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Abstract

The presence of three trapping sites in Eurofer97 and the diffusion and trapping parameters obtained in a previous
article are confirmed using an additional thermal desorption spectrometry (TDS) experiment. Using these parameters,
permeation cycles are simulated using the diffusion-reaction code MHIMS in order to study the influence of each trapping

site on the permeation dynamics. The concept of traps reversibility is used to qualify this influence.

The analysis

indicates that the reversibility of the trapping sites is a key parameter in diffusion and permeation dynamics, which must
be accounted for to get accurate predictions of hydrogen inventory and permeation.
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1. Introduction

During the operation of fusion reactors, the plasma-facing
components (PFCs) are exposed to high particles fluxes,
including tritium. The use of this element in the D-T
reaction leads to a number of challenges [? | such as
tritium economy and accountancy. In particular for ITER,
safety regulations set the maximum in-vessel retention
to 700 g [? ] and call for a careful prediction of the
retention and of the amount of tritium permeating up to
the coolant. These evaluations can be performed using
diffusion-trapping codes [? 2 2 72?2 ? ? ? 7| that rely
on material properties such as diffusivity, solubility and
trapping densities and energies.

In the case of DEMO, Eurofer97 is foreseen as a structural
material [? ? ]. The diffusion and trapping characteristics
of this material were investigated in [? |. The permeation
results revealed that trapping had an influence on
diffusivity and solubility, and were consequently fitted
using the effective diffusivity and solubility in order to take
this trapping behavior into account. In particular, this
model indicated the presence of a low detrapping energy
trapping site (0.5 e€V). The transport parameters values
where shown to be in agreement with the observations of
several authors [? 7 7 ]. However, the thermal desorption
spectrometry (TDS) experiment performed up to 800 K
identified a total of three trapping sites, two of which
correspond to higher detrapping energies, in agreement
with [? ].
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The present work aims at investigating the presence
of these high detrapping energy trapping sites and
their impact on the results of permeation experiments
performed between 473 K and 723 K. In the first part
of this article, the presence of these high detrapping
energy trapping sites is confirmed with an additional
TDS experiment performed up to 1273 K, coupled to
a simulation performed with the reaction-diffusion code
MHIMS.

In the second part, the influence of each trapping site on
the permeation dynamics is investigated with simulations
of permeation experiments performed with MHIMS. In
accordance with previous observations [? 7 ? 7 ? 7],
irreversible trapping sites are shown to have an impact
on permeation. A definition of reversibility is given
in [? |: "a reversible trap is one at which hydrogen has
a short residence time at the temperature of interest
with an equivalent low detrapping energy. On the
other hand, for the same conditions, an irreversible
trap is one with a negligible probability of releasing
its hydrogen". Reversibility is commonly used in the
field of hydrogen embrittlement studies, that take place
at room temperature; however, reversibility has been
shown to be linked to temperature in [? ? |. In order
to extend this notion to fusion materials operating at
higher temperatures, the present work investigates trap
reversibility as a function of temperature. This analysis
shows in particular that the high-energy trapping site
in Eurofer97 is irreversible in the entire operational
temperature range of Eurofer97 [? |, which impacts the
kinetics of permeation in the case of cyclic loading as
already observed in iron and steels [? 2 7 7 |.

Lastly, the permeation timelag and tritium inventory are
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evaluated with the MHIMS code (which is a detailed
code taking into account diffusion, trapping and surface
effects) and with the simplified effective diffusivity model.
The comparison between these results indicates that the
assumptions that are necessary to obtain the effective
diffusivity model do not cover irreversibility effects.
Therefore, this model overlooks part of the trapping
behavior of hydrogen isotopes in Eurofer97, leading to a
possible under-evaluation of retention.

2. Modelling

2.1. Diffusion-trapping model

The model of hydrogen isotopes migration used in MHIMS
is derived from the McNabb & Foster equations [? 7 |. In
this model, hydrogen particles in the bulk are considered
as either mobile or trapped. The evolution of mobile
(Cm, m~3) and trapped (Cy;, m™3) particles in the bulk
is given by equations (1)-(2):

dC, i
a;’ =p-Cm(Niyi — Ci) — ki - Cog (1)
lom 92Ch, OC ;
=m _ D(T — : 2
ot (7) Ox? ot @

In equation (2), D is the diffusivity, expressed as

D(T) = Dy -exp - 1) 3)

where Dy (m2.s7!) is the pre-exponential diffusivity
coefficient and Ep (eV) is the diffusion energy.

The trapping and detrapping parameters p (m~2.s71) and
k; (s71) are taken as

§(1) = 2 exp (- ) (@)
ki(T) = vp exp ( — f;tjf) (5)

where 1y (s7!) is the pre-exponential frequency for
trapping and detrapping, FEqy; (€V) is the detrapping
energy for trapping site i and Ny ; (m~3) is the associated
density. The detrapping energy is usually taken as the sum
of binding energy Fj and diffusion energy Ep.

This model relies on two assumptions regarding the lattice
density Np, (m~3), which models the number of possible
interstitial sites:

- NL > >, Ny;: each trapping site is surrounded
by lattice sites only, and re-trapping cannot happen
directly upon detrapping;

- Np, > C,,: there are enough free lattice sites for any
trapped Q atom to detrap into an interstitial site.

2.2. Effective diffusivity derivation

Diffusivity as presented in equation (3) only involves
interstitial processes. This definition can be extended in
order to take into account the contribution of trapping
effects, which are expected to slow down the diffusion
of particles through a given material, especially at lower
temperatures.

In the following, trapping is modeled by a single trap
described by its density N; (m~2), its binding energy
Ey, (eV). The concentration associated to this trapping site
is Cy (m™3).

Using
0Cy;  0Cy; OCk )
ot aC, ot

equation (2) can be rewritten as

ac.. 82C..  9C., OC,
o P () ox2 Ot 90,
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Equation (7) is equivalent to Fick’s second law of diffusion
with a modified diffusion coefficient that will be called
effective diffusivity from now on [? |:

D(T)

4 O
aOIIl

Deg = (8)

The ggt quantity is linked to the equilibrium between
interstitial and trapped Q atoms:

Tra’pcmpty + Qmobilc A Qtrappcd + Lattice Siteempty (9)

The corresponding reaction constant depends on the
difference between the energy level of mobile and trapped
particles, which is Ey:

P—Y o

This reaction constant can also be expressed as a function
of the densities and concentrations:

Co (N1, — Cun)
(Nt - Ct)Cm
01—

(1 6,)0m (12)

Ktrap =

C
where 0, = F‘T is the occupancy of site x.
x



Following the assumption made in section 2.1 that
Cm < Ni, the occupancy of interstitial sites 6, is low
and the reaction constant can be simplified:

(13)

., 0C
The quantity C

can be expressed using the occupancies
m
if Ny is time-independent [? |:

aC, N, 96,

oC, ~ N, 06,

(14)

do
The derivative —— can be evaluated using the definition
m
Kiyap given in equation (13), as shown in [? |

do,  d KirapOm

TR T e o Ktrapem) (15)
— (16)

(1 + Ktrapam)
= Kipap(1—6,)° (17)
Therefore,
60 Nt 2
ac:n = FLK“a"(l —6;) (18)

Combining equations (8) and (18), we can express effective
diffusivity as

D
Deg = (19)

Nt 2
1+ N—LKmp(l —6,)

If we consider the trap occupancy to be low, 6; < 1 and
equation (19) can be put under its final form:

Deg = (20)

Equation (20) is commonly known as Oriani’s equation
for effective diffusivity [? ]. This simple model includes
a simplified trapping behavior in the usual diffusivity
coefficient through the addition of two parameters relative
to the trapping, namely the binding energy E; and the
associated density Ny. This interpolation is commonly
used on experimental data when diffusivity shows signs
of trapping-influenced behaviour [? 7 ? |.

However, the validity of equation (20) is limited due to the
assumptions made on the material, which are:

- Trapping can be modeled by a single trap

- Trapped and interstitial hydrogen are at equilibrium
(Oriani’s assumption)

- Interstitial occupancy is low
- Trap occupancy is low

Therefore, this model is very different from the
McNabb & Foster model that MHIMS relies on, which was
introduced in 2.1. These differences are investigated in
detail in section 5.

3. Identification of the three trapping sites

In this part, the transport and trapping parameters
obtained in [? | are recalled, along with the corresponding
experimental techniques. An additional TDS is presented
to confirm the presence of a trapping site with high
detrapping energy.

3.1. Gas-driven permeation experiments

The transport parameters of hydrogen isotopes in
Eurofer97 have been determined in [? | with gas-driven
permeation experiments performed using Hypertomate
(HYdrogen PERmeation in TOkamak-relevant
MATErials), a diagram of which is given in figure 1.
In this setup, two high-vacuum enclosures are separated
by a sample (thickness between 500 pm and 1 mm).
During a run of the experiment, hydrogen is introduced
stepwise in one of the chambers (upstream part).
In isolated mode (valve V5 is closed), the subsequent
permeation flux induces a pressure rise on the downstream
part, which contains information about the permeation

dynamics in the material under scrutiny. On both
Upstream Downstream
§mmmmm e m e > §mmmmmmmmmm e me——aaa- >
® o ® 6

Vo .

- D]
ssmnmmn

Vl Heating cords \/2
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Figure 1: Diagram presenting the Hypertomate hydrogen permeation
experiment

sides, the pressure is recorded using MKS® Baratron
gauges (1000 Torr full gauge on the upstream side,
0.1 Torr full scale downstream). Hydrogen permeation
experiments performed on FEurofer97 samples yield
transport parameters such as effective diffusivity Deg,
effective solubility K.g and permeability ®. In particular
for Eurofer97, D.g contains partial information about



the trapping sites and shows that traps have an influence
on permeation in the 473 K - 673 K range [? |. In the
following, Hypertomate transport parameters presented
in table 1 are used.

3.2. TDS experiments and MHIMS analysis

TDS experiments are performed on deuterium-loaded
FEurofer97 samples using the device initially presented
in [?] and used in [? ]. This device named TEDDI
(ThErmal Desorption of Deuterium in materlals) consists
of a high vacuum enclosure equipped with a Bayard-Alpert
pressure gauge and a quadrupole mass spectrometer.
During the course of an experiment, a sample containing
deuterium is heated up with a filament following
a pre-defined ramp-up, controlled by a thermocouple
inserted in the sample. The resulting desorption rate is
recorded by the mass spectrometer, which is calibrated
using the pressure gauge.

The sample is loaded beforehand by heating it up to
673 K in 9-10* Pa of deuterium, then quenched in order
to prevent desorption from the trapping sites. This
experimental procedure results in a TDS spectrum where
peaks indicate the presence of several trapping sites.

In order to analyze this spectrum in detail, the
full experiment (loading, thermal quenching, resting,
temperature ramp-up) is simulated with MHIMS, using
the transport parameters obtained with Hypertomate and
recalled in table 1, as well as the surface model introduced
in [? ?]. In the case of Eurofer97, this analysis yields
the energies and densities of three trapping sites. These
parameters values (resp. Eg¢; and Ny; for trapping
site i), as well as the energy barriers corresponding to
the kinetic surface model used, are given in table 2. The
TDS spectrum on which the analysis presented in [? |
is based is presented in figure 2 as "First TDS up to
873 K". For this first experiment, the temperature is
capped at 873 K in order to remain within the material
specifications [? |. Above this temperature limit, even
short-term heat exposure can result in overtempering
of the martensite structure and softening of the metal.
Noticeably, the desorption rate is not zero at 873 K,
which means that deuterium remains in the sample at
the end of the experiment. As shown with the MHIMS
analysis, this interrupted peak indicates the presence of a
trapping site with a high detrapping energy (referred to
as trapping site number 3), which detrapping energy is
Edt,3 = 1.65 eV.

In order to confirm the presence of the third trapping site
and get a fuller understanding of trapping in Eurofer97,
the TDS experiment presented in [? | is performed once
again on the same sample, with the same temperature
ramp-up (1 K/s) and the maximum temperature raised
to 1273 K (TEDDI experimental limit), without breaking
the vacuum. In-between the two temperature ramp-ups,
the sample is left to cool down in the vacuum enclosure

where the background pressure is P,z ~ 1-107% Pa (i.e.
the sample is not re-loaded in deuterium between the
experiments). The corresponding experimental spectrum
is shown in figure 2 and referred to as "Second TDS
up to 1273 K". During the second TDS experiment,
desorption takes over when the temperature reaches 873 K,
following closely the interrupted peak visible in the first
TDS. The peaks centered on 520 K and 1000 K reach
equivalent maximum desorption values, meaning that the
trapping sites desorbing in the 300 K - 873 K and in
the 873 K - 1273 K ranges contain similar amounts of
deuterium under these loading conditions. The second
TDS spectrum also shows a shouldering around 1100 K,
even though the temperature ramp-up remained stable
in this region. Around this temperature, important
metallurgical changes occur [? |: this additional flux
could be explained by a release of internal stresses, a
solubility modification, or the dissolution of inclusions,
which would all have an impact on hydrogen transport.
The investigation of the precise phenomena explaining this
behavior is beyond the scope of the present analysis.

First TDS, up to 873 K
x Second TDS, up to 1273 K
------ MHIMS TDS up to 1273 K
—— MHIMS interrupted TDS, part 1
—— MHIMS interrupted TDS, part 2

10'8
- 157
~
=
~
S
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E
=
g
2051
o
&
o
a 0
400 600 800 1000 1200
Sample temperature (K)
Figure 2: Interrupted TDS performed on deuterium-loaded

Eurofer97, up to 873 k and then up to 1273 K. MHIMS simulations
corresponding to the interrupted TDS and to a single TDS up to
1273 K are also shown.

In order to check the validity of the set of parameters
obtained with the parametric optimization presented in
[? ], this interrupted TDS experiment is simulated using
MHIMS. The boundary conditions rely on the kinetic
surface model taken from [? ? |. Symmetry is rendered by
a Neumann boundary condition with the normal hydrogen
flux set to zero. The modeling steps, which replicate the
experimental ones, are the following;:



Dg Ep &
(m%.s™h)

Hypertomate [? | 2.52:1077 0.16 4.43.107%

Esteban [? |  4.57-1077 0.23 1.03-107%
Aiello [? ] 1.50-10~7 0.15 1.53-1078
Chen [? | 3.15-107% 0.06 1.26-107®

Fs Ko FErx Nt Ey
(eV) (molm~ . Pa~"?s71) (eV) (mol.m™3.Pa='/?) (eV) (m~®) (eV)
0.43 1.76-107! 0.27 6.08:10%° 0.42
0.39 2.25-1072 0.16 1.30-10%% 0.45
0.40 1.02:1073 0.25 1.04-10** 0.60
0.36 4.00-107! 0.30 4.50-10%* 0.78

Table 1: Arrhenius permeation parameters for hydrogen isotopes in Eurofer97

Name Symbol  Value  Unit
Eac1 0.51

Detrapping energies Eqy,2 1.27 eV
Eds,3 1.65

N1 6.01-10%

Traps densities Nyo 6.44-10%2 m™3
Ny3 3.88-10%
Ea 1.32
Surface energies Er 0.65 eV
2Fqes 0.80

Table 2: Detrapping energies, traps densities and surface energies
E 4, Er and FE4es resulting from the TDS fit with MHIMS and a
kinetic surface model. In the following, the traps will be referred to
using their number, i.e. trap 1 for the 0.51 €V site, trap 2 for the
1.27 eV site and trap 3 for the 1.65 eV site.

1. Gas loading: constant temperature of 673 K and
deuterium loading pressure of 9-10% Pa until sample
saturation is reached.

2. Thermal quenching: temperature is lowered to 300 K
abruptly (1 s). Consequently, deuterium pressure
decreases to 4-10* Pa (sample quenching).

3. Resting/Pumping down: temperature remains at
300 K and deuterium pressure drops to 0 Pa. This
condition models the very high vacuum conditions of
the vacuum enclosure. This step corresponds to the
insertion of the sample in the vacuum enclosure.

4. First TDS phase: deuterium pressure is 0 Pa on
both sides, corresponding to the vacuum atmosphere
of the device. Temperature is increased by 1 K/s,
starting at 300 K and stopping at 873 K.

5. Cooling down: the temperature drops to 300 K
abruptly (1 s).

6. Second TDS phase: temperature is increased by
1 K/s, starting at 300 K and stopping at 1273 K.

A single TDS with a maximum temperature of 1273 K
(i.e. skipping steps 4 and 5) is also simulated. The
corresponding simulated TDS spectrum is presented under
"MHIMS TDS up to 1273 K" in figure 2. In the simulations,
under the loading conditions of this TDS experiment, the
quantities of particles desorbing from trapping sites 1 and
3 are close: this can be seen qualitatively on the TDS
spectra, where peaks at 500 K and 1000 K have similar
intensities and integral values.

The results of these simulations indicate that the
parameters presented in table 2, which were inferred using

only the TDS up to 873 K, describe accurately the full
TDS.

4. Evaluation of the influence of trapping on
permeation through cyclic simulations

In this section, the influence of trapping sites (reversible
and irreversible) on permeation is investigated. MHIMS is
used to simulate permeation experiments, after which the
routine that is described in [? ]| and used on Hypertomate
experimental data to extract D.g is applied to simulated
permeation results. The corresponding simulated effective
diffusivity is compared to the experimental effective
diffusivity in order to assess the validity of the three-traps
model.

4.1. Simulations setup

Permeation simulations consist of a succession of loading
and resting steps, of which an example is given in
figure 3.

----- Loading pressure
—— Permeation flux

200

time (s)

Figure 3: Example of a permeation simulation with a three-trap
model at 673 K, showing four permeation cycles. Each cycle consists
in a 50 s loading phase followed by a 50 s resting phase. Loading
phases are considered complete when the permeation flux reaches its
steady-state value.

A permeation cycle consists of the following steps:

1. Loading: the sample is exposed to
Poading = 5 - 10* Pa of hydrogen at a fixed
temperature. The duration of this step is chosen to
be long enough for the permeation flux to reach a
steady-state, as visible in figure 3.

2. Resting: the pressure drops down to 0 Pa and the
permeation flux goes back to a constant value that
is negligible as compared to the steady-state loading
flux.



Loading and resting times are chosen in order to agree with
the permeation experiments. Both surfaces are simulated
using the kinetic surface model presented in [? ? | and
used in the TDS simulations.

The first step of the analysis is to check that the
permeation regime is diffusion-limited. The permeation
flux is then integrated in order to obtain the pressure
rise corresponding to hydrogen permeation taking place
in a closed system. This pressure rise is processed
using the steps presented in [? | (which are only valid
for diffusion-limited permeation) in order to obtain the
timelag 7; (s). The simulations are performed between
473 K and 873 K: below 473 K and with the kinetic surface
model, the permeation regime is not diffusion-limited and
the analysis presented here cannot be performed.

Finally, the effective diffusivity is calculated using
eq. (21) [? |:
2
Deg = — (21)
6 Tl

where e (m) is the thickness of the sample.

The result of the post-processing steps applied to the
cycles of figure 3 is given in figure 4, which shows in detail
that the first timelag is much longer than the following
ones, which are all identical. In the following, the analysis
is conducted on the final timelag; the particularities of the
first cycle are discussed in subsection 5.2.

Cycle n°

’g 03 T 1

= —_ 2

E 02+t 3

o _ 4

%

2 0.1

ot

a W)

0 L {
15 20

time (s)

Figure 4: Output of the postprocessing steps applied to the
permeation cycles presented in figure 3, simulated at 673 K. The
pressure has been normalized so that maximum pressures are 1 at
the end of the loading cycle (=50 s). The first timelag (around 15 s)
is notably longer than the following ones (around 3 s), which are all
identical.

4.2. Influence of each trapping site on D.g depending on
the temperature range

The three-traps model obtained from the TDS simulations
(see table 2) is used to replicate permeation experiments.
The traps are added one by one in the simulations in order
to pinpoint the contribution of each trapping site to the
effective diffusivity. The results are shown in figure 5 and
compared to experimental results, including the effective
diffusivity taken from [? |, which values are recalled in
table 1.

T (K)
873 773 673 623 573 523 473
T T T T T T T
SR
TEE
—~ 1078} ~§::15 :
T i TRE
o i L
) LN
& r \ ‘s
ot +  Hypertomate £
| Interpolation - S .
Trap 1 h
1079 H{-+- Traps 1 and 2 .
E -+- Traps 1, 2 and 3
I I I | |
1.2 14 1.6 1.8 2

1000/T (1/K)

Figure 5: Comparison of MHIMS-simulated Deg(T) and experimental
Deg(T). Traps are added one by one in order to show their influence.
In particular, adding trap 2 seems to have an influence in the 523 K
to 773 K range; trap 3 modifies effective diffusivity above 723 K. The
dashdotted grey line represents interstitial diffusivity D introduced
in equation 3.

Figure 5 shows that the model taking into account
only the first trap gives a Deg(T) law that resembles
the interpolation, with an offset in the experimental
temperature range, leading to an overestimation of
effective diffusivity. The single-trap model agrees with the
interstitial diffusivity above 623 K, which indicates that
trap 1 has an influence in the 473 K-623 K region. Adding
trap 2 makes D.g drop below the experimental values
in the 523 K to 773 K range. Both these models agree
with the interpolation law at 873 K, which corresponds
to interstitial diffusivity D at this temperature, i.e. the
trapping sites have low enough energies for trapping not
to interfere with permeation at 873 K and above. However,
experimental points above 673 K show a different trend:
the experimental increase of Deg at higher temperatures
is lower than the interpolation. Adding trap 3 caps this
increase and gives a more satisfying plot at temperatures
above 723 K.

This first comparison between the models, the
experimental points and the interpolation shows that the
capping witnessed on experimental points above 723 K
can be explained by the presence of a high detrapping
energy trap. Furthermore, traps seem to have an influence
on specific temperature ranges, namely above 723 K for
trap 3, between 523 K and 823 K for trap 2, and below
623 K for trap 1.

However, the final plot (corresponding to the three-traps
model described in table 2) does not replicate the effective
diffusivity experimental points satisfyingly: effective
diffusivity is overestimated below 523 K, which is the range



where trap 1 drives Deg. The addition of trap 2 makes
effective diffusivity drop below the experimental values in
the 523 K to 823 K range. This could be linked to the traps
density: a higher density for a given trap could decrease
effective diffusivity in the temperature range in which this
given trap has an influence on permeation.

4.3. Model densities

correction

adjustment  through  traps

The density of each trap is adjusted manually in order
to improve the comparison between the simulated and
experimental effective diffusivities. The method followed
is similar to that of subsection 4.2: traps are added
one by one and their density is adjusted to improve
the correspondence between effective diffusivities in the
temperature range where this trap has an influence on
permeation. The fit is considered satisfactory when the
resulting effective diffusivity lies within the error bar of the
experimental results. The results are presented in figure 6,
and the initial and adjusted traps densities are given in
table 3. The three-traps models with initial and adjusted
densities are referred to as "initial model" and "adjusted
model" in the following.

T (K)
673 623 573 523 4T3
T T T

873 773
T T

—~
|
wn
(o]
~— »
~
a:: | S
S + Hypertomate ¥ O
A = Interpolation NERN

Cal Three traps, N\ x

initial densities R
107° '

Three traps, hry
adj. densities

I |
12 14 16 18 2
1000/T (1/K)

Figure 6: Comparison of experimental and simulated Deg. Traps
are added one by one in order to show the influence of each one of
them. The dashdotted grey line represents interstitial diffusivity D
introduced in equation 3.

Below 523 K, the initial model overestimates Deg, which
means that the density of the first trapping sites needs
to be increased in order to get closer to experimental
effective diffusivity. Between 573 K and 673 K, the initial
model underestimates Deg, which means that the density
of trapping site 2 needs to be decreased to reproduce the
experimental effective diffusivity. Above 673 K, the initial
model yields effective diffusivity values that match the

Detrapping energy Initial density Adjusted density Ratio

(eV) (m~?) (m~?)
0.51 eV 6.01-10%° 1.71-10%¢ 2.85
1.27 eV 6.44-10%2 2.11-10%2 0.33
1.65 eV 3.88-10%3 3.88-10% 1

Table 3: Former and corrected densities of each trap after the
effective diffusivity fit. The density of the third trap remains the
same.

experimental ones: the density of the third trapping site
does not need to be altered.

Table 3 indicates that the density of trapping site 1 has
been increased by a factor of 2.85. This density is higher
than the values of N, evaluated by other authors through
permeation, which are recalled in table 1. This higher
density value could be explained by the fact that the
Eurofer97 samples used in Hypertomate and TEDDI did
not undergo any annealing or thermal treatment prior to
the experiments, which can lead to a higher density of
defects.

4.4. Effective solubility

Hydrogen permeability in Eurofer97 can also be obtained
from the permeation simulations using

>
e loading

J= (22)

where J (mol.s™!) is the permeation flux in steady-state,
® is the permeability (molm~'.Pa='2s71), e is
the thickness of the sample (m) and Poading IS
the loading pressure (Pa). Equation (22) only

applies if the permeation regime is diffusion-limited.

Using permeability, hydrogen effective solubility
Keg (mol.m—3.Pa—"/?) can be evaluated as
)
Ko = 23
eff Dot ( )
Ny Ey
K- [1+ 20 <7) 24
( + N exp T ) (24)
in which appears the interstitial solubility K:
Eyg
K(T) = K, - (— 7) 25
(1) = Ko -exp (= 5 (25)

In (25), Ko (mol.m~3Pa~'/?) is the pre-exponential
solubility factor and Fg (eV) the solution energy of
hydrogen in interstitial sites.

The effective solubility as obtained with permeation

experiments and MHIMS simulations is shown in
figure 7.

In the temperature range corresponding to the
experiments, the predicted effective solubility is
satisfactory. At lower temperatures, the effective

solubility given in table 1, Hypertomate results and the
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Figure 7: Hydrogen effective solubility in Eurofer97, obtained

experimentally and with MHIMs simulations. The dashdotted grey
line represents interstitial solubility K introduced in equation (25).

three-traps model are in agreement. At temperatures
above 673 K, experimental measurements of effective
diffusivity are closer to the values predicted by MHIMS
than to the interpolation corresponding to Oriani’s model.
This trend seems to accentuate at temperatures above
723 K. The influence of this point on inventory evaluation
is discussed in subsection 5.3.

5. Impact of traps reversibility on permeation
results

In section 4, the three-traps adjusted model of hydrogen
interactions in Eurofer97 was validated. In this
part, the reversibility of trapping sites is used to
investigate their effect on the physical quantities that
are accessible with a permeation experiment, such
as the timelag. In a final subsection, timelag
and inventory evaluations obtained using the effective
transport parameters (effective diffusivity and effective
solubility) are compared to evaluations relying on the
detailed three-traps model.

5.1. Trapping sites reversibility

Subsections 4.2 and 4.3 have shown that each trapping
site has an effect on the effective diffusivity in a limited
temperature range. This has been shown to be caused
by the reversibility of the trapping sites [? 2 2 2 7 7 |.
Usually, trapping sites with a low detrapping energy
are considered reversible, as they allow hydrogen to
easily detrap. Most of the experiments from which
this definition stems are linked to structural studies,
especially hydrogen embrittlement [? ? ? 7 |, conducted
at room temperature. In the case of fusion applications,

the temperature of permeation-relevant material during
their lifetime can range from low temperatures (during
maintenance operations), medium temperatures (pipe
forest between 553 K and 773 K [? |) to higher ones (up to
783 K for the HCPB scenario of the DEMO first wall [? ]).
Therefore, the reversibility considered in this work takes
into account the temperature range and the time frame of
the permeation cycles.

In the permeation simulations, during the loading phase,
the sites (mobile, trap 7) retain hydrogen atoms, which are
released during the resting phase. For a given temperature,
the rate at which this release occurs is highly dependent
on the type of site and on the corresponding detrapping
energy. Schematically, the higher the detrapping energy
is, the longer it will take for the trapping site to release
hydrogen atoms. In the case of a high detrapping energy
site, this detrapping rate is low enough to be neglected
if the considered horizon is short term (a few minutes, in
the case of permeation experiments) or mid-term (months
in the case of reactor walls): the trapping site is deemed
irreversible.

Figure 8 gives an illustration of reversibility in Eurofer97
at 573 K with adjusted densities during the course of two
permeation cycles consisting each of 1000 s of loading and
1000 s of resting. At this temperature, interstitial sites
and trap 1 are fully reversible, because they release their
total inventory during the resting phase. However, trap 2
is only partially reversible and trap 3 is not reversible, as
particles are not released during the resting phase. Based
on these observations, we can infer that the reversibility
of interstitial sites, traps 1 and 2 have an impact on the
kinetics of permeation at this temperature, and that trap 3
does not have an impact at this temperature, except for
the first cycle (see section 5.2). This indicates that trap 3
is irreversible for this given temperature.

In order to quantify this, reversibility of site ¢ is formalized
as Al;, which is the difference between the maximum
inventory reached during loading and the inventory at
the end of resting, as shown in figure 8. This quantity
is evaluated for each site (mobile and traps) during
permeation cycles simulated with temperatures ranging
from 473 K to 873 K. The contribution of site ¢ to the
total inventory variation during a permeation cycle is given
by

Al

> AL

The results of this contribution analysis are shown in
figure 9, giving a detailed understanding of reversibility
in the operational temperature range of Eurofer97. The
contribution of the upstream and downstream surfaces has
not been taken into account to simplify the analysis, as the
associated desorption kinetics are almost instantaneous
and therefore have a negligible effect on the dynamics of
permeation.

AL =

(26)
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Figure 8: Evolution of the mobile and trapped inventory during two
permeation cycles (1000 s loading, 1000 s resting) in Eurofer97 at
573 K. Interstitial sites and trap 1 are fully reversible, i.e. they
release all the particles that were trapped while loading during the
resting phase. Trap 2 is partially reversible at this temperature and
for the resting duration considered. Trap 3 is not reversible: particles
are not released during the resting phase.

Below 523 K, permeation is dominated by the first
trap. In the mid-range (523 K to 700 K), interstitial
sites become dominant and the contribution of trap 2
increases, reaching a maximum around 623 K. Looking
back at figure 5, this temperature corresponds to the
inflection of the curve caused by the addition of trap 2
to the model. Above 700 K, the contribution of trap 3
increases up to 42 %, which shows that this trapping
site influences permeation during its transient phase in
the high-temperature range. This effect is linked to
the drop in effective diffusivity noticed in subsection
4.3: above 700 K, the addition of the third trap to the
model influences permeation enough to make effective
diffusivity diverge from the interpolation law obtained
through equation (20).
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Figure 9: Reversibility of the traps and interstitial sites, expressed
in percentage of the total permeation flux

In [? |, Pressouyre separates the trapping sites present
in Fe-Ti into reversible or irreversible trapping sites,
using the interval between the energies of these sites for
the reversible to irreversible transition. This analysis
is performed at room temperature. Following the same
method and using figure 9, we can determine that trapping
site 1 is reversible at 473 K while trapping sites 2 and 3 are
irreversible: the transition from reversible to irreversible
takes place in the interval between the detrapping energies
of these sites. This gives us a criterion for this transition,
that can be extended to higher temperatures using the
By /i, 7 quantity as shown in figure 10, which confirms
the results presented in 9 in terms of reversibility or
irreversibility depending on the temperature.

—— Trap 1
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Trap 3

40 +

Reversibility
transition
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Figure 10: Evolution of the £ /kpT ratio versus temperature, shown
for each Eurofer trapping site. The reversibility transition, based on
low temperature reversibility, is extended to higher temperatures.

5.2. Analysis of the first timelag

As observed in figures 3 and 4, the first timelag obtained
through simulations may be much longer than the next
timelags when the simulation includes several permeation
cycles and at least one irreversible trapping site. This
effect has been witnessed experimentally in steels and iron
[? 2 ? 7 ]. Anexample of this effect in Eurofer97 at 523 K
is shown in figure 11, where the breakdown of the detailed
inventory shows that the extra time corresponds to the
filling of the irreversible trap.

During the first loading phase, saturation of traps 2 and 3
takes place first, followed closely by saturation of trap 1.
The corresponding timelag is 129 s. Given their detrapping
energies (1.27 eV and 1.65 e€V) and the relatively low
temperature of the run (523 K), trap 3 remains saturated
until the end of the simulation and trap 2 desorbs at
a slow rate (because trap 2 is not fully reversible at
523 K, as indicated by figures 9 and 10). In particular,
we can notice that traps 1 and 2 are filled at a much
quicker rate during the second loading phase, resulting in
a shorter timelag (16 s). This effect can be expected to
be particularly prominent in the low-temperature range
or in the presence of trapping sites with a high detrapping
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Figure 11: Breakdown of the (normalized) trapping inventories
during two loading phases and a resting phase at 523 K. Trap 3
remains saturated after ¢ = 120 s and no longer impacts permeation
after this time mark, which explains that the second timelag is
shorter than the initial one.

energy. In order to study it, four consecutive permeation
cycles were simulated with temperatures ranging from
423 K to 873 K. With this method, the timelag obtained
with the first cycle ("initial timelag") differs from the next
three, which are all identical and will be referred to as
"final timelag" in the following.

Figure 12 shows the effective diffusivity corresponding to
the first cycle as compared to the one corresponding to
the following cycles. Although the shapes are similar, the
time needed for the permeation flux to reach steady-state
is much longer in the case of the first cycle, which results in
a discrepancy between effective diffusivities that worsens
at lower temperatures.

The effective diffusivity interpolation given in [? | (shown
in the figure) reports effective diffusivity values that
are significantly lower than previously reported ones in
the lower temperature range [? ? ? |. This discrepancy
could be explained by the initial timelag bias. In the
low temperatures range, the data given in [? | matches
the initial timelag results, but follows the final timelag
at higher temperatures and even includes the effective
diffusivity drop that was shown to be caused by the third
trap in subsection 4.2. A possible explanation for the
discrepancy between experimental diffusivities could be
that the diffusion reported in [? | corresponds to an initial
timelag. As soon as the number of permeation cycles
performed on a given sample increases, this bias vanishes
and the reported D.g values get closer to previously
reported ones.

Using equation (21) and assuming a sample thickness of
500 pm, the effective diffusivities shown in figure 12 can
be translated into timelags. The comparison between these
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Figure 12: Comparison of the initial vs. steady-state timelag

on effective diffusivity, using the adjusted densities model. The
interpolation law and experimental points given in [? |, corrected
in order to be compared with hydrogen results are shown. The
dashdotted line represents interstitial diffusivity D introduced in
equation (3).
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Figure 13: Comparison of the timelags evaluated using equation (21)
with several effective diffusivities, assuming a sample thickness of
500 pm. At higher temperatures, the effect of the irreversible
trap vanishes and all plots show a similar trend; however, at lower
temperatures, the first timelag and the timelag evaluated using [? |
are up to an order of magnitude higher than other timelags.

timelags is given in figure 13. At higher temperatures, the
high-energy trap is reversible: the plots show a common
trend, although the first timelag remains higher than
the other ones. At lower temperatures, the high-energy
trap is irreversible and the first timelag is more than ten
times longer than other timelags, except for Chen’s [? ].
In particular, figure 13 can be used to illustrate that
equation (21) can only be used to evaluate the timelag if
the irreversible traps (at a given temperature) are already
filled with hydrogen isotopes. Outside of this range, the



resulting timelag is underestimated.

5.8. Comparison with inventory simulations performed at
system level

System-level simulations of permeation and retention are
necessary for the design of several parts of fusion power
plants, among which breeding blankets [? |. In order
to take into complex interactions (magneto-hydrodynamic
effects [? |, interfaces between distinct elements [? ]),
these simulations require simplified modeling of the
permeation and retention dynamics. Most of these codes
evaluate the tritium permeation through the breeding
blankets based on interstitial diffusivity as presented in
equation (3) [? ? ]. The choice of D instead of Deg
implies that the trapping behavior is neglected in these
evaluations. One of the consequences of this simplification
is the underestimation of the breakthrough time, as
trapping increases the timelag (see figure 13). In some
cases, solubility is introduced through the use of the
Sieverts’ boundary condition [? ? |:

where K, is either K.g, which takes into account the
trapping effects, or K that gives the mobile concentration
in the sample. Such a model does not discriminate
between mobile and trapped particles: the concentration
considered here is C and pertains to both. Here again, the
use of interstitial solubility instead of effective diffusivity
Keg shows that trapping is not taken into account.

(27)

In order to bridge the gap between simplified system-level
codes and detailed diffusion-trapping codes such as MHIMS,
intermediary simulations can be performed as presented
in [? | which uses the open source framework OpenFOAM
to evaluate the permeation fluxes through a breeding
unit. This "component level" simulation uses the effective
transport parameters D.g and K.g to account for the
trapping effects.

Using interstitial or effective transport parameters instead
of a detailed McNabb & Foster model has an influence
on the evaluation of retention. The difference between
these approaches can be illustrated simply by comparing
the inventory as evaluated using two methods:

- With a MHIMS simulation of Eurofer97 slab with
thickness e 500 pm, taking into account
the three-traps model with adjusted densities of
section 4.3 and Sieverts law as the boundary
condition with Poading = 5 - 10* Pa;

- Assuming an equilibrium concentration profile and
using the value given by equation (27), the inventory
issimply I = C-e = K-/ Poading €. This evaluation
is performed with K (interstitial solubility) and with
Ko (effective solubility).
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The result of this comparison is given in figure 14; the
output of the MHIMS simulation is given in terms of mobile
and total retention.
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Figure 14: Comparison of the inventories as evaluated with MHIMS
and using Sieverts’ law associated with K or K.g. Mobile evaluation
relying on Sieverts’ law and MHIMS are in agreement, whereas total
inventory is underestimated with Sieverts’ law as compared to MHIMS.

Figure 14 shows that the evaluation of mobile particles
inventory relying on Sieverts’ law and given by MHIMS
are in agreement. Regarding the total inventory, the
effective solubility evaluation implies an underestimation
by a factor 3 at 473 K and by a factor 1.5 at 873 K.
The information given by effective solubility only regards
trapping sites which reversibility has an influence on the
permeation dynamics. At lower temperatures (below
550 K), the underestimation accentuates because trap 3
is irreversible. = This observation shows that the use
of solubility and/or effective solubility in system level
simplified models does not yield a satisfactory prediction
of the total inventory, as it overlooks reversibility effects
highlighted in this work.

6. Conclusion

Permeation and TDS experiments are simulated using
MHIMS to extract a model of the hydrogen-Eurofer97
interactions, including diffusion and trapping. Three
trapping sites with detrapping energies of 0.51 eV, 1.27 ¢V
and 1.65 eV are necessary to describe trapping in this
material. Using simulations of permeation cycles, the
influence of each trapping site on the permeation of
hydrogen is investigated: the 0.51 eV trapping site impacts
permeation below 523 K, the 1.27 €V trapping site impacts
permeation from 573 K to 673 K and the high-energy
trapping site at 1.65 eV has an influence at temperatures
above 673 K.

The influence of a given trapping site on permeation
is linked to its reversibility, which states whether a
trapping site containing hydrogen is likely to release its
content [? 7 ? 7 ? 7 ]. Reversibility as a notion can be
used independently of temperature (e.g. in the field of



hydrogen embrittlement, with steels operating at room
temperature) or be extended in order to take into account
the temperature operating range of the material (as
mentioned by Shu et al. [? | for Fe-Ti alloys), which is
especially needed for fusion materials. In order to take this
temperature dependence into account, the present work
evaluates the inventory of each of the three Eurofer97
trapping sites to quantify their reversibility. Using this
method, the 0.51 eV trapping site is shown to be reversible
at low temperatures, while the 1.27 eV trapping site is
reversible above 573 K. The 1.65 eV trapping site is only
reversible at temperatures above 673 K.

In the final section, the reversibility of trapping sites
is used to explain the discrepancy between estimations
of tritium inventory and timelag evaluated with a
full diffusion-trapping model such as MHIMS or using
effective transport parameters, in the case of system-level
codes.

This work suggests that careful simulations of permeation
cycles coupled with TDS analysis yield a cohesive model
describing the interaction of hydrogen with Eurofer97,
which is a critical point for the evaluation of inventory
and permeation at a system level [? |. The assumptions
that are required to validate the effective diffusivity
model are not compatible with the irreversibility of the
trapping sites in Eurofer97. Therefore, the estimation
of tritium inventory and permeation at system level
requires a model that takes into account all trapping
sites, using the McNabb & Foster equations such as
FESTIM |[? ] or a generalized Oriani approximation as
developed in [? |.

Although the analysis presented in this work has been
conducted on Eurofer97, the method used could be applied
to any permeation-relevant fusion material and even
extended in order to take into account neutron exposure,
which will result in the dynamic creation of potentially
irreversible trapping sites.
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