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Abstract

This work investigates the influence of hydrogen chemical potential continuity across solid material interfaces. The
implementation of the mathematical model in FESTIM is verified using the Method of Exact Solutions (MES) and the
Method of Manufactured Solutions (MMS) in 1D, 2D, with complex material properties and inhomogeneous temperature
fields. A comparison test between FESTIM, TMAP7 and Abaqus codes is also performed and the codes show good
agreement. The chemical potential continuity condition has an impact up to 40% on the outgassing particle flux on
4mm composite slabs (W/Cu and Cu/EUROFER) compared to mobile concentration continuity. A method for rapid
identification of materials properties from outgassing flux measurements is given. The influence of chemical potential
conservation on monoblock inventory is then studied. It is shown that, for the 1D and 2D ITER divertor monobolocks

cases, discrepancies only start to appear after approximately 5 x 108 s of full power.
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1. Introduction

In fusion devices, tritium transport in materials is a
crucial issue for it can lead to system contamination, fuel
losses [1], performance losses [2] and materials embrittle-
ment [3]. For safety issues, the in-vessel safety limit for
tritium inventory is 1kg [4]. To this end, numerical mod-
elling is often required in order to simulate complex geome-
tries of plasma-facing components [5, 6, 7] and understand
the fuel migration in various components. These compo-
nents are often made of several materials joined together.
This is the case for the monoblock geometry used for the
ITER divertor which is made of a W armour, a CuCrZr
cooling pipe jointed by a Cu inter-layer but also for DEMO
breeding blankets since current designs involve W and EU-
ROFER but Lithium, Beryllium, and other materials can
also be found in some designs [8]. This study focuses on
the interfaces between these materials, the physics at stake
and their approximations.

Many hydrogen diffusion studies are focused on the
gas-solid interfaces [9, 10, 11] using Sievert’s law to en-
sure the hydrogen chemical potential continuity across in-
terfaces. However, only few are focused on solid-solid in-
terfaces [12, 7, 13, 14]. Several previous studies handled
these interfaces by ensuring the continuity of the solute hy-
drogen particles concentration for simplification purposes
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[7, 14]. Liu et al. [15] extended the Sievert’s law to solid-
solid interface, based on the mass-diffusion procedure of
the Abaqus code [16]. The ratio between the solute con-
centration and the solubility is used to convey the conser-
vation of chemical potential across interfaces. This kind of
interface condition has also been implemented in hydrogen
diffusion codes used for fusion applications TMAP7 [17].
Elmukashfi et al. [13] proposed a more complex model
directly ensuring the continuity of the chemical potential.
In this model, the reference hydrogen chemical potential
must be known. These reference states depend on the ma-
terial and are functions of the solubility [18].

The model of chemical potential conservation across
interfaces and the approach adopted in this study to im-
plement this model are described in Section 2. The imple-
mentation of this model in the hydrogen transport code
FESTIM [7] is thoroughly verified in Section 3. The ef-
fect of chemical potential conservation on the outgassing
flux of a composite slab is then studied in Section 4 with
the code FESTIM. Finally, an application on the ITER
monoblock test case is performed in order to assess the
impact of interface conditions on the hydrogen inventory
(see Section 5). A comparison test is also performed be-
tween FESTIM, TMAP7 [17] and the finite element suite
Abaqus [5].

2. Interface model

According to [10] since the solubility of hydrogen atoms
in solids is low, the chemical potential of solute hydrogen
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u is expressed by:

Cm
= RTIn (| — 1
K= fio + ( NL> (1)
where g is the chemical potential in a reference state in
Jmol™!, R the ideal gas constant, T the temperature in
K, ¢, the mobile hydrogen concentration in m—3 and Ny,
the lattice site concentration in m=3.

Assuming that only free hydrogen atoms contribute
to the overall flux in the material, the particle flux J in
m~2s7! can be expressed by Fick’s law:

J=—-DVep (2)

where D is the diffusion coefficient of hydrogen in a non-
stress lattice expressed in m?s~!.

The local equilibrium at the interface between two ma-
terials must ensure the continuity of both the chemical po-
tential p (see Equation 3) and the particle flux (see Equa-
tion 4).

po=pt (3)

D~ Ve, = D"Vel (4)

The chemical potential continuity can also be ensured by
the continuity of the quantity ¢,,/S (see Equation 5) for
mechanical stress-free materials in thermodynamic equi-
librium and the Soret effect being neglected:

(3) = (%) ®)
S S

Here, the quantity ¢y, /.S, with S the solubility of hydrogen
expressed in m ™3 Pa %% is equivalent to the root square of
the pressure of an imaginary gas in thermodynamic equi-
librium between the two solids and for which Sievert’s law
is applied. This assumption is correct as long as the time
needed to reach the equilibrium is low compared to the
time of the simulation. Appendix A described the char-
acteristic time calculated by a transient interface model.
For long exposure time (as in Section 5) as well as for high
temperatures, it is shown that the characteristic time is
small enough for the equilibrium model to be valid.

From Equation 5, one can deduce that a solubility dis-
continuity across an interface induces a discontinuity of
mobile hydrogen concentration cp,. This can also be inter-
preted as the chemical potentials at a reference state being
different in different materials [18], as the lattice site con-
centration.

To ensure a correct treatment of the material interface
in hydrogen transport codes, two approaches can be em-
ployed. The most straightforward approach is to solve the
hydrogen mobile concentration transport in both materi-
als (see Equation 6) and enforce the concentration jump
at the interface between the two materials with an internal
condition verifying Equation 5 [17].

ocm

ot =V (DVew) + f (6)

where f is the source term in m™3s71.

Another method is to perform a change of variable in
Fick’s second law of diffusion with ¢ = ¢,,/S [16] when
internal conditions cannot be set. Equation 6 therefore
reads:

965
5 = V- (DVeS) + f

=V - (DSV$+ D¢VS) + f (7)

Because ¢ is computed, the ratio ¢;,/S is continuous
by default at the material interfaces.

This second approach is used for instance in the mass-
diffusion procedure of the Abaqus code. However, this
procedure cannot be directly used to simulate hydrogen
transport with thermomechanical loading (coupled tem-
perature displacement procedure) [16]. Indeed, the mass-
diffusion procedure can solve mechanically-assisted diffu-
sion problems, knowing the spatio-temporal evolution of
the mechanical pressure. The temperature-displacement
procedure is used to simultaneously solve diffusion and me-
chanical problems. To account for both mechanical fields,
trapping influence on diffusion and transient heat transfer,
User Subroutines are employed. Appendix B describes the
implementation based on user Subroutines. This interface
model has also been implemented into the current hydro-
gen transport code FESTIM [7] using FEniCS [19].

All plots in this work were generated with Matplotlib
[20].

3. Analytical verification

To ensure the implementation of the interface model
in FESTIM is error free, analytical verification is required
since physical trend tests are not rigorous enough. The
verification process aims at checking the code is correctly
solving the governing Equations 4, 5, 6 and 7. To this
end, two methods were used: the Method of Exact Solu-
tions (MES) and the Method of Manufactured Solutions
(MMS). It is worth noting that these two methods do
not require to be physically realistic since this is a purely
mathematical exercise. In practice, not having real life
properties or realistic domain sizes can even facilitate the
construction of a general test case and therefore ease the
results reproduction by others. A complete H transport
problem would include coupling with trapping/detrapping

(asin Section 5). The implementation of the trapping/detrapping

coupling in FESTIM has already been analytically verified
in [7] therefore this Section will only focus on verifying the
solving of Equations 4, 5, 6 and 7.

3.1. Method of Exact Solutions (MES)

The uni-dimensional test case considered in this Sec-
tion was made of two subdomains Q; and 5 and is de-



scribed as follow:

Q=[0,L] =Q,UQ, (8a)
[0 l’mt] (8b)
[xlnt7 ] (8C)

Dl, in Ql

b= {DQ, in QQ (8d)

in Ql

(8e)

in Q9

S = {Sla
S27

The following dimensionless quantities are introduced:

ém = Cm/Co (9a)
Z=uz/L (9b)

- L2
f=ipa (9¢)
a = Dy/Dq (9d)
B =55/5%1 (9e)
Y = Tint/ L (91)
(9g)

where Doy = (D1 D3)"/2.

By integrating Equation 6 and assuming steady-state
(i.e. Dc/Ot = 0), one can obtain the following dimension-
less form:

in Ql

~ —%011/2]5572 —|—a1§:—|—b1, (10)
in QQ

Cry = ~
" 1a’1/2f£2+a2i+b2,
where ay, by, as, by are the unknowns of the problem

to be determined. The boundary conditions and the equi-
librium law at the interface are defined as:

m(@=0)=1 (11a)
(@ =1) = ¢ (11b)
tn(T=17) =B (@ =7) (11c)
Ve = ) = aVeh(E =) (14)

Equation 10 can be solved with these constraints and
coefficients describing ¢, therefore read:

a]; = ag a1/2
by =1
as = ag a~1/?
1 B (12)
b2:EL+§ofl/2f—a
b 202 = B) + f(P (1 —aB) - 1)
0 2(1+af —7)

It is worth noting that when g =1 (i.e. S; = S)
the solution becomes independent of S and c (xmt) =

et (%ing). Moreover, when a = 1 (i.e. Dy = Dy = D),
then a1 = as = ag which is the solution for steady-state
diffusion in a mono-material.

The solution computed by FESTIM was found to be
in very good agreement with the analytical solution for
several test cases (see Figure 1).

However, this method does not exercise all the terms
in the governing Equation 7. For instance, this analytical
solution is only uni-dimensional, steady state is assumed
and material properties are constant within the materials.
Having an exact solution from an analytical resolution for
a general problem (multidimensional, transient, heteroge-
neous material properties, etc...) is often complex. In
order to exercise all these terms, the Method of Manufac-
tured Solutions (MMS) will therefore be employed for it
offers a good alternative to unravel these complexities.

3.2. Method of Manufactured Solutions (MMS)

The goal of Method of Manufactured Solutions (MMS)
is to have an exact solution which is general enough to
exercise all the terms of the governing equations. This
method also allows to test the implementation of the FES-
TIM code on a multidimensional problem.

The domain ) for this test problem is a unit square
composed of two subdomains Q; and €3 (see Equation
13).

Q=1[0,1 x [0,1] (13a)
Q1 = [0, Zine] % [0, 1] (13b)
Oy = [, 1] % [0, 1] (13¢)

(13d)

In order to unravel the complexity of an analytical reso-
lution of the direct problem, a manufactured solution cj;
was constructed (see Equation 14) and the problem was
solved backwards.

where cpr; = 2 + cos(2mx) - cos(2my) + t

It is worth noting that, when choosing a manufactured
solution, one must ensure it satisfies all the governing
equations (especially Equations 4 and 5). In our case,
cps ensures the flux conservation at the interface and the
continuity of the quantity ¢, /S.

Properties are assumed time and space dependent in
order to test every portion of the code (see Equation 15).

Di(z,y,t) = D1, exp(—Ep, /(kp - T(2,y,t))) (15a)
Dy(z,y,t) = D2, exp(—Ep,/(kp - T(z,y,t))) (15b)
Si(x,y,t) = S1, exp(—Es, /(kp - T(x,y,t))) (15¢)
Sa(w,y,t) = Sa, exp(—Es,/(kp - T(x,y,t))) (15d)
T(z,y,t) = 500 4 30 cos(27x) cos(2my) cos(2nt) (15e)

with kg = 8.617 x 107°eV K~! the Boltzmann constant,
Dy, =1, Ep, = 0.1, Dy, = 2, Ep, = 0.2, 51, = 1,



Eg, = 0.1, S5, =2 and Eg, = 0.2. The temperature T'
varies around 500 K so that, given the activation energies,
properties do not approach zero.

By injecting the manufactured solution cp; into the
governing Equation 6, the source term can be expressed
as:

dep - -
flay.t) == =V (D(x7y)VcM)
B 82\51 -V Dy (, y>ﬁCM1 , on
6?;;,2 -V- Ds(z, y)ﬁcng , on £y
(16)

The source term f was then fed into FESTIM alongside
with the initial and boundary conditions described below:

(17a)
(17b)

em(x,y,t) = epr(,y,t), on 9N
Cm(xay,t = 0) = CM(xayat = O)a on 2

The computed solution ccomp can then be compared
with the manufactured solution cj; in order to quanti-
tatively measure the numerical error. After running the
MMS process, the computed solution and the manufac-
tured solution were in very good agreement at several ar-
bitrarily chosen times of simulation (see Figure 2). The
absolute difference between the manufactured solution and
the computed one was found to be zero on the boundary
and maximum at the interface between the two materials.
This is explained by the Dirichlet boundary conditions en-
forcing the computed solution on the boundary. This dif-
ference decreases by increasing the mesh refinement and
decreasing the stepsize. Nonetheless, the error was found
to remain orders of magnitude lower than the actual solu-
tion.
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121 —— Analytical
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S
3
¥
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0.0 0.2 0.4 0.6 0.8 1.0
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(b) Case 2: =15, 3=0.5,v=0.4, &, =025, f =2

Figure 1: Concentration profiles simulated by FESTIM against ana-
lytical solutions.
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Figure 2: Comparison of concentration fields simulated by FESTIM with manufactured solutions



4. Influence of chemical potential continuity on out-

gassing flux

In order to assess the influence of interface conditions
on the outgassing flux, simulations are performed with
chemical potential continuity (Equation 5) or mobile con-
centration continuity assuming in both cases flux conser-
vation (Equation 4). For the sake of simplicity and to em-
phasis on the influence of interface conditions, no trapping
was assumed and idea Dirichlet boundary conditions were
set. Simulations were performed on two test cases: W/Cu
and Cu/EUROFER. The materials properties used for the
simulations can be found in Table 1. In both cases the so-
lute concentration ¢, was set to 1 x 102°m=3 at x = 0
and zero on the other boundary.

4.1. W/Cu case

A 4mm-thick slab made of 2mm of W (referred as €2;)
and 2mm of Cu (referred as Q9) at T' = 500K was first
simulated.

In this case, the conservation of chemical potential re-
sulted in higher steady-state concentration gradients (see
Figure 3a) due to the higher solubility of Cu. For a given
temperature (and therefore given diffusion coefficients),
this implied an increase of the outgassing flux (see Figure
3b) compared to the case with concentration continuity.

4.2. Cu/EUROFER case

A 4mm-thick slab made of 2 mm of Cu (referred as ;)
and 2 mm of EUROFER (referred as Q2) at T' = 600 K was
simulated. Contrarily to the previous case, since the solu-
bility of EUROFER is lower than that of Cu, the steady-
state concentration gradients (see Figure 3c) were lower
compared to the case with concentration continuity. The
outgassing flux was therefore lower in the case of chemical
potential conservation (see Figure 3d).

4.8. Identification technique

Assuming the diffusion coefficients are known, the sol-
ubility coefficients in both materials can be identified by
determining an effective diffusion coefficient.

The steady-state flux ¢, can be expressed from Equa-
tions 10 and 12 as follow:

Poo = —DQVCQ = —D1Vc1 (18&)
cm(x =0 cm(z =0

= —D2a2¥ = —Dja; ( 7 ) (18b)

— _aoDeq@ (180)

If this method allows to measure solubilities, it is how-
ever not always convenient considering the time required
to reach steady-state. One way to overcome this difficulty
is to compute an equivalent effective diffusion coefficient
noted Deg. Deg is computed by assuming an homogeneous

material and a linear steady state profile. The steady-state
flux can therefore be written as:

Yoo = —DegVe (19&)
m =L)—- m -
77DCHC (x ) — cm(x =0) (19b)
L
(19¢)
By combining Equations 18 and 19, D.g reads:
Dc m =
Dt — ag Deg cm(xz = 0) (20)

em(x =L) —ep(x =0)

By fitting measurements of the outgassing flux with ei-
ther an analytical transient solution or a simulation code
(see Figures 3b and 3d), one can estimate Deg and there-
fore the coefficient ag which can finally be correlated to
material properties (see Equation 12).

However, some discrepancies were found between this
method and the actual outgassing curve during the tran-
sient phase. One way of getting rid of these is to fit the
curve with an analytical solution of transient mass trans-
fer in a 1D composite slab with conservation of chemical
potential. This can be utterly complex and is well beyond
the scope of this study.

Moreover, surface effects and the presence of traps of-
ten complicate the analysis of the experimental data. There-
fore, a more thorough identification technique would be to
use embedded hydrogen transport codes such as FESTIM
in a parametric optimisation algorithm as described in pre-
vious work [21]. Such a process could be able to determine
materials properties such as diffusion coefficients, solubil-
ities and trap densities.
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5. Application: ITER monoblock

This implementation of chemical potential continuity
was applied to a test case in order to simulate hydrogen
transport an ITER-like monoblock. For this application,
trapping of hydrogen in defects was taken into account.
The governing equations for hydrogen transport therefore
read:

3cm - 8Ct’1‘

= =V (D(T)Vew) + @imp - U(x) - > o0 (21a)
dcii

T = k(D) e (i — ) = p(T) - v (21b)

where D(T) = Dy - exp ( — Eair/(kp - T)) is the diffu-
sion coefficient in m?s~!, T the temperature in K and
kg = 8.617 x 107°eV K~ the Boltzmann constant, Ct,i 1s
the concentration in m™2 of particles trapped in the i-th
trap,
k)(T) = k‘o exp ( — Ek/(k‘B . T)) (22)
and
p(T) =poexp (— Ep/(kp - T))
are the trapping and detrapping rates expressed in m° s~
and s~! respectively, n; is the trap density in m™3, @imp
is the implanted particle flux in m~2s™! and U(x) is the
spatial distribution of the implanted particle flux.
The thorough description of this model as well as the
verification of its implementation in FESTIM is given in
[7].

(23)

3 1

The source term @i is equal to 5 x 102 m™2s~! and
its spatial distribution is:
R, ifz<R
Ux)y=4 7 05 (24)
0, else

where R, = 2.5nm is the implantation range. Since the
implantation range is very small compared to the monoblock
dimensions, this source is equivalent to applying a Dirich-
let boundary condition on the exposed surface [14]. The
value of this boundary condition therefore depends on @i,
the implantation range R, and the diffusion coefficient D.

The chemical potential is conserved across interfaces
by ensuring Equations 4 and 5 where

SZ SO -eXp(—Es/(k’B T))
—0.5

(25)

is the solubility coefficient in m—3 Pa

A comparison test was first performed and the FES-
TIM code was compared to TMAP7 [17] and Abaqus on
a 1D case. 2D simulations of ITER-like monoblocks were
then performed. The influence of interface conditions on
hydrogen inventory was studied in both cases.

The materials properties that have been set are de-
tailed in Table 1 and their thermal dependency is shown
on Figure 5. The trap properties in each material are de-
tailed in Table 2. All traps are homogeneously distributed
in the materials, except for Trap 2 which is only located
in the first micrometre behind the plasma facing surface
Tiop (see Figure 4) to account for damage creation.

5.1. 1D case and comparison with TMAP7 and Abaqus

The 1D simulation case is a 8.5 mm-thick composite
slab made of W, Cu and CuCrZr (see Figure 4a). The
plasma facing surface I'top is located at = 0 mm and the
surface cooled by water I'coolant is located at x = 8.5 mm.

The boundary conditions are detailed in Equation 26.

T=1200K on I'tsp (26a)
imp ° R
Cm = % on I'op (26b)
T =373K on Fcoolant (26C)
—DVey, - n= Kcuerzr - Crzn on Icoolant (26d)

with @imp = 5 x 102 m~2?s~! the implanted particle flux,
R, = 1.25nm the implantation depth, 77 the normal vec-
tor and Kcucrzr = 2.9 X 10714 exp (7192/(163 T)) the
recombination coefficient of the CuCrZr (in vacuum) ex-
pressed in m*s~1 [28].

The Dirichlet boundary condition on I'to, for the hy-
drogen transport corresponds to a flux balance between
the implanted flux and the flux that is retro-desorbed at
the surface. The details can be found in [14].

A comparison test was made with the codes TMAP7
and Abaqus with this set of parameters and very good
agreement was found between the two codes (see Figure
9).

Two simulations were run, one ensuring mobile concen-
tration ¢, continuity at interfaces and the other ensuring
the continuity of chemical potential u.

Up to 5 x 10%s, the total hydrogen inventory was found
to be insensitive to the conservation of chemical potential
(see Figure 7a). It is only after this implantation that the
inventory of the simulation with continuity of chemical po-
tential started to diverge. Att = 2.4 x 107 s, the inventory
with continuity of u was more than two times higher than
that of the one with continuity of c¢,. This is explained by
the high solubility ratio between Cu and CuCrZr leading
to a higher concentration of mobile particles in CuCrZr
and therefore a higher trapping rate. Before reaching the
W/Cu interface, the ¢, and retention profiles are identical
regardless of the interface condition (see Figure 8). Once
this interface is reached, the ¢, profiles are affected by the
interface condition. However, even then, the trap density
in Cu being low compared to other materials, the global
inventory is not affected much. For these two reasons, the
inventories are identical before 5 x 10%s.

5.2. 2D case

The boundary conditions for the 2D case are simi-
lar with an additional Dirichlet boundary condition on

IMateral- This boundary condition accounts for recombi-
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T=1200K on I'yp (27a)

R
Cm = % on 1—‘top (27b)
T=373K on I'colant (270)
—Dch = KCuCrZr . C?n on Fcoolant (27d)
Cm = 0 on Flateral (276)

with @imp = 5% 102 m~2s71 the implanted particle
flux, R, = 1.25nm the implantation depth, 7 the normal
vector and Kcucrzr = 2.9%x 107 exp (—1.92/(kp - T)) the
recombination coefficient of the copper alloy (in vacuum)
expressed in m*s~! [28].

The concentrations fields (see Figure 10) showed results
similar to those obtained in the 1D case (see Figure 8).
The interface condition had no influence whatsoever on
the mobile particle concentration ¢, in the W. However,
cm was higher in Cu and CuCrZr in the case with chemical
potential conservation (up to 1.5 x 102 m~2 in CuCrZr at
t = 2.4x107s). As in the 1D case, this increase of ¢y,
lead to an increase of the trap occupancy and therefore an
increase of the local retention.

The hydrogen inventories in the monoblock were found
to be identical for most of the implantation time (see Fig-
ure 7b). It was only after 5 x 10 s that the inventory with
chemical potential conservation was significantly higher
than the one with ¢, continuity at interfaces.

In both the 1D and 2D case, the flux which is retro-
desorbed from the monoblock to the plasma does not de-
pend on the interface conditions since interface are far from
the exposed surface. Moreover, outgassing flux through
the cooling pipe greatly depends on the boundary condi-
tion imposed at the cooling surface. Therefore, in order

to assess the impact of interface conditions on the out-
gassing flux through the cooling pipe, uncertainties must
first be lift regarding the recombination process occurring
on surfaces in contact with water.



Thermal properties

Hydrogen transport properties

Material p-C A Dy Eyig So Es
(JK~'m™3) (WK™) (m2s! (eV) (m3Pa=05) (eV)
W [22] 51x1076.73 —7.8x107%.73 2.4 %1077 0.39  1.87 x 10* 1.04
—83x10°2.7? +5.0x 1075 .72
+6.0x10%2-T —1l1x10°t.T
+2.4 x 108 +1.8 x 102
Cu [23] 1.7x107%. 73 —-3.9x107%.73 6.6 x 1077 0.39  3.14 x 10* 0.57
+6.1x1072.72 +38x107°%.72
+4.7%x10%2.T —79%x1072.T
+3.5 x 106 +4.0 x 102
CuCrZr —1.8x107*-71° 53x1077.713 3.9 x 1077 042 4.28 x 10?3 0.39
[24] +15x%x 10777 —6.5x107*. T2
+62x10%2-T +26x10"t.T
+3.5 x 106 +3.1 x 102
EUROFER - - 15x1077 0.15 6.14 x 10%° 0.25
[25]

Table 1: Materials properties used in the simulations. Thermal properties are fitted from ANSYS.

Material ~ ko(m3s™!) Ei(eV) po(s™h)  E,(eV) n;(atfr)
Trap 1 W 3.8x10717 0.39 8.4 x 10'? 1.20 5.0 x 1074
Trap 2 W 3.8x10717 0.39 8.4 x 102 1.40 5.0 x 1073
Trap 3 Cu 6.0x10717 0.39 8.0 x 103 0.50 5.0 x 1075
Trap 4 CuCrZr 1.2x10716 0.42 8.0 x 103 0.50 5.0 x 107
Trap 5 CuCrZr 1.2x10716 0.42 8.0 x 103 0.83 4.0 x 1072

Table 2: Traps properties used in the simulations [26, 27]
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6. Conclusion

The influence of interface conditions between materi-
als has been studied with the code FESTIM. A novel ap-
proach has been implemented in FESTIM in order to en-
sure equilibrium at the interfaces. The implementation has
been verified using the Method of Exact Solutions and the
Method of Manufactured Solutions. A comparison test has
been performed with TMAP7 and Abaqus and the three
codes show very good agreement.

H transport through Cu/EUROFER, and W/Cu com-
posite slabs has been studied. It is shown that the interface
condition can have an impact on the outgassing flux. This
modelling work will help design future permeation barri-
ers in DEMO. A method for identifying material proper-
ties with either an analytical solution or with the FESTIM
code is also described.

The influence of interface conditions is also studied on
the ITER monoblock test case in both 1D and 2D. It is
shown that this has very low influence up to 5 x 10%s and
that discrepancies only start to appear after a very long
exposure time. This is because interfaces are far from
the exposed surface and hydrogen atoms only reach these
interface after a long exposure time. The continuity of
mobile concentration can therefore be employed safely for
monoblocks H transport simulations.

Future work will include modelling of ITER monoblocks
in 3D with a focus on H outgassing from the gaps between
monoblocks. A more thorough study regarding the per-
meation flux to the coolant will also be performed with a
focus on the choice of a boundary condition at the cooling
surface.
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Appendix A. Transient model

Appendiz A.1. Model description

A kinetic model of trapping/detrapping at the interface
between two materials based on the idealised energy dia-
gram shown in Figure A.11 is presented. On this diagram,
Ejgig x is the barrier for the diffusion of H from interstitial
site to interstitial site, E}_.; is the trapping energy from
material k to the interface, F;_,j is the detrapping energy
from the interface to the interface and Eg is the solu-
tion energy of H in material k. In this model, H is split
into three populations: the concentrations of mobile H in
materials 1 & 2 (c; and ¢y respectively) expressed in m~3
and the concentration of H trapped at the interface ¢; (in
m~?). The interface coverage is defined as: 6; = - where

Ei éEial

Energy

Reaction coordinate

Mat. 1-W élm('rf‘.\(-('é Mat. 2 - Cu

Figure A.11: Idealised potential energy diagram describing the in-
teractions of H at the interface between two materials. In this case,
Eg1 > Es 5 (consistent with a W/Cu interface Table 1).

n; is the sites concentration on the interface (in m=2). The
interface is considered as a 2D defect (like a surface), hence
the unit of ¢; and n; is m—2.

In this model, 2 types of reactions are considered at

the interface:

- the trapping from material k£ to the interface: Hy —
H;.

- the detrapping from the interface to material k: H; —
H;.

The rate (s7!) of each reaction x — y is written with an
Arrhenius law:

X Ew
v = e (<52)
with v5 ¥ (s7!) the pre-exponential factor, E,_, (eV)

the energy barrier for the reaction z — y, kg (eVK™1)
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the Boltzmann constant and 7' (K) the temperature.

The jump from interstitial site to interstitial site in
material k is assumed to be described by the Fick’s law
on diffusion characterised by the diffusion coefficient of H
in material k Dyeqq2y (m*s™!). Thus, the flux balance at
the interface gives:

dc
A ((9;)@ = V16 — )\101(1 — 91)”1%1

D, <%‘;1> (A.2)

‘ilcti = Mer(l— 0o — V6
F oea(1 — 0)vosi — viacy (A.3)

Ao (%?)M = V26 — Aaca(1 — 0;)vay;
+ Dy (%?) 3 (A.4)

where Apcqi 2y (m) is the distance between two intersti-
tial sites in material k (such that Agcy(x;) represent the
areal density of interstitial H at the depth x; which inter-
acts with the interface). In Equations A.2 and A.4, the
first term on the right-hand side corresponds to the de-
trapping from the interface to material k, the second term
correspond to the trapping to the interface and the last
term corresponds to the diffusion that carries away parti-
cles from the interface region (it is important to note that
the signs of these fluxes are different).

At steady-state, when the time derivatives are null and
the diffusive flux can be neglected (i.e. when the diffusion
depth is long compared to \;), one gets:

ez _ M1 visa(T) nii(T) _ Sa(T)
e dovesi(T)visa(T)  Si(T)

(A.5)

with Sg(T) (m~3Pa=09) the solubility of H in material k.
The condition to have such steady-state is:

Es1—FEso=FEi1 —Eio— Eii + Eayi (A.6)

Appendiz A.2. Test case

The simple kinetic presented here allows us to see how
fast the equilibrium given by Equation 5 is reached. For
the test case, we further simplify the model by consider-
ing that the concentration of interstitial H in material 1
¢y is constant (ie. dcy/0t = 0). The diffusive fluxes are
neglected in Equation A.4 in order to solve a 0D problem.
The system of equation is solved with the SciPy pack-
age [29] which uses the odepack library [30].

A W/Cu interface is simulated at 475K. All parame-
ters in the model have been constrained so that it corre-
sponds to the steady state condition in equation A.6 in the
case of a W/Cu interface considering for both W and Cu,



Ly = Egig r with k=Cu or W. The values of A for W
and Cu are 110 pm and 65 pm respectively. The concentra-
tion of H in W is set to ¢; = 10" m™3. The concentration
of trapping site at the interface is set to n; = 10'® m~2.
All pre-exponential factors are set to 10'3s~'. The only
free parameter left is Fi_, 5 and a parametric study is per-
formed (see Figure A.12).

The ratio co/c; steady state value is approximately 103
(see Figure A.12(a)). The ratio 6;/6;" does not depend on
the value of the detrapping energy (see Figure A.12(b)).
7; and 79 are defined as the time at which ¢; and ¢y have
reached 95% of their equilibrium value. In this case, both
7, and 7o remain below 10%s (see Figure A.12(c)). The
interface is saturated with H for Ei_, o/(kgT) > 25 (see
Figure A.12(d)).

Appendix B. Implementation of the C/S continu-
ity in Abaqus Finite Element Soft-
ware

The Abaqus implementation scheme to be able to solve
simultaneously a transient heat transfers problem along a
transient hydrogen transport and trapping one is described
in [5]. It is based on the introduction of muti-diffusion ca-
pabilities [31] through user Subroutines developments [16].
The global implementation scheme is not described in this
appendix, which is limited to the implementation of the
transient transport and trapping process in the UMATHT
subroutine, ensuring the continuity of ¢, /S where S is the
solubility and ¢, the solute hydrogen concentration.

Appendiz B.1. Equations
The total hydrogen concentration is

C=Cy + g Ct,i
i

To force the ¢, /S continuity in the Abaqus software, the
degree of freedom for diffusion numbered 11 is set to ¢, /S
instead of ¢,,. The transport and trapping equation, which
is

(B.1)

dc
— =V - (DVcy B.2
=V (DVey) (3.2)
is thus rewritten as
oo} ds oT deei ds
5’54- aT ot En =V- (DSV(b—l—qudTVT)
(B.3)
where ¢ = ¢,,/S. Hydrogen flux is thus
=—-DSV¢p — D(bﬁVT (B.4)
[ T ‘

Appendiz B.2. UMATHT implementation

The reader should refers to [32] for a global presenta-
tion of the UMATHT development, internal variables, and
underling analogy.
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Figure A.12: (a) Evolution of the ratio c2/c1 with normalised time
t/7 for different values of Ej_,o/kgT. (b) Evolution of the ratio
6;/6;% with normalised time t/7; (independent of Fi_,2/kgT). (c)
Evolution of the time to reach 95% of the steady-state concentration,
7 and T2 as a function of Ej_2/kpT. (d) Evolution of Gieq as a
function of E;_,5/kpT. The temperature in the simulation is 475 K,
the concentration in the material 1 (W) is ¢; = 10'® m~3 and the
concentration of trapping site at the interface is n; = 10'° m—2.

The temp variable is set to ¢ = ¢, /S, and dtemp to
dp =d(cn/S) = dewm /S — emdS/S?.

The hydrogen flux has been defined in the previous



section, and thus dfdt and dfdg variables are so that

Oy B ds
dfdt = 67(;5 = D—dTVT (B.5)
and 9
= 7%0 = —
dfdg = o (DS)I (B.6)

u is so that u = ¢, leading to the following incremental
relationship

u(t + 0t) = u(t) + (dudt)dp + q’)%éT (B.7)

where dudt is so that

. Oc - acw-
dudt = 5 = S <1 + Z 8cm> (B.8)

Last, in the context of transient trapping, Oc;;/Ocy is

computed using the Generalized Oriani’s Approximation
(GOA), as defined in [6].
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