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A B S T R A C T

Tritium permeation is expected to be a major challenge in many locations in the fuel cycle of future fusion re
actors. Countless permeation experiments have been performed trying to address this issue, each with their own 
characteristics including experimental conditions created, materials used, and detection methods employed. This 
paper reports the main outcomes of these past investigations, categorising them by their mode of operation 
rather than by the materials studied. The limitations of scientific experiments in recreating future conditions in 
fusion fuel cycles, and efforts to decrease this discrepancy, are discussed. Factors to consider when designing a 
permeation experiment and how these decisions affect the measurements that can be obtained are considered.

1. Introduction

Nuclear fusion reactors provide an enticing prospect of a clean, safe 
way of generating electricity, fuelled by unlimited resources. However, 
to realise this goal, there are several engineering challenges left to 
overcome. Most future fusion reactors are designed to use a 50:50 
mixture of deuterium and tritium as fuel. Although deuterium is readily 
available through extraction from sea water, the use of tritium comes 
with several difficulties. Tritium is both scarce and radioactive, and as 
such needs to be contained to minimise losses to surrounding materials, 
systems, and the environment. Additionally, fusion reactors are required 
to breed tritium in breeder blankets to compensate for tritium being 
burned up and ensure self-sufficiency.

Reduced activation ferritic/martensitic (RAFM) steels are being 
considered as candidate structural materials for these breeder blankets, 
due to their excellent thermal and mechanical properties, such as low 
swelling and low radioactive activity after irradiation [1]. However, at 
the planned operating temperatures of the breeder blankets, approxi
mately 500 ◦C, RAFM steels have a high permeability for tritium [2]. 
This alludes to large losses of tritium to the coolant due to the substantial 
amounts of tritium that are present in the breeder blankets.

Tritium permeation into the coolant is problematic for several rea
sons. Firstly, these losses impose high efficiency requirements onto pu
rification systems to recover the tritium from the coolant. This is 
expected to require a lot of energy which reduces the net energy pro
duction of the fusion power plant. Furthermore, tritium permeation also 

reduces the net breeding ratio, imposing the need to install larger 
breeder blankets to counteract this. Besides loss of confinement, 
hydrogen permeation will cause embrittlement in structural materials. 
This can range from slow-strain rate embrittlement and delayed failure 
under stress, even after exposure to hydrogen at pressures as low as 
atmospheric, to bubble formation, leading to blistering, more common 
for high fugacity exposure [3,4]. And lastly, since the coolant carries 
heat away from the breeder blanket towards the steam generator used to 
generate electricity, there is a risk of tritium permeating through the 
heat exchanger into the steam generated and contaminating the envi
ronment [5].

The total EU DEMO tritium exhaust limit is estimated at 2 mg/day or 
1 g/yr; [6,7]. In contrast, depending on the breeding blanket concept, 
tritium permeation from the blanket into the coolant has been estimated 
anywhere between 1 and 50 g/day [5,7]. Unfortunately, there is still 
much uncertainty about the solubility of tritium in materials such as 
eutectic lithium lead (LiPb), which leads to a variation in estimates of 
the calculated tritium losses up to 90 % [8].

These values demonstrate the considerable efficiency required for 
the coolant purification system. To reduce this need, coatings with a low 
permeability can be applied to the structural materials in the breeder 
blanket. Estimates suggest a Permeation Reduction Factor (PRF) be
tween 100 – 1000 is needed in the breeder blanket [8,9] to reduce 
tritium permeation into the structural materials and to maintain a 
tritium concentration in the coolant that is low enough for the coolant 
purification system to process. Permeation barriers may also need to be 
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applied in the steam generator to further reduce tritium losses to the 
environment. Tritium permeation is not limited to breeder blankets; 
there are various other locations in the fusion fuel cycle where high 
concentrations of tritium occur at high temperatures. Anti-permeation 
coatings can provide the additional benefits of protection against 
corrosion from liquid LiPb and electrical insulation reducing magneto
hydrodynamic effects [2].

The aim of this paper is to provide insight into the operation of 
permeation experiments. First, the theory of hydrogen permeation 
through materials will be discussed (Section 2), followed by a consid
eration of candidate structural materials and anti-permeation coatings 
in Section 3. In Section 4 several factors that influence the permeation 
rate will be discussed, along with the limitations of existing scientific 
experiments to study these effects compared to the conditions under 
which permeation barriers will be applied. This is followed by a dis
cussion of experiments performed with breeder materials, some under 
irradiation in a fission reactor, the closest we have been able to come to 
testing permeation barriers under fusion reactor-like conditions. Finally, 
in Section 6, it is considered how design characteristics of permeation 
experiments may affect the scientific results being generated. 
Throughout this paper, scientific results will be discussed, grouped by 
characteristics of the experimental setup with which and the conditions 
under which these were obtained.

There have been many review papers on permeation barriers 
focussing on either the substrate or coating materials. However, this is a 
review paper on the design and operation of permeation experiments: 
their configuration, setup, operating procedures, and sample 
characteristics.

2. Theory

The permeation process consists of 6 distinct steps: adsorption, 
dissociation, absorption, diffusion, recombination, and desorption. In 
this section, the theoretical description of these different steps, and how 
the governing quantities are related to each other will be presented.

2.1. Dissolving and recombination

Hydrogen isotopes dissolve in metals in atomic form. Gas molecules 
adsorb onto the metal surface after which they break up into atoms 
(dissociation). Then they absorb into the metal. The combined process of 
dissociation and absorption is called dissolving. After diffusing through 
the metal, the atoms need to recombine on the other side of the metal 
before being desorbed in molecular form (Fig. 1), except at extremely 
high temperatures [1]. Hydrogen can dissolve in molecular form in more 
open structures.

Considering atomic dissolving, a thermodynamic equilibrium will be 
reached between the particles in the gas phase in molecular form and 
dissolved in atomic form, as a result of simultaneous dissolving and 
recombination: 

1
2
Q2(g)↔ Q(sol) (1) 

The equilibrium constant of this reaction obeys Sievert’s law and is 
given by: 

KS =
[Qsol]

[
Q2(g)

]1
2
=

CQ
̅̅̅̅̅̅̅pQ2

√ (2) 

Hence KS has units mol m-3 Pa-1/2. In the rest of this paper the 
quantity mol will denote the number of gas molecules Q2, even though 
for every mol of gas molecules there will be 2 mol of atoms dissolved in 
the metal.

The dissociation flux density of atoms into the metal depends on the 
pressure above the metal and the dissociation constant Kd [10]: 

Jd = Kdp (3) 

Here p is the pressure (in Pa) and Kd has units Pa-1 m-2 s-1. The 
recombination flux density of atoms out of the metal is proportional to 
the square of the concentration of hydrogen atoms at the surface, since 
two atoms are needed to form a molecule [10]: 

Jr = KrC2 (4) 

Here C is the concentration of atoms (in mol m-3) and the recombi
nation constant Kr has units of mol-2 m4 s-1. In the absence of a con
centration gradient or hyperthermal atoms that may enter the metal, the 
dissociation flux (2) and recombination flux (3) are in equilibrium with 
each other. This gives the following relationship: 

KrC2 = Kdp → C =

̅̅̅̅̅̅̅̅̅
Kd

Kr
p

√

Here the quantity 
̅̅̅̅̅̅̅̅̅̅̅̅̅
Kd/Kr

√
can be recognised as the solubility constant 

KS in (1). Similarly, dissolving of diatomic molecules in a metal lattice is 
described by: 

Q2(g)↔ Q(sol)

Here the equilibrium constant obeys Henry’s law and is given by: 

KS =
[Qsol]
[
Q2(g)

] =
CQ

pQ2

(5) 

Both solubility and recombination are thermal processes and are 
generally described by an Arrhenius equation. Solubility is given by: 

KS = K0exp
(

−
ΔHs

RT

)

(6) 

Here K0 is a pre-exponential constant (in mol m-3 Pa-1/2), ΔHS is the 
enthalpy of solution (in J mol-1), R is the universal gas constant (8.3145 
J mol-1 K-1) and T is the temperature (in K). This is positive for endo
thermic reactions [1]. Recombination is expressed as follows: 

Kr =
K0
̅̅̅
T

√ exp
(

−
EK

RT

)

(7) 

Here EK is the activation energy for recombination (in J mol-1), and 
K0 is a constant that is related to the solubility, diffusivity, and surface 
sticking coefficient [1]. The sticking coefficient works against recom
bination and desorption and is also described by an Arrhenius-like 
equation [9]. A high recombination rate leads to rapid release, effec
tively keeping the hydrogen concentration at the surface of the material 
close to zero. Conversely, a low recombination rate leads to higher in
ventory of the hydrogen isotopes.

2.2. Diffusivity

Diffusivity is a measure of how easily a particle moves through the 
metal lattice, in the direction of lower concentration. The flux density of 
particles that arises from a concentration gradient, in the absence of a 
temperature gradient, is given by Fick’s first law of diffusion [10]: 

Fig. 1. Simplified diagram of the permeation process.
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J = − D ∇C (8) 

with J the flux density (in m-2 s-1), D the diffusivity (in m2 s-1) and ∇C the 
concentration gradient (in m-4).

If there is a temperature gradient, Eq. (7) is extended adding a 
diffusion term caused by the heat of transport Q∗ coefficient [10]: 

J = − D ∇C −
D Q∗

R T2 ∇T (9) 

In most cases it is assumed that this temperature gradient is negli
gible, as the thermal conductivity of metals is generally large.

Similar to solubility (5), diffusivity is described by an Arrhenius 
equation 

D = D0exp
(

−
ED

RT

)

(10) 

In this equation, D0 is a pre-exponential constant (in m2 s-1) and ED is 
the activation energy for diffusion (in J mol-1), R is the gas constant 
(8.3145 J mol-1 K-1) and T the temperature (in K). Both D0 and ED are 
material properties that depend on the diffusing particle. Although (9) 
describes how the diffusivity depends on temperature, deviations from 
this relationship are possible due to other effects, especially trapping 
[1]. See also Section 2.5.

2.3. Isotope effects

Classical theory predicts that the vibrational frequencies and veloc
ities of the different hydrogen isotopes are inversely proportional to 

̅̅̅̅
m

√
, 

the square root of their atomic mass. Heavier isotopes will move slower 
and vibrate at lower frequencies than lighter ones. This implies that the 
diffusivity also scales with 1/

̅̅̅̅
m

√
, since the heavier isotope will perform 

less successful jumps between lattice sites. As a result, the diffusivity of 
deuterium and tritium are smaller than and can be extrapolated from the 
values for protium. The activation energy is generally assumed to be 
independent of the mass of the isotope. This is confirmed in [11], where 
an isotopic effect in the diffusivity was observed to be very close to 

̅̅̅
2

√

between hydrogen and deuterium. In contrast, it is assumed that the 
solubility is the same for all hydrogen isotopes.

However, [12] predicts, using the quantum harmonic approximation 
for vibrations of atoms in a lattice, that the magnitude of isotope effects 
depends on temperature. In [10,13] the isotopic effects on the activation 
energy for diffusion are investigated, with the main conclusion that all 
metals can demonstrate both a normal isotope effect and an inverted 
isotope effect. This is because the activation levels for the different 
hydrogen isotopes decrease with temperature at different rates. As a 
result, at low temperatures the activation energy for protium is lower 
than for deuterium and tritium, while at higher temperature this order 
gets inverted. The temperature at which this transition occurs seems to 
depend on the lattice structure of the metals; a wide study [14] into the 
isotope effect of hydrogen and deuterium diffusion through materials 
concluded that BCC metals demonstrate a normal isotope effect while 
FCC metals demonstrate an inverted isotope effect at the temperatures 
studied.

A transient behaviour where the isotope effect depends on temper
ature was found in [15] by studying a RAFM steel with titanium 
replacing tantalum. Permeation characteristics were determined for H 
and D experimentally, with results for T obtained by simulation. Isotope 
effects for solubility between H, D and T were observed between 1: 1.19: 
1.44 at 600 ◦C to 1: 1.34: 1.53 at 160 ◦C. This is smaller than the pre
dicted value from 

̅̅̅̅
m

√
of 1: 

̅̅̅
2

√
: 

̅̅̅
3

√
= 1: 1.41: 1.73. The ratio between 

solubilities, which is expected to show no isotope effect, increased from 
1: 1.25: 1.37 at 600 ◦C to 1: 1.42: 1.72 at 160 ◦C, clearly showing a 
relationship with isotope mass and temperature. These results fit the 
quantum harmonic approximation that is derived in [12].

Permeation fluxes of D and T after implantation in W were studied in 

[16], where it was found that the steady-state fluxes were nearly con
stant and independent of the temperature, but proportional to the 
incident ion energy. However, an isotope effect was observed for the 
transient behaviour (the time delay); it was found that tritium had a 
larger activation energy of diffusion than deuterium. The authors stated 
this agrees with the theoretical isotope effect expected for BCC mate
rials; an increase in activation energy with the mass, reducing the 
diffusion rate.

Moreover, the PRF of a coating can be different depending on which 
isotope is permeating. Testing Al2O3/FeAl coatings on steel, a compa
rable, although slightly lower PRF for tritium compared to deuterium 
was found below 600 ◦C, while the PRF was 2–3x higher for tritium than 
for deuterium between 600 and 700 ◦C [17]. No explanation for this 
large discrepancy was given.

Questions also arise on whether the radioactivity of tritium in
fluences its diffusivity, solubility, and permeability. However, the fac
tors described above make it difficult to distinguish different isotope 
effects from each other, making it impossible to answer these questions 
with data currently available.

2.4. Diffusion-limited and surface-limited regimes

When discussing the effect of pressure on the rate of hydrogen 
transport through metals, there are two regimes that can be distin
guished: the diffusion-limited regime and the surface-limited regime. 
This depends on the pressure gradient across the boundary.

Imagine that a gas is instantaneously introduced on the upstream 
side of a metal. This upstream pressure p1 induces a concentration C1 on 
the upstream side according to (1), while the concentration on the 
downstream side is zero. This creates a concentration gradient through 
the metal, giving rise to a diffusion flux as described in (7). In this sce
nario, the flux of particles through the metal depends on the diffusion 
rate, and this is called the diffusion-limited regime; there is a large 
pressure difference between the up- and downstream side. The flux 
density of particles through the metal is in this case given by combining 
Eqs. (7) and (1), where ∇C = C1/d, the upstream concentration 
divided by the thickness d (in m) of the metal: 

J =
DKS

d
( ̅̅̅̅̅

p1
√ )

(11) 

This formula gives the flux density of particles per unit area (m-2). 
The total flux can be found by multiplying this with the surface area S 
that is in contact with the gas. The subscript of p1 can be dropped as the 
pressure on the downstream side is zero. This gives the permeation flux 
for the diffusion-limited regime (DLR): 

J = S
DKS

d
̅̅̅
p

√
(12) 

The permeability P (in units mol m-1 s-1 Pa-1/2) of a metal is defined 
as the product DKS, and as such can also be expressed by an Arrhenius 
equation: 

P = D0K0exp
(

−
ED + ΔHS

RT

)

= P0 exp
(

−
EP

RT

)

(13) 

However, if the concentration gradient through the metal is very 
small or zero, the rate of permeation is determined by the processes 
happening at the surface. In this case the permeation flux density, given 
by the recombination flux density (3) on the downstream side, equals 
the dissociation flux density (2) on the upstream side minus the 
recombination on the upstream side: 

J = Kdp −
1
2
KrC2 

The factor 12 is introduced as only one side of the metal is considered. 
Using the relationship 

̅̅̅̅̅̅̅̅̅̅̅̅̅
Kd/Kr

√
= KS found earlier, this equation can be 

simplified to give the permeation flux density in the surface-limited 
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regime (SLR): 

J =
1
2
Kdp 

Note here that this is again a flux density, with the total flux given by: 

J =
1
2

SKdp (14) 

This shows that in the surface-limited regime the flux depends line
arly on the pressure, following Henry’s law, even though diffusion may 
take place in atomic form.

Equating (11) and (13) gives the transition pressure between the two 

regimes: p =

(
2DKS
dKd

)2
. The two regimes are not clear-cut as impurities on 

the surface, such as moisture or the presence of oxygen, can change the 
kinetic mechanisms and the balance between surface-limited and 
diffusion-limited processes. The rate-determining process can be deter
mined from the mathematical dependence of the permeability on the 
pressure, derived from experimental results.

2.5. Trapping

Defects in the metal lattice, such as vacancies, dislocations and grain 
boundaries can act as trapping sites for the diffusing atom, which re
duces the effective diffusion rate. The concentration of trapping sites is 
generally increased by radiation damage but can also be reduced by 
recrystallisation processes. Although trapping may reduce the perme
ation rates, it poses a different challenge by increasing the amount of 
hydrogen isotopes (especially tritium) lost and retained in the materials.

Trapping is a thermal process; the trapped atom needs to overcome 
an energy barrier to leave the trap and start diffusing again. This energy 
is generally larger than the activation energy for diffusion. The effective 
diffusivity1 is calculated from the diffusivity by 

Deff =
D

1 + CT
CL

exp
(

ET − ES
RT

)

Where CT is the concentration of trapping sites (in mol m-3), CLthe 
concentration of lattice sites (in mol m-3), ET the trapping energy and ES 

is the enthalpy of solution (both in J mol-1) into interstitial sites. This 
relationship indicates that Deff is lower than D at lower temperatures, but 
similar when the temperature is increased, thus trapping effects can be 
ignored at elevated temperatures. When studying the relationship be
tween effective diffusivity and temperature, this breaking point has been 
observed around 250 ◦C, causing a clear change in gradient in the graphs 
of Deff as function of 1/T [1].

2.6. Plasma-driven permeation

The equations derived earlier all depend on the pressure of a gas 
above the metal. However, plasma-facing components in future fusion 
reactors will be exposed to ions in a hot deuterium-tritium plasma, 
which are able to migrate into the materials due to their abundant en
ergy. Due to their high energy, they can be deposited at some depth in 
the material, this is called the implantation zone. Once implanted, these 
atoms can diffuse and permeate through the metal, similar to atoms that 
have entered the metal from the gas phase. This gives rise to plasma- 
driven permeation (PDP), as opposed to gas-driven permeation (GDP).

Instead of two regimes (diffusion-limited and surface-limited) there 
are now three different regimes due to the distinctive difference between 
the plasma facing side and the permeate side [1]: 

• DD (diffusion limited both upstream and downstream); hydrogen is 
deeply implanted, and diffusion is slow compared to recombination. 
The concentration is highest at the maximum implantation depth, 
decreasing in both directions due to the recombination taking place 
on both surfaces.

• RD (recombination limited upstream and diffusion limited down
stream); hydrogen concentration is relatively constant throughout 
the implantation zone where recombination is limited. The concen
tration drops off deeper inside the metal and towards the permeate 
side.

• RR (recombination limited both upstream and downstream); the 
hydrogen concentration is uniform throughout.

This paper will focus on gas-driven permeation only. It is recom
mended that a similar review will be conducted for plasma-driven 
permeation.

2.7. Anti-permeation coatings

To reduce the permeation of tritium through structural metals used 
in a fusion reactor, a coating with a lower permeability can be applied to 
this metal. The effectiveness of the coating can be determined by 
measuring the permeation rate through the bare substrate and through 
the substrate with coating, under identical pressure and temperature 
conditions. This gives the PRF [1]: 

PRF =
J uncoated

J coated
(15) 

A coating system performs better if it has a higher PRF. Coatings have 
been developed with a PRF as high as 103 – 104 [17–21].

2.7.1. Factors influencing the PRF
The PRF will not necessarily change proportionally to the thickness 

of the coating, as there are many other factors at play, such as the 
number of layers, the deposition method, the conditions of the coating 
such as defect density, and the side of the metal that is coated. These 
factors are discussed in Section 3.3. It is important to note here that 
these factors only hold for the combination of substrate and coating, not 
for coatings separately. Furthermore, thin films have a different struc
ture and grain size from bulk material, which makes it difficult to predict 
the performance of a material as permeation barrier from its bulk 
properties. In general, results obtained using ceramic bulk materials 
suggest a better permeation reduction performance than experimentally 
demonstrated using coatings of this material, possibly due to defects in 
the coating [2].

There are many unknowns in predicting permeation through a 
composite of layers, and there are different models that describe this 
process [4]. These are: 

• Composite Diffusion Model 
Hydrogen transport is diffusion-controlled in both the coating and 

the substrate. Permeation is simply controlled by the permeation 
through the coating, which has a lower permeability than the bulk 
material.

• Area Defect Model 
The permeation barrier is effectively impermeable. Hydrogen 

diffuses through the bulk material, reaching the surface through a 
limited number of cracks or other defects in the barrier layer. 
Permeation effectively takes place through a reduced surface area.

• Surface Desorption Model 
Permeation is controlled by the recombination rate of hydrogen 

isotope atoms into molecules on the back surface. In this context, it is 
difficult to visualise what effect a coating on the upstream side has on 
the permeation rate.

Analysis of permeation rates, through coated and uncoated 
1 Assuming that there is only one detrapping energy and that all traps can 

only be occupied by a single atomic species.
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materials, is needed to determine which model is most appropriate to 
describe permeation through a layered material. It is important to note 
here that both the Composite Diffusion Model and Area Defect Model 
suggest that the permeation process is diffusion-limited, hence should 
depend on the square root of the pressure (Sievert’s law), while the 
Surface Desorption Model assumes a linear dependence (Henry’s law) 
[4]. Further, different techniques for coating application could be 
studied to determine whether the Area Defect Model can be dismissed.

There are also other processes that can act as a permeation barrier. 
For example, magnetohydrodynamic effects lead to a velocity profile in 
the LiPb eutectic with slow moving tritium at the boundaries. This 
creates an effective boundary layer between the liquid metal and the 
coolant walls. In this boundary layer, tritium transport occurs through 
convection. This creates a resistance effect that has been estimated to be 
equivalent to a PRF between 30 and 50 [6].

2.8. Measurements of transport coefficients

The most intuitive and commonly used way of determining the permeation 
rate through a sample is by determining the steady-state permeation flux, 
given by (11). A sample of the material in question with a specific surface 
area S and thickness d is placed in a chamber, dividing this into an upstream 
and downstream section. It is exposed on the upstream side to a process gas of 
known pressure p at constant temperature T, with no process gas present on 
the downstream side to ensure the diffusion-limited regime. The increase in 
pressure due to permeation is monitored, and the permeability P can be 
determined from the steady-state permeation flux. This is sometimes called 
the continuous flow method [15,22] or pressure-rise method [23]. The 
diffusivity D can be determined from the time-dependence of the permeation 
flux, explained below, after which the solubility can be found using KS = P 
/D.

An expression for the permeation flux density as function of time can be 
derived starting with Fick’s first law of diffusion (7). Imposing conservation 
of the number of particles gives Fick’s second law of diffusion: 

∂C
∂t

= − ∇J = D ∇2C (16) 

In case of a one-dimensional membrane, the substitution ∇2→ ∂2

∂x2 can be 
made, with the upstream side of the membrane positioned at x = 0 and the 
downstream side at x = d. A solution for C(t, x) can be found by matching the 
boundary conditions C(t = 0, x) = 0, C(t> 0, x= 0) = C0 and 
C(t > 0, x= d) = 0 [10]: 

C(t, x) = C0

(
1 −

x
d

)
− C0 ×

[
2
π
∑

n=1

1
n

sin
(nπ

d
x
)

exp
(

−
Dn2π2

d2 t
)]

From this expression of C(t, x) the diffusive flux density can be found: 

J(t) = − D
∂C
∂x

=
DC0

d
+

2DC0

d

[
∑

n
cos

(nπ
d

x
)

exp
(

−
Dn2π2

d2 t
)]

The diffusive flux density leaving the membrane (i.e., permeating 
through) is found by setting x = d: 

J(t) = − D
∂C
∂x

=
DC0

d
+

2DC0

d

[
∑

n
(− 1)nexp

(

−
Dn2π2

d2 t
)]

(17) 

From (16) the flux density found in (12) can be found, using the rela
tionship between solubility and concentration (1), multiplying by the surface 
area S and taking the limit t →∞.

The total amount permeated per unit surface area can be found by inte
grating (16) with respect to time: 

Φ(t) =
∫t

0

J(tʹ)dtʹ

=
DC0

d
t +

2dC0

π2

∑

n

(− 1)n

n2 −
2dC0

π2

∑

n

(− 1)n

n2 exp
(

−
Dn2π2

d2 t
)

The sum in the second and third terms is a standard infinite sum.2

Inserting (1) simplifies Φ(t) to: 

Φ(t) =
DKS

̅̅̅p√

d
t −

dKS
̅̅̅p√

6
+

2dKS
̅̅̅p√

π2

∑

n

(− 1)n

n2 exp
(

−
Dn2π2

d2 t
)

(18) 

In the steady-state limit t →∞, this reduces to 

Φ(t) =
DKS

̅̅̅p√

d
t −

dKS
̅̅̅p√

6
(19) 

A schematic graph showing an approximation to (17) and (18) is 
shown in Fig. 2. Eq. (18) describes a linear graph with an intersection of 
the t-axis at [1,10]: 

t =
d2

6D
(20) 

This is called the time-lag method, where the time t = 0 is the 
moment that gas is introduced on the upstream side. Alternatively, the 
breakthrough method can be adopted which defines t = 0 as the 
moment hydrogen appears on the downstream side. In this case t =
d2/(15.3D) [24].

The amount of permeate Φ(t) in the downstream section of the 
sample chamber can be monitored by measuring the pressure in this 
chamber. Alternatively, when the permeate flux density J(t) is deter
mined by continuously pumping the downstream section, this can be 
integrated to give Φ(t).

Adding a coating to a sample will not only change its permeability; it 
will also change the time for steady-state permeation to be established, 
and hence the resultant diffusivity of the coating and substrate together 
[1]. In this case, the resultant diffusivity Dres is found by using the 
time-lag method [23]: 

Dres =

(
ds + dc

6t

)

By performing the same experiment at different pressures and determining 
the permeation flux, the pressure exponent can be determined. A change in 
the exponent with changing temperature has been reported for a Y2O3 coating 
on 316 L stainless steel [25]; the exponent was observed to change from 0.47 
at 500 ◦C to 0.74 at 650 ◦C. This indicates a transition from the DLR to SLR. 

Fig. 2. Graph showing the relationship between the amount permeated per 
unit surface area as described by Eq. (18) and the time delay as defined in Eq. 
(19). The actual amount permeated (17) is shown in orange, the approximation 
for steady-state permeation (18) in blue.

2 ∑
n
(− 1)n

n2 = − π2

12.
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However, a composite coating of Y2O3 and Al2O3 proved to have a very stable 
exponent with changing temperature.

Practical implications of performing permeation experiments will be 
followed up in Section 6.

3. Materials

The research into materials for tritium permeation barriers is an 
extensive field of study, with several possible coatings to be applied to 
various candidates for structural materials, using numerous different 
deposition techniques. This leads to a large number of potential 
hydrogen permeation barrier candidates.

These candidates are subject to various experiments, testing not only 
their performance under varying conditions, but also their durability 
under repeated heating cycles, their resistance to hydrogen embrittle
ment and blistering, the attachment of the coating to the substrate, and 
the effects of exposure to corrosive substances such as LiPb, used in 
several tritium breeding concepts.

Additionally, these materials must operate in a challenging radiation 
environment. The radiation dose of the breeder blanket materials can be 
estimated at a neutron fluence of 1021 n/m2 [26] with a total 
displacement of 1.2 dpa after 6 FPY (full power years). In addition to 
neutron radiation, there will also be gamma radiation present. The 
coatings that are needed to reduce tritium permeation, might fail in 
radiation environments [9] as radiation increases the porosity or cracks 
in the barrier.

There have been various review papers published discussing tritium 
permeation barrier materials, for example [1,2,4,10,27–30]. As such, 
the main candidates will be discussed here very briefly only to give 
context for the reader.

3.1. Structural materials

The main candidates for structural material include tungsten, 
austenitic stainless steels, RAFM steels and some nickel-based alloys [1,
10,30].

3.1.1. Tungsten
Tungsten (W) is being used in many fusion reactors due to its high 

melting point and low sputtering yield, making it an ideal candidate for 
Plasma Facing Components (PFCs) [10]. Diffusion through tungsten is a 
complex process with defects, trapping and implantation of hydrogen 
influencing the diffusion rate considerably [28]. Hydrogen retained in 
tungsten is trapped in saturated layers, which can grow in thickness far 
over the implanted depth [29]. It is therefore in an uncoated state not a 
suitable candidate for a tritium permeation barrier.

3.1.2. Austenitic stainless steels
Austenitic stainless steels have been extensively used in fission 

power plants. Unfortunately, they contain Ni acting as stabilizer which 
makes them unfavourable to use in a fusion power plant due to the high 
susceptibility of Ni to activation [9]. The permeability of austenitic 
stainless steels is generally lower than other structural materials, espe
cially at low temperatures, and seems independent of alloy composition 
[10]. This can generally be attributed to the low diffusivity, however, 
the activation energy for diffusion is relatively large, making diffusivity 
sensitive to temperature. In contrast, the solubility of hydrogen and its 
isotopes is large in austenitic stainless steels compared to other struc
tural steels and the heat of dissolution is significantly lower than in other 
metals [9]. As a result, the tritium inventory in austenitic stainless steels 
can be relatively high even at low temperatures. Examples of commonly 
used austenitic stainless steels are 304, 316 and 316 L stainless steel.

3.1.3. RAFM steels
Several reduced activation ferritic/martensitic (RAFM) steels have 

been developed for fusion applications, due to their reduced activation 

under neutron irradiation. This is achieved by replacing alloying ele
ments such as Mo and Nb by W and Ta and restricting other elements 
(such as Ni, Co, Cu, Nb, Mo, Ag) highly in their concentrations [9]. 
RAFM steels also demonstrate an increased swelling resistance and are 
compatible with breeding and cooling materials [10]. Examples of 
RAFM steels are MANET (MArtensitic for NET, including the so-called 
MANET II) and modified F82H (generally referred to as F82H- mod), 
EUROFER 97, Batman, OPTIFER-IVb, HT-9, grade 91, JLF-1 and CLAM 
steel [9].

The diffusivities and solubilities of hydrogen isotopes are consis
tently similar for all the RAFM steels that have been tested for fusion 
applications [9]. Trapping affects the diffusivity and solubility signifi
cantly, reducing the diffusivity and increasing the solubility at lower 
temperatures (< 573 K) to a larger extent than expected from tests at 
higher temperatures [10]. These trapping effects can be ignored at 
higher temperatures as the hydrogen isotopes will have energies that 
exceed the de-trapping energy. Further, the solubility is governed by the 
heat of solution, hence there is no isotopic effect [1]. The permeability of 
RAFM steels is of the same order of magnitude and generally higher than 
316 stainless steel due to different crystal structures and alloying ele
ments [1]. RAFM steels face disadvantages in fusion applications 
because of their low temperature embrittlement and their tendency to 
retain hydrogen due to the formation of saturated surface layers [1].

3.1.4. Nickel-based alloys
Nickel based alloys are prime candidates for high-temperature 

components due to their resistance to high-temperature creep. Exam
ples are Inconel 625, Inconel 617 and Incoloy 800H The latter two have 
been tested in [31], finding a substantial deviation in results obtained 
with tritium compared to hydrogen. Unfortunately, no explanation was 
given. Inconel-625 and Inconel-718 have been studied in [32]. However, 
nickel-based alloys have seen less interest than iron-based alloys.

3.2. Coating materials

As explained in the previous section, structural metals by themselves 
are not good permeation barriers, having high hydrogen permeabilities. 
Applying a coating can reduce the permeability and additionally provide 
corrosion resistance and irradiation shielding. This is especially impor
tant for liquid breeder blankets, as liquid lithium can cause embrittle
ment [2]. Furthermore, ceramic permeation barriers are electrical 
insulators and can help to mitigate magnetohydrodynamic pressure 
drops.

The available data on permeation reduction by coatings vary greatly 
due to differences in quality of the coating (such as surface coverage, 
defect density and crystallinity), possibly a result of the application 
process and the variety of substrates. The application process alone can 
have a significant effect on the permeation reducing performance of the 
coating, sometimes 10-fold [28]. Further factors complicating the 
assessment are the coating thicknesses, test temperatures, other process 
variables and experimental conditions used by different researchers. The 
most common coating materials are discussed below.

3.2.1. Oxides
Oxide layers form naturally on the surface of metals when oxygen is 

present. They generally have very low permeabilities for hydrogen iso
topes, and native oxide layers may reduce the permeability by about an 
order of magnitude [28]. Attractive properties of oxide layers are the 
ability to form on uneven surfaces, although this depends on the surface 
roughness, and the capacity to self-heal when damaged or even grow 
under the right circumstances. However, the coefficient for thermal 
expansion is often quite different from the underlying metal. Oxide 
layers also provide trapping sites for hydrogen, leading to a more brittle 
layer and an increased tritium inventory. These effects can cause the 
formation of cracks, which reduces the effectiveness of the barrier [9].

As early as in 1996 it was observed that adding oxygen to the 
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downstream side of an uncoated sample reduced the permeation rate 
below 423 K, suggesting an oxide layer had formed [33]. Common ex
amples of oxides that have been tested as hydrogen permeation barriers 
are chromium oxide, aluminium oxide, erbium oxide and yttrium oxide. 
Aluminium oxide deposited on Eurofer has been shown to have a PRF of 
∼1000 [34]. In other tests aluminium oxide was shown to provide a PRF 
of 104 with layers of only very small thicknesses [4]. Mixtures of chro
mium oxide and aluminium oxide also perform very well with a PRF of 
2000–3500 [35]. While erbium oxide and yttrium oxide may not excel in 
their permeation reduction performance, they have the advantage of 
being compatible with liquid lithium [9]. However, even these coatings 
are subject to degradation over time.

3.2.2. Aluminides
The use of aluminides as anti-permeation coatings arose from pre

vious work undertaken on oxide coatings, as explained in [4]. 
Aluminium coatings can oxidise even at very low oxygen pressures, 
reducing the hydrogen permeation even further.

Intermetallic layers such as FexAly can be formed using cementation 
techniques, forming an outer layer with the highest aluminium con
centration and a decreasing aluminium gradient in the inner layer [4]. 
However, no permeation tests have been performed on oxide-free 
aluminium coatings [9].

3.2.3. Nitrides
Several nitrides have been tested for their permeation reduction 

performance. Titanium nitrides (TiN) coatings are one of the most 
researched barriers after oxides and aluminide, for their depositions and 
adhesion performance [9].

When deposited using a magnetically enhanced plasma ion plating 
technique a TiN coating demonstrated a PRF ∼100 but when deposited 
using magnetron sputtering this PRF was ∼1100. Adding aluminium 
improves the resistance of TiN coatings to an oxidative atmosphere. PRF 
values of between 6 × 103 and 2 × 104 were observed for AlTiN with a 
ratio of Al:Ti of 40:60, but in some cases this performance did not last 
longer than a few days [28].

Silicon nitrides (SiN) have been tested and show a very low diffu
sivity, but a PRF of 2000 has only been determined at very specific 
circumstances [28].

3.2.4. Carbides
Carbides could theoretically perform well as permeation barrier. 

However, it has proved to be extremely difficult to form a dense and 
defect-free coating. Titanium carbide (TiC) has turned out to be very 
difficult to deposit, demonstrating a low PRF due to defects in the 
coating [9]. Silicon carbide (SiC) has been tested as permeation barrier 
at 1873 K. Extrapolating these results suggests a very low PRF at lower 
temperatures, but this has yet to be verified [28].

3.3. Coating characteristics

As briefly mentioned in the previous section, identical coating ma
terials can perform differently depending on the deposition method 
used. These methods can be classified in four categories: thermal spray, 
physical vapour, chemical and electrochemical deposition processes. 
Each method has its own advantages and disadvantages, for example 
whether the coating can be applied on complex geometries or which 
coating material can be deposited. The coating method can affect the 
microstructure and defect density of the coating, influencing the 
permeation process.

In [1] two different coating methods, Vacuum Plasma Spray (VPS) 
and sputter deposited (SP), of tungsten on F82H were investigated for 
their reduction of both PDP and GDP. It was found that the VPS layers 
suppress PDP, but not GDP, while the SP layers suppress GDP but 
enhance PDP. However, a double layer of both VPS/SP can suppress 
both GDP and PDP [1]. A further study [36] investigated yttrium oxide 

coatings with different grain sizes and orientations on Eurofer, and 
found that the density of grain boundaries in the parallel direction to the 
flux determines the PRF; a higher density of grain boundaries leads to a 
lower PRF. This is an important effect as irradiation of the coating can 
change the grain size; how the evolution of such coating characteristics 
under irradiation and contamination affects permeation rates will be 
discussed in Sections 4.7 and 4.8.

A coating’s surface coverage of the sample also influences its per
formance. Several studies have tried to model the effect of uncovered 
areas on the PRF. It was estimated that the effectiveness of an erbium 
oxide coating with a PRF of 1000 would be reduced to a PRF of 100 if 1 
% of the surface remained uncovered [2]. However, it was shown in [37] 
that the effect of reduction of surface coverage on the PRF depends on 
the permeation regime; if the permeation is diffusion-limited a small 
uncovered fraction of the surface (0.01 %) could effectively lead to 
having no coating at all (PRF=1). To obtain a similar reduction in the 
surface-limited regime, the area uncovered must be close to 100 % of the 
surface. However, when a coating is applied to also serve as corrosion or 
electrically insulating barrier, a very high surface coverage is required 
independent of the permeation process.

Other characteristics that determine how effective a coating is in 
reducing permeation include the thickness of the coating, whether the 
coating is applied on the upstream or downstream side of the sample (or 
both), and the number of layers applied.

When testing the reduction performance of coatings with different 
thicknesses [38], it was found that the thickness relates inversely to the 
reduction performance; a coating of 1.3 µm corresponded to a 2x higher 
flux than a coating of 2.6 µm thickness. However, this assumed that 
there were no cracks in the coating that reached the substrate, as deep 
cracks will increase the permeation rate. The PRF does not necessarily 
increase inversely with coating thickness; the authors of [39] tested two 
different ZrO2 coatings; a 180 nm coating and a 100 nm coating. The 
thicker coating had a 1000 times higher permeation reduction factor, 
even though it was not yet twice as thick. The authors attributed this to a 
smaller number of defects reaching the substrate surface.

In another study [40] it was found that applying two thin layers of 
coating, one on either side of the sample, performed better than a 
one-sided coating of the same total thickness. Further, the same study 
found that applying a coating on the downstream side of the sample was 
less effective in reducing the permeation than a coating on the upstream 
side, probably due to the different partial pressures and contamination 
levels.

These findings are supported by experiments conducted on TiN 
barriers deposited on stainless steel, where it was found that these 
coatings reduced permeability the most when they were placed on the 
upstream side of samples, and a much smaller change in permeation was 
observed when they were placed on the downstream side [40,41].

The effect of applying a single Er2O3 coating, a two-layer coating of 
Er2O3 and Fe, or three-layer coating of alternating Er2O3 and Fe layers 
on a Fe substrate was investigated in [42]. The two-layer coating per
formed similarly to the single layer coating, demonstrating a PRF of 
1000, while the 3-layer coating reduced the permeation by a factor 104. 
This is probably due to the presence of two layers of Er2O3 and the 
increased thickness. Depth-analysis showed that the amount of deute
rium trapped in the 3-layer coating was 3 times higher than in the 
2-layer coating.

Further, evidence has been provided that increasing the number of 
layers while keeping the total thickness constant can also be beneficial 
[25]. Multi-layer coatings made up of 10 layers were tested, each con
sisting of 20 nm layers of Y2O3 and 10 nm layers of Al2O3. Compared to 
their single-layer counterparts with the same thickness, these coatings 
reduced the permeation rate 5–10 times. This can be explained by 
possible trapping at the interfaces between the layers.

Moreover, depending on the coating material and the substances it 
gets exposed to, the coating can be degraded (for example by the action 
of LiPb) or, in the case of oxides, self-heal when brought in contact with 
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oxygen. These effects are discussed in Section 4.8.
Finally, it is important to realise that a multi-layer tritium perme

ation barrier may be effective at reducing permeation but will increase 
the tritium inventory trapped in the system. This is not desirable for 
future fusion power plants as it will lead to high tritium losses and high 
contamination levels during decommissioning. It is not known whether 
a large amount of tritium trapped in the layers will lead to an increase in 
the permeation rate when it reaches a critical concentration. No ex
periments have been performed that investigated the possibility of such 
a breakthrough event. If this were the case, such coatings could only be 
used in fusion power plants for a limited amount of time; they would 
have to be replaced frequently when their performance diminishes, and 
large amounts of tritium would have to be recovered from them. It is 
therefore preferred to find a coating that performs well without trapping 
too much tritium, e.g. a coating applied on the upstream side of the 
material, keeping the tritium out of the bulk.

4. Experimental limitations

There have been numerous experiments studying hydrogen perme
ation through materials, agreeing partially with the theory as explained 
in Section 2 but also giving unexpected results, such as different PRFs 
obtained for different isotopes [17], or the effect that the deposition 
method has on reducing PDP and GDP [1]. These results are proof that 
theory cannot always predict experimental outcomes precisely, and that 
ideal conditions cannot be realised experimentally. However, there may 
be an even larger discrepancy between what theory predicts and what 
will occur in fusion reactors, as scientific experiments are limited in the 
conditions that can be simulated and there is still a wide gap between 
experimental conditions and fusion reactor conditions.

In this section, different factors affecting the permeation rate will be 
discussed, highlighting the limitations of current experiments and ef
forts to cross the gap between experiment and (future) reality. These 
factors include pressure, temperature, flow rate, the presence of other 
hydrogen isotopes, geometry, irradiation effects, and contamination of 
the coating.

4.1. Pressure

As explained in Section 2.4, when increasing the pressure a transition 
occurs from surface-limited to diffusion-limited permeation. Of the 43 
papers studying permeation through structural materials such as stain
less steels, Eurofer, F82H and tungsten that were considered for this 
review paper, 27 used a driving pressure of 103 – 105 Pa to obtain a 
measurable permeation flux [15,17,21,23–25,34,36,38–40,42–56], 
with the remaining 16 operating at pressures of the order of 102 Pa or 
lower. Typical tritium pressures in breeder blankets are expected to be 
around 200 Pa [57], which is assumed to be in the SLR [28]. It is unlikely 
that all results obtained in experiments performed at higher pressures 
can be extrapolated to lower pressures as surface mechanisms play a 
more important role in this regime. As a result, surface effects may go 
unnoticed in some experiments, highlighting the need for experimental 
methods that can study tritium permeation in the surface-limited 
regime.

4.2. Temperature

The temperature dependence of both diffusion and dissolving rates 
are given by their respective formulas, (9) and (5), both describing an 
Arrhenius dependence. It can generally be assumed that there is no 
temperature gradient under experimental conditions due to the high 
thermal conductivity of the structural materials. However, it is likely 
that cooling located in breeder blankets will cause a temperature 
gradient across the material.

The effect of a temperature gradient on deuterium permeation has 
been tested on 316 L stainless steel [58]. It was found that deuterium 

permeation was increased by a factor ∼2.5 under a temperature gradient 
of ∼ 60 ◦C/mm, with the sample being heated to temperatures between 
270 ◦C and 400 ◦C on one side. This highlights the need to study this 
effect further, as cooling seems to enhance the permeation, contrary to 
what may be expected from the theoretical dependency of permeation 
on temperature.

Further, anti-permeation coatings might perform worse at certain 
(higher) temperatures due to degradation, hence they will need to be 
tested at these temperatures. In addition, trapping effects can affect the 
effective diffusivity to varying degrees at different temperatures, as 
mentioned in Section 2.5. As such, it is not recommended to extrapolate 
from the results on coating performance obtained at one temperature to 
other temperatures.

4.3. Flowing gases

The theory of permeation (12) does not include a reference to the 
flow rate of gases, either on the upstream or downstream side of the 
barrier. However, it is likely there are dynamic effects that influence the 
rate at which gases absorb onto and desorb from a surface.

Simulations on a tritium breeding module [59] have shown that the 
purge gas flow rate on the upstream side plays an important role in 
reducing the tritium permeation, displaying an almost linear relation
ship between permeation rate and average velocity. Another numerical 
model on solid breeder blankets [60] found that when the flow rate of 
the purge gas, aimed at extracting tritium from the breeder, is increased, 
the concentration of tritium in this gas decreases by the same magni
tude, also reducing the permeation into the coolant.

The majority of permeation experiments have been performed in a 
“static” setup; two vacuum chambers separated by the sample. The 
permeation rate can be determined by measuring the increase in pres
sure on the downstream side or analysing the gas with a mass spec
trometer. There have only been a few experiments that have used 
flowing gases: either using flowing gases on both sides [33,61–63] or 
only on one side [17]. These experimental conditions are more similar to 
future applications in fusion reactors than static vacuum configurations 
and may generate results that could deviate significantly from those 
obtained in a static configuration.

However, in these studies the velocity of the gases has not been the 
topic of investigation, nor have there been attempts to compare results 
obtained with flowing gases to results from static experiments. It has 
been shown that the flow rate does influence the absorption rate in 
absorption columns for purifying gases [64], suggesting that this may 
also have an effect on the inverse process, i.e. desorption. Further, nu
merical models [59,60] suggest that the gas velocity does affect the 
permeation rate. Hence it would be worthwhile validating permeation 
models with results from both static and dynamic experiments.

4.4. Gas composition and the presence of more than one hydrogen isotope

The theory of permeation (see Section 2) states that, when consid
ering the permeation of one species of gas, the presence of other gases 
does not affect the permeation rate. Rather, it is the pressure difference 
between the up- and downstream of the sample that is driving the 
permeation process. The one exception to this is the possible chemical 
reduction of oxides on the metal surface by hydrogen which will 
decrease the average thickness or area coverage of the oxides [65]. This 
will increase the permeation rate since oxides act as permeation barriers.

The question now arises whether the species into which the 
hydrogen isotopes permeate, on the downstream side, influences the 
permeation rate. There is very limited data available to demonstrate this 
effect. However, it is known that the diffusion rate of one species of 
particle in a medium depends on several factors in addition to temper
ature. These are the molecular weight and cross sections of both species 
and the pressure of the medium. Larger, heavier molecules will slow 
down diffusion, with a precise relationship given in [66]. In addition, 
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diffusion into a gas at a higher pressure will be slower than into a gas at a 
lower pressure. It can be concluded that the gas species on the down
stream side of the sample does affect the diffusion rate. However, it is 
not known whether it also affects the desorption rate from the sample, 
and whether this difference in diffusion rate can create a temporary 
higher pressure in the gas on the downstream side.

Gases such as oxygen and carbon monoxide also affect the perme
ation rate, investigated in [67]. Individually, both O2 and CO inhibit 
hydrogen permeation when located on the upstream side of the sample; 
by blocking available dissociation sites and, in the case of oxygen, the 
formation of water. However, when both are present carbon dioxide is 
formed which reduces the blocking effect of water formation.

Adding a second isotope can change the permeation rate of the first 
isotope [68]. This effect is present both in the diffusion-limited and 
surface-limited regime even though the exact workings are different, as 
mathematically explained in [68]. Intuitively, this situation can be un
derstood as follows.

Compared to the situation when only tritium is present at a set 
pressure, adding either deuterium or protium to the system leads to 
competition between the isotopes for the same number of absorption 
sites on the permeation barrier. As such, the permeation rate of tritium 
will be lower. Furthermore, any permeated tritium can also permeate 
back to the upstream side. In this case tritium atoms on the upstream 
side are more likely to form a molecule and be desorbed from the 
permeation barrier if other isotopes are present, increasing the perme
ation in the opposite direction. The net effect of this is a decrease in the 
permeation rate. Following the same logic, the presence of either pro
tium or deuterium on the downstream side of a permeation barrier will 
enhance the tritium permeation rate.

There have been several experiments, testing these co- and counter 
permeation effects. The authors of [69] reported their findings on the 
co-permeation of H and D. Adding D on the upstream side led to the 
formation of HD, promoting the back permeation of H. However, it also 
increased the permeation of D slightly. It was found that effects of 
co-permeation are independent of whether the gas is in equilibrium 
(consisting of H2, HD and D2) or not (only H2 and D2 are present) [33,
69].

A numerical model for co-permeation of T and H was developed in 
[63], stating that the permeation rate of T depends on the square root of 
the tritium pressure and linearly on the HT pressure. These findings were 
confirmed experimentally for the diffusion-limited regime and were 
extended in [62], stating that under high H pressure the permeation of T 
is described by diffusion-limited behaviour, even when the T pressure is 
very low.

In an experiment on counter-permeation of H and D through palla
dium, a low pressure of D was introduced on the downstream side. This 
increased the permeation of H, promoting the formation of HD mole
cules on the downstream side [70]. It was noticed that the D permeation 
decreased with increasing counterflow of H but did not disappear 
completely. Experiments using nickel yielded comparable results [71].

These results show that, although the effects of co- and counter 
permeation seem to be well understood, surprising results are possible. 
To study whether, and under which conditions, adding protium to the 
helium coolant in a Helium Cooled Pebble Bed blanket could have 
mitigating or enhancing effects on tritium permeation, a new rig has 
recently been designed and commissioned [72], to test co- and counter 
permeation of H and D through Eurofer samples. Performing additional 
experiments using tritium with H and D is recommended, as there may 
be isotope effects at play that could influence the co- and counter 
permeation effects.

4.4.1. Permeation experiments using water
There have been very few permeation experiments using water as 

medium, which may be due to the additional safety concerns when 
handling tritiated water. However, water is being considered as coolant 
in several breeder banket concepts and will be present in the steam 

generator, where the heat captured by the coolant is used to generate 
steam driving a turbine.

The prevailing experience from working with tritium suggests that 
tritium will readily bind to water, preferring this over the gas phase. 
Intentional permeation into a water coolant could be beneficial for 
control purposes, but this would ideally be avoided due to the toxicity of 
tritiated water.

Permeation of deuterium from heavy water through a metal wall into 
the gas phase was studied in [73]. Iron, nickel and 304 stainless steel 
were used in this study, all demonstrating a permeability between 10–11 

– 10–12 mol m-1 s-1 Pa-1/2 at 573 K. Adding gold plating on the water side 
reduced the permeation by 3 orders of magnitude.

Tritium permeation from water to water has been studied through 
316 L stainless steel [74] and Inconel 600 [75]. It was found that, when 
the tritium concentration in the water was converted to a gas pressure, 
the permeation in the gas phase occurred at a rate 3 orders of magnitude 
higher than in the water phase. This is probably due to the difference in 
solution processes between water and gas; in gases this is determined by 
the partial pressure, while in water this is controlled by the presence of 
radicals such as T+ or OT-.

4.5. Geometry

In Section 2.8 the steady-state approximation for the permeation flux 
was given in Eq. (18), derived for a planar boundary. In [76] the 
steady-state diffusion through a hollow cylinder is considered. For a 
cylinder with inner radius a and outer radius b, the amount diffused out 
of the cylinder per unit length after a given time t is given by: 

Qt = 2π C
ln(b/a)

(Dt − L)

Here C is the concentration of atoms (in mol m-3), D is the diffusivity 
(in m2 s-1), t is the time (in s), L is a constant (in m2) and Qt is given in 
mol m-1. This formula describes a straight line with as intersection with 
the t-axis the point t = L/D. According to [76] this L can be evaluated 
at 

L =
a2 − b2 +

(
a2 + b2

)
ln(b/a)

4 ln(b/a)

Comparing this with the time delay calculated in (19), this shows 
that the time delay in cylindrical coordinates is equal to 

t =
a2 − b2 +

(
a2 + b2

)
ln(b/a)

4 D ln(b/a)
(21) 

Comparing Eqs. (19) and (20) can provide insight into the accuracy 
of approximating a tubular surface with a planar one. For a thickness of 
b − a equal to 1 mm and setting D = 1 the time delay can be calculated 
as function of outer radius b, as shown in Fig. 3. In the most extreme 
case, a tube with a 1 mm thick wall and outer wall b ∼ 2 mm (i.e. a solid 
cylinder with inner diameter a ∼ 0), the time delay can be evaluated at 
∼

− 3+5ln(2)
4ln(2) ∼ 0.16798 s. For comparison, Eq. (19) for flat samples with 

D = 1 gives a value of 1/6 ∼ 0.16667 s. This accounts for an error of 
0.00780, which is <1 %. For wider tubes, this error will only decrease. 
As such, when the time delay is used to estimate the required time 
duration of an experiment, the flat approximation can be used. Only 
when very precise results are required, this effect may need to be 
considered.

So far, only a few permeation experiments have been performed on 
coated tubes [17,20,33,73–75]. The difficulty here lies in applying the 
coating to the inside of the tube. The authors of [20] formed aluminide 
layers by a pack cementation process on the inside of 316 L stainless 
steel tubes with a diameter of 10 mm and 150 mm length. The thickness 
of the layers varied between 200 and 500 nm and a PRF of 3000 was 
achieved. This shows that it is possible to apply a tritium barrier coating 
to the inside of a tube, although there have been more experiments that 
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tested coatings on the outside surface. This is potentially an important 
factor as it has been shown that coatings applied on the upstream side 
are more effective as permeation barriers than on the downstream side 
[41]. However, this does not imply that all coatings applied on the 
downstream side are ineffective; it was shown in [17] that coatings 
applied on the outside of a stainless-steel tube could obtain a PRF of 
5000.

4.6. Gas driven or plasma driven permeation

There have been a few studies into plasma-driven, as opposed to gas- 
driven, permeation. Their main findings were that the permeation flux 
through a tungsten sample appeared independent of sample tempera
ture, but linearly dependent on the implantation flux and increasing 
with ion energy [16]. No isotope effect between deuterium and tritium 
was observed, however, there was an isotope effect for transient 
permeation behaviour, i.e., the time lag until steady-state permeation. 
This suggested that the activation energy for diffusion is higher for 
tritium. Another study [77] found that the permeation rate is inversely 
proportional to the specimen thickness and does not depend on the grain 
structure of the tungsten sample.

So far, there have not been any studies into differences or contrib
uting factors between gas-driven and plasma-driven permeation. It is 
important to realise this, as results obtained for one type of permeation 
may not be applicable to the other.

4.7. Irradiation effects

Realistic irradiation conditions are difficult to replicate, with 
neutron irradiation not feasible in many experimental environments. 
Instead, electron, proton and ion irradiation have been used to study 
irradiation effects on the hydrogen permeation rate.

Studies [78] and [79] looked at the effect of irradiation on grain size, 
and whether this affected the permeation rate afterwards. It was found 
that irradiation of an Er2O3 coating deposited on F82H up to 1 dpa with 
Fe3+ ions led to the increase in grain size and reduced the permeation 
rate above 500 ◦C [78]. Similarly, Y2O3 coatings irradiated with Fe+ ions 
up to 1 dpa displayed a different grain structure, leading to a deuterium 
permeation up to 390 times lower than the unirradiated sample [79].

Comparable results were reported in [22], testing Al2O3 on 
Eurofer-97 under electron irradiation on the permeate side. The 

deuterium permeation rate decreased by 10–15 % when the irradiation 
was started. Using the same setup, the authors of [80] did not find any 
structural changes after the electron irradiation, concluding that the 
radiation field affected the permeation only dynamically, with the 
permeation rate recovering to its original value when irradiation is 
stopped. This was confirmed by an observed reduction in deuterium 
absorption during irradiation.

Using the same apparatus, the permeation through nickel was 
investigated under electron irradiation [81]. It was shown here that the 
permeation increases as a result of the increase in temperature due to the 
irradiation, as can be expected. Regulating the temperature of the 
sample during irradiation to remain constant resolved the increase in 
permeation. Other experiments, as early as 1997 [11], found that 
simultaneously irradiating a MANET II sample with protons enhances 
the permeation rate, possibly due to ionisation of the gas on the up
stream side.

The effect of gamma radiation has not been studied widely; [82] 
described the study of deuterium permeation through palladium, plat
inum and 316 L stainless steel under gamma irradiation. It was found 
that the permeation increased by approximately 1 %, but this was most 
likely due to the temperature increase caused by the radiation, as 
opposed to any structural effects.

These results suggest that the effect of irradiation strongly depends 
on the sample and coating material, and that various competing effects 
are at play. As irradiation experiments have been limited in number, no 
conclusions can be drawn yet on the effect of irradiating species or ion 
energy. Furthermore, the extent to which these results are comparable to 
neutron irradiation is still unknown, with earlier work finding a sur
prisingly low PRF when testing coatings in the High Flux Reactor (HFR) 
in Petten [30]. These experiments are discussed further in Section 5.

4.8. Contamination, oxidation, and evolution of coatings

Apart from the characteristics of a coating when applied (as dis
cussed in Section 3.3), another important factor to consider is the evo
lution of the coating; how its performance is affected by consecutive 
exposures or heating cycles. The effect of exposure to oxygen was 
already discussed in Section 4.4.

The effect of exposing a F28H steel sample to air, both on the up
stream and downstream side, was studied [83,84] and a numerical 
model was fitted to the permeation curves obtained, both for clean and 

Fig. 3. Time delay for cylinder with thickness (b-a) 1 mm (blue line) as function of outer radius b, assuming D = 1. The orange line shows the value 1/6 for flat 
samples as comparison.
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contaminated samples. It was found that the time lag is longer and that 
the permeation flux is lower for contaminated samples, as the contam
ination reduces the dissociation and recombination rates.

The effect of oxidation reducing the permeation rate was described in 
[85], repetitively testing deuterium permeation through MANET II with 
an aluminium oxide coating. The permeation rate eventually dropped by 
a factor 104, due to either a better adherence of the coating to the 
substrate or the formation of oxides in small cracks in the coating, due to 
small impurities of O2 and H2O present in the deuterium gas.

The effect of oxidation on titanium coatings was investigated [18] 
using coatings consisting of TiN-TiC with either SiO2 or TiN on the 
outside. It was found that both TiN and SiO2 improved the oxidation 
resistance of TiC, but SiO2 did this to a larger extent.

When studying deuterium permeation through samples coated with 
erbium oxide, it was observed that the pressure exponent for uncoated 
samples changed from around 0.5 below 723 K to closer to 0.6 above 
773 K, while the exponent for coated samples remained constant. This 
was due to oxidation of the coating, changing the permeation process 
from diffusion limited to more surface limited [44]. This work was fol
lowed by a study of two-layer Er2O3 coatings, with either a Fe or Er layer 
on top [46]. During the deuterium permeation experiments the Fe layer 
oxidised, enhancing its PRF, while the Er layer oxidised and merged with 
the Er2O3 layer underneath, displaying a similar PRF as a single Er2O3 
coating. Further work on Er2O3 coatings on F82H suggested that crys
tallisation, started during the formation of the coating, is completed 
during experiments where the sample is heated to 823 K, further 
increasing the PRF of the coating [21].

Exploiting the in-situ formation of coatings on Eurofer was 
researched in [86], by passing a mixture of Ar, water and H2 over the 
sample. The effectiveness of this method depended heavily on the ratio 
of H2 and H2O, with a maximum PRF of 30 obtained for a ratio H2:H2O 
of 25:1 only.

In addition to the interaction with oxygen, hydrogen gases them
selves can also interact with the coating; it has been observed in [45] 
that at the start of an experiment the deuterium flux would decrease due 
to trapping. Further, amorphous SiC coatings on F82H degraded during 
measurements at 823 K due to crack formation.

The effect of corrosion, especially by materials such as LiPb, will be 
discussed in the next section.

5. Experiments using breeder materials

A select number of studies have tested either the influence of breeder 
materials such as LiPb on the effectiveness of anti-permeation coatings, 
or the performance of coatings when this breeder material was subject to 
neutron irradiation and generated tritium.

Tritium permeation rates through bare 1 mm thick iron samples and 
similar iron samples covered by an 8.5 mm layer of molten LiPb have 
been studied in [87]. The permeation flux was halved in the presence of 
the LiPb layer. In contrast, LiPb layers have been shown to reduce the 
permeation of hydrogen by two orders of magnitude, hence differences 
between the hydrogen isotopes’ transport properties cannot be ignored.

The effect of immersion in LiPb on the effectiveness of an erbium 
zirconium oxide layer was also investigated in [88]. It was found that the 
coating has a good corrosion resistance when immersed in LiPb up to 
550 ◦C, with visible damage occurring at 600 ◦C. However, the effect 
that this immersion has on the PRF of the coating was not investigated.

Between 1990 and 2014, several publications described the studies 
performed in the High Flux Reactor (HFR) in Petten, part of the LI
BRETTO and EXOTIC experimental programmes. Capsules containing 
breeder materials were irradiated by neutrons, with the tritium gener
ated permeating through the wall of the capsules and being detected. By 
measuring these different tritium fluxes the effectiveness of different 
coatings in an irradiation environment could be determined.

No tritium release from capsules filled with LiPb was observed at 
temperatures below 267 ◦C [89]. It was found that an Al2O3 coating 

increased the residence time of tritium by a factor of 4. When both TiC 
and Al2O3 coatings were tested [90], surprisingly low permeation 
reduction factors between 3 and 15 were found. Several years later the 
tritium permeation of tritium generated from Li2TiO3 pebbles was 
studied [65]. A copper interlayer between two steel tubes and an 
aluminium oxide coating deposited on the outside of the tube were 
tested for their permeation reduction performance. Both showed no 
increase in tritium permeation during the experiment, suggesting that 
they did not deteriorate due to tritium permeation.

Across all these experiments, the diffusion constant of tritium was 
determined to be one order of magnitude lower than literature data 
predicted. This suggests that irradiation can slow down diffusion [91] 
possibly due to enhanced trapping at irradiation induced defects. 
Further testing on Eurofer tubes filled with Li2TiO3 pebbles and irradi
ated up to 1.2 dpa showed that the resulting tritium permeation was in 
the diffusion limited regime [92].

Another experiment, performed with LiPb in the IVG.1 M (Water- 
cooled Heterogeneous Research - Modernised) reactor in Kazakhstan, 
tested a coating of Cr2O3-SiC [93]. PRF values of 30 and 292 for tritium 
were determined at 500 ◦C and 600 ◦C, respectively. The same coating, 
tested out-of-pile for deuterium, had PRFs of 45 and 307 at the same 
temperatures. This increase in PRF could be caused by the decrease in 
micro-defects in the coating due to grain growth or due to its self-healing 
abilities at this higher temperature.

The main observations from these experiments, involving tritium 
generated in breeder materials under neutron irradiation, are that the 
PRF values obtained are low compared to the ones found in literature, 
while diffusion can be slowed down compared to literature data. This 
suggests that further research into these factors is necessary, and testing 
of anti-permeation coatings under neutron irradiation is required.

6. Experimental design and operation

A basic experimental method for measuring permeation rates was 
explained in Section 2.8. However, there are several practical implica
tions that need to be considered when designing a permeation experi
ment, that this section will elucidate on.

6.1. Geometry

Section 2.8 describes a setup that derives the permeation rate from 
the pressure increase on the downstream side of the sample. However, 
there are several drawbacks related to this method; the high loading 
pressure (104 – 105 Pa) that is needed to obtain a measurable pressure 
increase on the permeate side, the possibility of back diffusion and the 
mechanical loads acting on the membrane from the pressure difference 
between both sides [94].

Alternatively, a gas release experiment can be performed where a 
sample is loaded with hydrogen under a certain temperature. The 
sample chamber is evacuated, and the desorption rate of the hydrogen is 
determined. Tests can be run with and without the sample to determine 
the background desorption rate [94].

Both methods are marred by a difficulty to account for losses to the 
surrounding structures [94], which is enhanced by the geometry of flat 
sample holders for disc shapes; only one side of the upstream chamber is 
made of the material to investigate, implying that >50 % of the chamber 
walls is not of interest. Permeation through these walls will lead to losses 
to the environment, especially when the whole sample holder is heated 
to elevated temperatures. This issue is exacerbated when coatings with a 
high PRF are tested; the walls will be several orders of magnitude more 
permeable than the sample itself.

This issue could be resolved by using a tubular geometry instead. 
There have been various permeation setups using a tube as sample 
holder [17,20,33], where the gas is inserted in the inner tube, perme
ating into an outer tube or containment. One advantage of this geometry 
is the large fraction of surface area that acts as sample; only the ends of 
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the tube provide possible routes for unwanted permeation. However, as 
flat samples are easier to manufacture than tubes, especially when 
coatings are applied, a flat geometry is adopted in several cases, 
allowing for easier production of samples and testing of various mate
rials and coatings.

Other issues arise due to the need to evacuate the downstream side of 
the sample. Here the walls will absorb hydrogen during the experiments, 
which will off-gas when the chamber is evacuated. Achieving a low and 
constant pressure here is only possible after pumping for a considerable 
amount of time. In [23] it was observed that this retained gas caused the 
pressure to increase faster than expected at the start of an experiment, 
especially in the case of low-pressure experiments. This issue was 
addressed in [95], when the authors tested a new design of sample 
holder with a thin-walled inset, to retain less hydrogen and release this 
faster than a thick-walled sample holder would do. After 24 h, a 160 
times smaller outgassing flux was observed.

Further practical questions arise due to the need to enclose the 
sample in a sample holder. Examples include whether the temperature 
of the sample can be determined accurately if the sample holder is 
heated instead of the sample itself and whether the sample is heated 
uniformly. Other considerations include whether the process gas needs 
to be heated itself or whether it will reach the desired temperature by 
being in contact with the heated sample holder. Moreover, tube samples 
are usually welded into place [17,73,75]. Machining and welding a 
material will affect its surface finish, which could influence hydrogen 
permeation rates through it. These questions should be considered 
carefully when designing a sample holder, and when comparing results 
obtained by different setups with each other.

6.2. The chronological order of experimental operations

There have been various experiments performed where the experi
mental conditions were changed stepwise, obtaining several results for 
the same sample. An example of starting the permeation tests at the 
highest temperature, after which the temperature was lowered in steps, 
is described in [83,44], the pressure of deuterium gas was varied, 
starting with a low pressure and doubling this pressure three consecu
tive times. Notably, the same authors published a paper 2 years later 
describing how the deuterium pressure was decreased several times 
using the same sample [45]. However, no comparison was made be
tween the two studies, and the reasons for adopting this pressure 
sequence were not shared. The only recommendation that can be made 
here is to consider potential memory effects of detection equipment; in 
this case it is advisable to start with a lower permeation rate or con
centration, to not interfere with later measurements.

When working with tritium, contamination of equipment between 
experiments is a major issue. It is therefore recommended that various 
purge and bake-out cycles are performed between experiments, to aid 
any residual tritium off-gassing. Further, experiments with low in
ventories of tritium should be performed first. This does not only reduce 
operational risks, operators gaining experience on low-inventory oper
ations before moving on to high-inventory ones, but also ensures that 
background signals arising from contamination do not exceed the 
measurement signal.

6.3. Flowing gases

Permeation in fusion power plants will rarely occur in static systems 
at high temperatures; most subsystems contain flowing gases or liquids, 
and in the case of high temperatures there will most likely be a flowing 
coolant medium present as well. As such, experiments involving flowing 
gases have gained interest lately, exploring permeation processes in 
more realistic conditions.

Experiments with flowing gases have typically been performed in a 
double-tube configuration, consisting of two concentric tubes. The 
hydrogen isotopes are inserted in either the inner or outer tube, and the 

concentration of the gases are monitored. Inert gases such as helium and 
argon are commonly used with typical flow rates in the range 2 – 12 L/ 
hr, with variation possible between up- and downstream sides of the 
sample.

For example, in [17] the permeation of tritium from a sealed tube 
into a flowing argon stream was studied. The tritium concentration of 
this gas was measured with an ionisation chamber. The authors 
mentioned that the gas rate had to be adjusted to ensure the ionisation 
chamber was working correctly but did not study the effect of a varying 
flow rate on the permeation rate.

In some experiments flat disc samples instead of tubular samples 
have been used, with the gas flowing through both chambers. Examples 
are [61] working with deuterium and a quadrupole mass spectrometer, 
and [63] using tritium and performing analysis with an ionisation 
chamber. The authors of [62] also used a flat sample holder with flowing 
gases both upstream and downstream, with flow rates of 3 and 12 L/hr, 
respectively. The experimental setup was equipped with both ionisation 
chambers and a catalyst bed and bubbler setup, used to test the agree
ment between the ionisation chamber measurements and liquid scin
tillation detection of tritium. The same rig was also used to test the 
transport coefficients of tritium through liquid lithium [87].

6.4. Detection methods

The detection method that can be deployed in a permeation rig de
pends on the setup of the rig (non-flowing or flowing gases) and whether 
protium, deuterium or tritium permeation is studied. Here it matters 
only whether the downstream side is flowing or not, the upstream side 
does not influence the choice of detection technology.

In a non-flowing configuration a pressure rise can be monitored to 
determine the permeation rate, possibly combined with mass spec
trometry (applicable to all hydrogen isotopes and required for co- and 
counter permeation measurements) or ionisation chambers (tritium 
only) to determine the composition of the gas. However, measuring a 
pressure increase is not feasible when the gases are flowing, as the 
permeate partial pressure will be negligible compared to the total 
pressure.

A flowing configuration lends itself to other measurement tech
niques, even though ionisation chambers and quadrupole mass spec
trometers are also valid options. Examples include a gas chromatograph 
as described in [33] or bubblers combined with liquid scintillation in 
[62,87]. It is difficult to adopt a static rig to incorporate these mea
surement technologies as they change the composition of the gases that 
flow through; gas chromatography separates out different components 
while an oxidising catalyst converts HT and T2 gas into tritiated water. 
This contrasts with ionisation chambers where gas can be recirculated 
through the chamber as it leaves the device unaltered.

When deciding on which detection method to use, it is important to 
consider whether it is necessary to distinguish between different 
hydrogen isotopes, in case co- and counter permeation is studied. For 
example, a gas chromatograph or mass spectrometer can distinguish 
between hydrogen isotopes, while deuterium cannot be detected using 
liquid scintillation.

6.5. Difficulties induced by the coating

As mentioned in Section 2.4, the surface-limited regime applies to 
small pressure differences between the up- and downstream side of the 
metal. In future systems such as breeder blankets the pressure gradient 
through the permeation barrier is expected to be small, implying a 
surface-limited permeation process.

However, a smaller difference in pressures between either side of the 
sample implies a lower permeation rate. Adding a coating reduces the 
permeation even further, approaching the detection limit [28]. Other 
sources of hydrogen such as background outgassing may exceed the 
amounts permeating. This explains why most experiments operate in the 
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diffusion-limited regime. As the name implies, surface effects become 
more important in the SLR, and with it the characteristics of the coating 
such as grain boundaries. This can dramatically change the expected 
permeation behaviour at different pressures, and extrapolation to lower 
pressures is unreliable as a result.

Further, the lower the permeability of the substrate, the more diffi
cult it is to determine the PRF of the system where a coating is applied to 
this substrate. In many cases the temperature must be raised to deter
mine a reliable PRF. The effect of temperature on the distinction be
tween DLR and SLR has not been investigated yet, but [25] observed that 
the pressure exponent of a Y2O3 coating changed from 0.469 to 0.741 
when heated from 500 ◦C to 650 ◦C. This is a significant increase over a 
relatively small temperature interval.

Moreover, there is usually a discrepancy between a calculated high 
PRF value and much lower measured value [28]. This can be caused by 
leakage through microscopic and nano-sized imperfections within the 
permeation barrier itself. It is therefore recommended that detection 
technologies are used with low limits of detection, and off-gassing is 
reduced by either design of the sample holder or extensive bake-out 
procedures.

6.6. Compatibility of different design options

A summary of the compatibilities of combinations of different 
experimental design choices that have been discussed in this section is 
shown in Table 1. It needs to be noted that: 

- A flowing / non-flowing setup concerns the downstream side of the 
sample only

- The geometry does not determine whether flowing gases are used
- When multiple isotopes are used, determining the permeation rate 

from a pressure increase or a method that can only detect tritium is 
not a valid option. However, it could be suitable if used in combi
nation with another detection method. This is shown using a † in 
Table 1.

- Liquid scintillation and gas chromatography could both be installed 
in the same rig, but could not analyse the same gas stream, as gas 
needs to be diverted to either at set intervals

- Pressure measurements are not useful for flowing setups, and neither 
are gas chromatography and liquid scintillation for non-flowing 
setups.

The following acronyms for detection methods are used: P = pres
sure, IC = ionisation chamber, MS= mass spectrometry, GC = gas 
chromatography, LSC = liquid scintillation counting.

7. Summary and outlook

This paper has described the many factors that affect the permeation 
of hydrogen isotopes through metals, and how these can affect the 
performance of anti-permeation coatings. It has highlighted constraints 
that experimental researchers face when studying the transport of 
hydrogen isotopes through metals.

Scientific experiments are limited in their ability to simulate a real 
fusion reactor environment in several ways: 

• The pressure that the experiments are operated at give rise to the 
diffusion limited regime, not the surface limited regime as expected 
in breeder blankets. This implies that surface effects cannot be 
observed properly and may be overlooked.

• Temperature gradients through materials are not frequently inves
tigated, and the performance of coatings at high temperature is 
difficult to study in a lab environment.

• The effects of flow rate on permeation are not investigated widely 
although this may have an influence on the permeation rate. When 
flowing gases are used in experiments the flow rates are generally 
small compared to fusion fuel cycle conditions.

• The effect that the coolant has on the permeation rate has not been 
investigated, as theory suggests there will be no effect. However, 
results from other scientific areas suggest the composition of the 
downstream medium could have an effect and tests are required to 
provide more information on this. The permeation into water has 
rarely been studied, while water coolants will be used in fusion fuel 
cycles, especially in the steam generator and are expected to act as 
tritium sinks.

• Although there may not be an observable difference between flat and 
tubular geometries when the permeation rate is concerned, there are 
still challenges to be overcome in applying coatings to the inside of 
pipes, which would be the optimal location for permeation 
reduction.

• Some locations in the fuel cycle will be subject to plasma driven 
permeation or a combination of gas- and plasma driven permeation, 
while almost all experiments have only studied gas driven perme
ation. How these two are related and whether results obtained with 
gas driven permeation can be applied to plasma driven permeation 
and vice versa is still not understood.

• Irradiation can cause competing effects such as changing the grain 
size or increasing the sample temperature. There is very limited data 
on neutron irradiation effects or how these effects related to proton, 
electron, or ion irradiation.

• Coatings will get contaminated and will trap large amounts of 
hydrogen isotopes during their lifetime. However, the materials will 
be in place in the fuel cycle for much longer than we can test them 
for. Coating longevity and durability is uncertain, especially for 
powerplant lifetimes and in fusion relevant conditions. For this 
purpose, exposing material samples to fusion reactor conditions is 
recommended, for example the development of a 14 MeV neutron 
source to test breeder blanket concepts as explained in [96].

It is therefore important when designing experiments to strive to 
study these factors and to replicate fusion-relevant conditions as closely 
as possible. However, the design of the experiment has a profound effect 
on the results that can be obtained: 

• The design of the sample holder determines what fraction of the 
walls can give rise to unwanted permeation. As such, a tubular 
sample geometry or a design with thin walls would be preferred.

• Requiring a vacuum on the downstream side leads to the issue of off- 
gassing of retained hydrogen in the walls. Memory and contamina
tion effects need to be considered before deciding on the order in 
which experiments are performed.

• Using flowing gases allows for the use of other detection technologies 
and removes the need to maintain a vacuum on the downstream side. 
However, when using tritium this leads to a large amount of 
contamination.

• The setup of the experiment and which hydrogen isotopes are being 
used determines which detection technology is applicable. This is an 
important factor to consider, especially when low permeation rates 
in the surface limited regime are to be detected.

• Isotope effects in materials used for substrates do exist, but their 
magnitude seems to depend on several factors and can be different 
for different materials. It is recommended that tritium is used where 

Table 1 
overview of compatibilities between different experimental design decisions.

Setup Isotopes used

No Flow Flow no T T multiple

Detection method P ⨯ ✓ ✓ ✓ ⨯†
IC ✓ ✓ ⨯ ✓ ⨯†
MS ✓ ✓ ✓ ✓ ✓
GC ✓ ⨯ ✓ ✓ ✓
LSC ✓ ⨯ ⨯ ✓ ⨯†
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possible, as extrapolation from deuterium results may not be 
accurate.

To conclude, the main challenges and open questions in anti- 
permeation coatings research are: 

• The use of tritium, imposing a higher level of complexity to experi
mental design and safety considerations and leading to contamina
tion of equipment.

• The effects of irradiation, especially in-situ neutron irradiation.
• Finding the optimal application method for a coating, depending on 

the substrate geometry, yielding a coating with the desired grain 
structure, thickness, and surface finish while minimising defects. 
Developing coatings that are resistant to corrosion and adhere to the 
substrate under challenging conditions and thermal cycling.

7.1. Outlook

To address some of the experimental limitations and design chal
lenges, we have designed a permeation rig at UKAEA studying the 
permeation of tritium through a sample into a flowing gas stream. This 
experiment will be located in the JET Active Gas Handling System, 
benefiting from >30 years of experience in handling tritium. Due to its 
location, the experimental rig can handle several TBq’s of tritium at one 
time. The flow rate of the downstream gas is kept low to limit tritium 
contamination but can be varied to study any effect on the permeation 
rate. Two separate sample holders are being developed with different 
geometries; a concentric tube sample holder will be used to study the 
tritium permeation rate in a realistic geometry and to limit unwanted 
permeation, while a flat sample holder is being developed to test readily 
available coated samples, allowing for easy changing over of samples 
and testing a wide variety of materials in a short time frame. As primary 
detection method liquid scintillation will be used, to deliver the most 
accurate results. There will also be an ionisation chamber installed and a 
residual gas analyser, with the latter able to perform qualitative analysis 
on the permeation of inactive hydrogen isotopes. Preliminary results are 
expected by the end of 2026.
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