn et al., 2012; 2010). 
Two types of traps are considered here, with the same energy (equal to 0.7 eV (Penzhorn et al., 2012)0) but different 
densities: &",6 = 8.2 × 1067  site/mm3{Penzhorn:2012ds} and Zst&",- = 23.26 − 2.33p89.9;!  where *#  is the 
equivalent plastic strain(McNabb and Foster, 1963). The trapping kinetics parameters are the same as in (Penzhorn et 
al., 2012)0. 

3.2. Configuration of problem 

The geometry of DFW (in the form of a CAD file provided by the ITER Organization) is presented in Figure 2(a). 
For the sake of simplicity, only a part of this geometry will be modelled (indicated by a red rectangle). Each cylindrical 
conduit represents a tube for the cooling fluid. 

3: a User ELement (UEL) subroutine: to add a degree of freedom at each nodes of the Finite
Element model, and to link this degree of freedom to a transient heat transfer problem.

4: a User EXPANsion (UEXPAN) subroutine: to compute the thermal expansion at each point.
The deformation considered in the UMAT is the purely mechanical one (✏� ✏th).

The flowchart of this implementation is presented on figure 1.

Figure 1: User Subroutines developed to add chemo-thermo-mechanical features to Abaqus software

2 DFW Reference case
In the following, the reference configuration is presented

2.1 Geometry & Mesh

The global geometry of the DFW have been provided by ITER (in the form of a CAD file), and is
presented on Figure 2a. For the sake of simplicity, only a small section of this geometry is considered
(indicated by a red rectangle). This section (Figure 2b) is modeled in Abaqus in 2D, and is meshed
with around 4000 fully integrated linear elements. The mesh has been optimized based on the results
from mechanical and hydrogen diffusion fields.

2.2 Reference scenario and boundary conditions

The boundary conditions are presented on figure 3. Symmetry boundary conditions are imposed on
the lower and left edges, while plane strain is assumed.The water circulation in the cooling pipes
induces a constant pressure on the DFW equal to 4 MPa.

On the right side, exposed to plasma, a temperature and a diffusive hydrogen concentration are
imposed. The upper surface is considered a free surface for hydrogen (CL = 0) and symmetry for
temperature (normal thermal flux equal to zero). On cooling pipes, CL = 0 while T is imposed.

The reference loading scenario (as proposed in [19]) is presented on Figure 4: it is composed of
160 3-day loading cycles (Phase 1) for hydrogen and temperature, followed by a 8-month baking

5

Thermo-Mechanical behavior 

Thermo-Mechanically assisted 
hydrogen flux (diffusion / trapping) 

Heat Transfert 
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• UMAT subroutine:  thermomechanical behavior (section 2.3); 
• UMATHT subroutine: hydrogen transport and trapping (section 2.1); 
• UEL subroutine: heat transfer (equation (4)); 
• UEXPAN subroutine: thermal expansion (equation (5)). 

The interactions of the different subroutines are depicted on Fig. 2. 

4. Model	definition	

The geometry of the DFW is presented in Fig. 3(a). For the sake of simplicity, only a part of this geometry will be 
modelled (indicated by a red rectangle). Each cylindrical conduit represents a tube for the cooling fluid. 

 

Fig. 3. (a) DFW and the part modelled (in a red rectangle), (b) mesh and dimension, (c) applied boundary conditions. (d) Loading scenario 
(temperature & hydrogen) 

The part of interest is modelled in 2D and meshed with just under 4000 fully integrated linear elements (Fig. 3b). 
Symmetry boundary conditions are imposed on the lower and left edges (Fig. 3c), and plane strain is assumed. A water 
flow circulating in the cooling tubes induces a constant pressure on the DFW of 4 MPa. On the plasma-exposed face, 
heat and hydrogen loading cycles are imposed, while on the upper surface and on the cooling tubes, an instantaneous 
hydrogen draining is assumed (𝐶! = 0). 

The scenario chosen is illustrated in Fig. 3d. It consists of 160 loading cycles of 3 days each (Phase 1), and an 
annealing cycle of 8 months (Phase 2), at constant temperature and without plasma exposure. Each 3-day cycle 
corresponds to the temporal concatenation over 3 days of 13 daily plasma pulses of 400 seconds. This cycle is repeated 
for 16 months (160 cycles). Hydrogen implantation is modelled by a hydrogen concentration 𝐶!/ on the exposure 
surface, such as in (Hodille et al., 2018) 

𝐶!/ =
𝑅#𝜑.'#
𝐷!

= 1.46 × 10<=	𝑎𝑡𝑜𝑚/𝑚𝑚>	 (7)	

where 𝜑.'# represents the hydrogen flux (2×1019atom/m2/s), 𝑅# represents the average implantation depth (set to 
13  nm (Benannoune et al., 2020)). 

5. Results 

Three calculations were carried out, for the sake of comparison: with no mechanical fields; with only the pressure 
exerted by the water in the cooling pipes, and considering all thermomechanical fields.  

The diffusion fields at the end of Phase 1 are given in Fig. 4 for the three cases. It can be observed that, while the 
cooling pipes-induced pressure increases the level of 𝐶!, at least near the exposed surface, the depth of 𝐶!’s penetration 
seems not affected by mechanical fields. This impact of the stress field on 𝐶!levels is linked to the hydrostatic pressure 
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• UEL subroutine: heat transfer (equation (4)); 
• UEXPAN subroutine: thermal expansion (equation (5)). 

The interactions of the different subroutines are depicted on Fig. 2. 

4. Model	definition	

The geometry of DFW (in the form of a CAD file provided by the ITER Organization) is presented in Fig3(a). For 
the sake of simplicity, only a part of this geometry will be modelled (indicated by a red rectangle). Each cylindrical 
conduit represents a tube for the cooling fluid. 

    
(a) (b) (c) (d) 

Fig3. (a) DFW and the part modelled (in a red rectangle), (b) mesh and dimension, (c) applied boundary conditions. 

The part of interest is modelled in 2D and meshed with just under 4000 fully integrated linear elements, as shown 
in Fig3(b). The mesh was optimized based on the results of mechanical fields and hydrogen diffusion. As shown in 
Fig3(c), symmetry boundary conditions are imposed on the lower and left edges, and the geometry is considered to 
be in the plane of symmetry of the part (plane strains). A water flow circulating in the cooling tubes induces a constant 
pressure on the DFW of 4 MPa. On the right face, exposed to the plasma, heat and hydrogen loading cycles are 
imposed. The upper surface is considered a hydrogen-free surface (#! = 0) and of symmetry for the temperature (zero 
normal heat flux). On the cooling tubes, #! = 0 is imposed, as well as a temperature cycle. 

The scenario chosen for our study is illustrated in Figure 4. It consists of 160 loading cycles of 3-day each (Phase 1), 
and an annealing cycle of 8 months (Phase 2), at constant temperature and without plasma exposure. 

 

Figure 4. Scenario of loadings (temperature & hydrogen). 

    

 (a) (b) (c) 

 

    

 (a) (b) (c) 

 

    

 (a) (b) (c) 
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effect on hydrogen flux, which affects the maximal 𝐶!  level. To detail that effect, in Fig. 5 are plotted the 𝑃3 
distributions when only the cooling pipes pressure is considered (Fig. 5a) and with all the mechanical fields, at the 
higher and lower exposition temperatures (Fig. 5b and Fig. 5c respectively). 

 

Fig. 4. Distribution of 𝐶! at the end of phase 1 (160 cycles). 

When only the water pressure is accounted for, it can be seen that the DFW section is slightly under dilatation 
(negative pressure), leading to an increase of the 𝐶! maximal value. The extra effect of thermal strains on the 𝐶! field 
is small, however. During the hot phase of each cycle (higher 𝑇𝑒𝑥𝑝𝑜 – see Fig. 3d), two opposite effects are involved: 
while the important temperature field leads to an increase of the tritium diffusion coefficient, thermal strains (Fig. 6b) 
induce compression stresses (positive 𝑃3, see Fig. 5b) which tend to slow the tritium diffusion. During the cold phase 
of each cycle, these two contradictory effects are also present; from the 𝐶!  fields, it can be concluded that they 
neutralize each other, leading to a small overall effect of the thermal strain fields. 

 

Fig. 5. Distribution of 𝑃" at the end of phase 1’s last cycle (160 cycles) considering (a) water pressure only and (b-c) all thermomechanical fields 
at higher and lower exposition temperature 𝑇#$%& respectively. 

The impact of mechanical fields on hydrogen retention can be investigated by introducing its total amount per unit 
thickness (for a 2D configuration) 𝑄,&, = ∫(𝐶! + 𝐶")𝑑𝑉 in the DFW section; 𝑄,&, evolution with time is plotted in 
Fig. 7a for the three cases. 

The impact of the cooling pipes pressure is here very clear: at each cycle, 𝑄,&, increases continuously, exhibiting 
cycles corresponding to the plasma loading ones. When the DFW section is exposed to both hydrogen and temperature, 
𝑄,&, increases. Hydrogen amount decreases as soon as these boundary conditions are modified, during phase 2 (no 
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5. Results 

 
   

 (a) (b) (c) 
 no thermomechanical fields water pressure only all thermomechanical fields 

Fig 4. Distribution of '!/'!" at the end of phase 1 

Three calculations were carried out: a pure diffusion/trapping calculation (without thermomechanical loadings), a 
calculation considering only the pressure exerted by the water in the cooling tubes, and a calculation also taking into 
account thermal expansion. The scattering fields at the end of phase 1 are given in Fig 4. 

  
 (a) (b) all thermomechanical fields 
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effect on hydrogen flux, which affects the maximal #!  level. To detail that effect, in Fig. 5 are plotted the G* 
distributions when only the cooling pipes pressures is considered (Fig. 5a) and with all the mechanical fields, at the 
higher and lower exposition temperatures (Fig. 5b and Fig. 5c respectively). 

 

Fig. 4. Distribution of '! at the end of phase 1 (160 cycles). 

The impact of the cooling pipes pressure is here very clear: at each cycle, x$3$ increases continuously, exhibiting 
cycles corresponding the loading ones. When the DFW section is exposed to both hydrogen and temperature, x$3$ 
increases. x$3$ decreases as soon as these boundary conditions are modified (no more hydrogen concentration and 
.@ABC=513 K). This behavior denotes an important hydrogen desorption process, and thus, an important hydrogen 
mobility. It can last be conjectured that, when the number of cycles increases, so does the maximal x$3$ value.  

    
 (a) (b) (c) 

Fig. 5. Distribution of (" at the end of phase 1 (160 cycles) considering (a) water pressure only and (b-c) all thermomechanical fields at higher 
and lower exposition temperature )#$%& respectively. 
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5. Results 

 
   

 (a) (b) (c) 
 no thermomechanical fields water pressure only all thermomechanical fields 

Fig 4. Distribution of '!/'!" at the end of phase 1 

Three calculations were carried out: a pure diffusion/trapping calculation (without thermomechanical loadings), a 
calculation considering only the pressure exerted by the water in the cooling tubes, and a calculation also taking into 
account thermal expansion. The scattering fields at the end of phase 1 are given in Fig 4. 

  
 (a) (b) all thermomechanical fields 
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more hydrogen concentration and 𝑇𝑒𝑥𝑝𝑜=513 K). This behavior indicates an important hydrogen desorption process, 
and thus, an important hydrogen mobility. It can last be conjectured that, when the number of cycles increases, so 
does the maximal 𝑄,&, value. 

 

Fig. 6. (a) Temperature and (b) thermal strain fields and (c) equivalent plastic strain at the end of Phase 1’s last cycle, at the higher 𝑇#$%& value.  

When thermal strain fields are furthermore accounted for, the extra impact on 𝑄,&,  appears to be small, as 
previously observed: 𝐶! fields are indeed not that much affected by thermal strains. 
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(c) Evolution of the tritium permeation rate during Phase 2 through the cooling pipes. 

Thermal strains, last, lead to the generation, at each exposure cycle, of plastic strain, localized near the exposed 
surface (see Fig. 6c). A plastic strain localization can be observed near the symmetry boundary condition (lower 
surface) corresponding to a possible overestimated value linked to the modelling assumptions. As a consequence, the 
trap density is modified and increases slightly at each cycle), leading to an increase of the trapped hydrogen 
concentration (after phase 1, 𝑁",C has evolved from 8.5×1022 m−3 to 8.9×1022 m−3, see Fig. 7b for 𝜀# evolution with 
time at point A of Fig. 3c). 

During Phase 2, the heat is provided by the cooling pipes (imposed temperature of 513K). This facilitates hydrogen 
diffusion and detrapping. In a stress-free configuration, H transport is only driven by traps and 𝐶! gradients, while 
mechanical fields (and especially compression) hardly affect the global desorption process (Fig. 7c). 

 Shihao Bian/ Structural Integrity Procedia 00 (2019) 000–000  7 

 
Fig. 5. Distribution of '" at the end of phase 1’s last cycle (160 cycles) considering (a) water pressure only and (b-c) all thermomechanical fields 

at higher and lower exposition temperature (#$%& respectively. 

The impact of mechanical fields on hydrogen retention can be investigated by introducing its total amount u$/$ =
∫(#! + #")wF in the DFW section; u$/$ evolution with time is plotted in Fig. 7a for the three cases. 

The impact of the cooling pipes pressure is here very clear: at each cycle, u$/$ increases continuously, exhibiting 
cycles corresponding the loading ones. When the DFW section is exposed to both hydrogen and temperature, u$/$ 
increases. Hydrogen amount decreases as soon as these boundary conditions are modified, during phase 2 (no more 
hydrogen concentration and .>?@A=513 K). This behavior denotes an important hydrogen desorption process, and thus, 
an important hydrogen mobility. It can last be conjectured that, when the number of cycles increases, so does the 
maximal u$/$ value. 

 

   
(a) (b) (c) 

Fig. 6. (a) Temperature and (b) thermal strain fields and (c) equivalent plastic strain at the end of Phase 1’s last cycle, at the higher (#$%& value.  

When thermal strain fields are furthermore accounted for, the extra impact on u$/$  appears to be small, as 
previously observed: #! fields are indeed not that much affected by thermal strains. 

 

Fig. 7. (a) temporal evolution of the amount of hydrogen )'&' = ∫(&! + &()/0 for the three configurations, (b) temporal evolution of equivalent 
plastic strain (black) & hydrostatic stress (purple) at point A (see Fig. 3c) when all thermomechanical fields are resolved. 

Thermal strains, last, leads to the generation, at each exposure cycle, of plastic strain, localized near the exposed 
surface (see ( 

(a) (b)

Figure 7: (a) Temperature field at Tmax and (b) Thermal strain fields at the end of Phase 1.
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under dilatation (negative pressure), leading to an increase of the CL maximal value. The extra effect
of thermal strains on the CL field is small, however. During the hot phase of each cycle (higher Texpo),
two opposite effects are involved: while the important temperature field leads to an increase of the tri-
tium diffusion coefficient (see the temperature field on figure 7a), thermal strains (figure 7b) induced
compression stresses (positive PH , see figures 6b) which tends to slow the tritium diffusion. During
the cool phase of each cycle, these two contradictory effects are also presents; from the CL fields,
it can be conclude that they neutralize each other, leading to a small effect of the thermal strain fields.

The impact of mechanical fields on tritium retention can be investigated by introducing the total
amount Qtot of tritium in the DFW section, which is such that
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where Vi represents the volume associated the each Gauss n°i point in the mesh. As the problem is
here 2D, Vi is reduced to a surface and Qtot is in atomes/m.

The evolution of Qtot is represented in Figure 8a. The impact of the cooling pipes pressure is here
very clear: at each cycles, Qtot increases continuously, exhibiting cycles corresponding the loading
ones. When the DFW section is exposed to both hydrogen and temperature, Qtot increases. Qtot

decreases as soon as these boundary conditions are modified (no more hydrogen concentration and
Texpo=513 K). This behavior denotes an important hydrogen desorption process, and thus, an im-
portant hydrogen mobility. It can last be conjectured that, when the number of cycles increases, so
does the maximal Qtot value.
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6. Conclusion 

The results presented in this study show that, during the first phase of loading on the DFWs, the mechanical fields 
play a role of limitation of diffusion and trapping of hydrogen through the hydrostatic stress variations, which induced 
by the thermal expansion. Their resolution is therefore positive because they reduce the contribution of the DFWs to 
the maximum inventory authorized in the tokamak. However, the assumptions used are extremely restrictive 
mechanically (plane strain, symmetries) and will have to be adjusted in order to better take into account the real 
geometry of the DFWs. The influence of the loading and trapping parameters will be the subject of an in-depth study, 
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Figure 12: Evolution of the tritium permeation rate during Phase 2 through (a-b) the cooling pipes
and (c-d) the exposure edge.

Figure 13: Power law dependency for the desorption rate during the first 28 days of Phase 2.
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6. Conclusion 

It has been shown that the mechanical fields, induced by both plane strain, symmetry assumptions, and thermal 
expansion, have a slight effect on hydrogen fields during the different loading phases of the DFW section, and thus, 
on hydrogen retention. It has also been seen that boundary conditions induce plastic strain localization in their vicinity, 
leading to a needed interrogation on their relevance; this localization, however, has no influence on the tritium 
retention or the desorption flux in the DFW section. 
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