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Tritium and deuterium induce radiation in reactor materials and some radioactive tritium gas 
may be released.  Most of the materials used in fusion reactors are metals that have relatively 
high permeabilities for tritium.  The fusion community has been working on barriers to minimize 
tritium release.  Unfortunately, most barrier materials work very well during laboratory 
experiments, but fail to meet requirements when placed in radiation environments. 
 
This chapter presents tritium permeation characteristics of various materials used in fusion 
reactors, including plasma-facing, structural, and barrier materials.  The necessary parameters for 
tritium release calculations for various regions of a fusion reactor are given. 
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4.116.1. INTRODUCTION 
As fusion energy research progresses over the next several decades, and ignition and energy 
production are attempted, the fuel for fusion reactors will be a combination of deuterium and 
tritium. From a safety point of view, these are not the ideal materials. The reaction of deuterium 
plus tritium produces alpha particles and 14.1 MeV neutrons. These neutrons are used to breed 
the tritium fuel, but also interact with other materials, making some of them radioactive. While 
the decay of tritium produces only a low energy beta, tritium is difficult to contain. Additionally, 
being an isotope of hydrogen, the tritium can become part of the hydrocarbons that compose our 
bodies. 
 
From the tritium point of view, the fusion facility can be divided into three components: the 
inner vessel area where the plasma is formed; the blanket where tritium production occurs; and 
the tritium exhaust and reprocessing system. There is the potential for tritium release to occur in 
all three sections of the facility. The tritium cycle for a fusion reactor begins in the blanket 
region. It is here that the tritium is produced by the interaction of neutrons with lithium. 
Specifically, the reaction is given symbolically as 6Li(n,α)3H. A neutron that has been 
thermalized, or lowered in energy by interaction with surrounding materials, is absorbed by 6Li 
to produce both an alpha particle (helium nucleus) and a triton. Elemental lithium contains 
approximately 7.5% 6Li. As a breeder material in a fusion plant, lithium is enriched in the 6Li 
isotope to various degrees, depending on the particular blanket design. The 7Li isotope also 
produces a small amount of tritium via the 7Li(n,α)3H  + n reaction. The cross section for this 
endothermic reaction is much smaller than that for the 6Li reaction. Upon release from the 
lithium breeder, the tritium is separated from other elements and other hydrogen isotopes. It is 
then injected into the torus as a gas or frozen pellet. It then becomes part of the plasma. A 
fraction of the tritium fuses with deuterium as part of the fusion process, or it is swept out of the 
chamber by the pumping system. If it is removed from the torus by the pumping system and sent 
to the reprocessing system, it is again filtered to separate it from other elements and separated 
from the other isotopes. All through the different steps, there is the potential for the tritium to 
permeate through the materials containing it, and for it to be released to the environment. The 
probability of this occurring depends on the location in the tritium cycle. This chapter describes 
the hydrogen permeability through candidate plasma-facing and structural materials that are 
anticipated to be used in fusion reactors. 
 
With respect to tritium permeation, fusion reactor materials can be divided into two categories. 
There are plasma-facing materials and structural materials. The plasma-facing materials in future 
fusion devices will be heated by the high-energy neutrons, by direct interaction of the plasma 
particles, and by electromagnetic energy released from the plasma. These plasma-facing 
materials must be cooled. It is primarily through the cooling tubes passing through the plasma-
facing materials that tritium losses can occur in the primary vacuum vessel. The three materials 
typically used for plasma-facing applications are carbon, tungsten, and beryllium. In this report, 
we will describe the behavior of these materials as plasma-facing materials and how tritium can 
be lost to the cooling system.  
 
The term “structural material” is used here to describe materials that serve as the vacuum 
boundary in the main chamber, as the containment boundary for the blanket region, and as the 
piping for cooling and vacuum lines. These materials can be ferritic and austenitic steels, 
vanadium alloys, and zirconium alloys, as well as aluminum alloys in some locations, or 
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potentially ceramics. We give a complete listing of the different types of structural materials and 
cover their tritium permeation characteristics. 
 
Materials with a low permeability for tritium are being considered as barriers to prevent the loss 
of tritium from fusion plants. There are a few metals with relatively small permeability values, 
but as a whole, metals themselves are not good barriers. Ceramics, on the other hand, are 
typically very good barriers if they are not porous. In most cases, the low permeation is due to 
extremely low solubility of hydrogen isotopes in ceramic materials. Bulk ceramics, such as 
silicon carbide, may one day be used as tritium permeation barriers, but most of the barrier 
development is presently for oxides, nitrides, or carbides of the metals themselves. We will show 
in this review that many such oxides and nitrides may exhibit extremely good permeation 
behavior in the laboratory, but fail miserably when used in a radiation environment.  We will 
review the permeation parameters for all of the materials being considered for barriers. 
 
This report will begin with a review of the processes that control the uptake and transport of 
hydrogen isotopes through materials. The parameters used to define these processes include 
diffusivity, solubility, permeability, trapping coefficients, and recombination-rate coefficients. 
We examine the transport of hydrogen isotopes in plasma-facing materials, discuss the 
conditions that exist in the main torus, and look at the ways that tritium can be lost there. Next, 
we consider the tritium transport properties of structural materials, followed by the transport 
properties in barrier materials, including oxides, nitrides, and carbides of structural metals, as 
well as low-permeation metals. The application of tritium barriers is discussed in some detail: 
both the theoretical performance of barriers and their observed performance in radiation 
environments, as well as an example of tritium permeation in the blanket of a fusion reactor. We 
finish by summarizing the tritium permeation properties of all the materials, providing the 
necessary parameters to allow designers of fusion reactors to predict tritium losses during 
operation. 
  

4.116.2. BACKGROUND 
Hydrogen and its isotopes behave similarly in many regards. Gaseous protium, deuterium and 
tritium are all diatomic gases that dissociate, especially on metal surfaces, and dissolve into the 
metal lattice in their atomic form (in some materials, such as polymers and some ceramics, the 
molecules may retain their diatomic character during penetration of the material). The isotope 
atoms readily recombine on the free surfaces, resulting in permeation of the gaseous hydrogen 
isotopes through metals that support a gradient in hydrogen concentration from one side to the 
other. In order to understand this process it is necessary to characterize the source of the 
hydrogen isotope as well as its transport within the materials.  
 
For the purposes of the following presentation, we will focus on tritium and its transport through 
materials. Much of the discussion is equally valid for the deuterium and protium as well. In this 
section we will provide background on the diffusivity and solubility of tritium in metals and 
relate these thermodynamic parameters to the permeability. In addition, we will discuss the role 
of trapping of hydrogen isotopes on transport of these isotopes, as well as kinetically-limited 
transport phenomena such as recombination. 
 

4.116.2.1. Equation of State of Gases 
In the case of gaseous exposure, the ideal gas equation of state characterizes the thermodynamic 
state of the gas:  
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 Vm

o = RT
p; (1) 

 
where Vm

o is the molar volume of the ideal gas, T is the temperature of the system in Kelvin, p is 
the partial pressure of the gaseous species of interest, and R is the universal gas constant equal to 
8.31447 J mol-1K-1. The ideal gas equation of state provides a good estimate for most gases, 
particularly at low pressure (near ambient) and elevated temperature (greater than room 
temperature). In the context of materials exposed to hydrogen isotopes in fusion technologies, 
the assumption of ideal gas behavior is a reasonable estimate for gaseous hydrogen and its 
isotopes. More details about the equation of state for real gaseous hydrogen and its isotopes can 
be found in Ref. [1].  
 
 

4.116.2.2. Diffusivity 
Tritium diffusion in metals is simply the process of atomic tritium moving or hopping through a 
crystal lattice. Tritium tends to diffuse relatively rapidly through most materials and its diffusion 
can be measured at relatively low temperature. The diffusivity, D, is a thermodynamic 
parameter, therefore, it follows the conventional Arrhenius-type dependence on temperature: 
 

 D = Do exp −ED
RT

 
 
  

 
 ; (2) 

 
where Do is a constant and ED is the activation energy of diffusion. Measuring tritium diffusion 
is non-trivial due to the availability of tritium. Therefore, hydrogen and deuterium are often used 
as surrogates. From classic rate theory, it is commonly inferred that the ratio of diffusivity of 
hydrogen isotopes is equivalent to the inverse ratio of the square root of the masses of the 
isotopes: 
 

 
DT

DH

= mH

mT

; (3) 

 
where m is the mass of the respective isotope, and the subscripts T and H refer to tritium and 
hydrogen respectively. When this approximation is invoked, the activation energy for diffusion is 
generally assumed to be independent of the mass of the isotope. Diffusion data at subambient 
temperatures do not support equation 3 for a number of metals [2], however, at elevated 
temperatures, the inverse square root dependence on mass generally provides a reasonable 
approximation (especially for fcc structural metals) [3-9]. While equation 3 provides a good 
engineering estimate of the relative diffusivity of hydrogen and its isotopes, more advanced 
theories have been applied to explain experimental data; for example, quantum corrections and 
anharmonic effects can account for experimentally observed differences of diffusivity of isotopes 
compared to the predictions of equation 3 [3, 10].  For the purposes of this report we assume that 
equation 3 is a good approximation for the diffusion of hydrogen isotopes (as well as for 
permeation) unless otherwise noted, and we normalize reported values and relationships of 
diffusivity (and permeability) to protium. 
 



 

 5 

4.116.2.3. Solubility 
The solubility (K) represents equilibrium between the diatomic tritium molecule and tritium 
atoms in a metal according to the following reaction:  
 
 1

2T2 ↔ T. (4) 
 
The solubility, like diffusivity, generally follows the classic exponential dependence of 
thermodynamic parameters: 
 

 K = Ko exp −∆Hs
RT

 
 
  

 
 ; (5) 

 
where oK  is a constant and ∆Hsis the standard enthalpy of dissolution of tritium (also called the 
heat of solution), which is the enthalpy associated with the reaction expressed in equation 4. A 
word of caution: the enthalpy of dissolution is sometimes reported per mole of gas (i.e., with 
regard to the reactionT2 ↔ 2T as in Ref. [11]), which is twice the value of ∆Hs as defined here. 
The chemical equilibrium between the diatomic gas and atomic tritium dissolved in a metal 
(equation 4) is expressed as  
 

 1
2 µTT

o + RTln
pTT

pTT
0

 

 
 

 

 
 = µT

o + RTlnc0; (6) 

 
assuming a dilute solution of dissolved tritium and ideal gas behavior, where c0 is the 
equilibrium concentration of tritium dissolved in the metal lattice in the absence of stress, µTT

o is 
the chemical potential of the diatomic gas at a reference partial pressure of pTT

0 , and µT
o  is the 

chemical potential of tritium in the metal at infinite dilution. This relationship is the theoretical 
origin of Sievert’s Law:  
 

 c0 = K pTT( )1/ 2
; (7) 

 
where to a first approximation, the solubility is equivalent for all isotopes of hydrogen. 
 
It is important to distinguish between solubility and concentration: the solubility is a 
thermodynamic property of the material, while the concentration is a dependent variable that 
depends on system conditions (including whether equilibrium has been attained). For example, 
once dissolved in a metal lattice, atomic tritium can interact with elastic stress fields: hydrostatic 
tension dilates the lattice and increases the concentration of tritium that can dissolve in the metal, 
while hydrostatic compression decreases the concentration. The relationship that describes this 
effect in the absence of a tritium flux [12-14] is written as 
 

 cL = c0 exp
VTσ
RT

 

 
 

 

 
 ; (8) 

 
where cL is the concentration of tritium in the lattice subjected to a hydrostatic stress (σ = σ ii 3), 
and VT is the partial molar volume of tritium in the lattice. For steels, the partial molar volume of 
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hydrogen is approximately 2 cm3 mol-1 [15], which can be assumed to first order to be the same 
for tritium. For most systems, the increase of tritium concentration will be relatively small for 
ordinary applied stresses, particularly at elevated temperature; for example, hydrostatic tension 
near 400 MPa at 673 K results in ~15% increase in concentration. On the other hand, internal 
stresses near defects or other stress concentrators can substantially increase the local 
concentration near the defect. It is unlikely that local concentrations will significantly contribute 
to elevated tritium inventory in the material, but locally elevated concentrations of hydrogen 
isotopes become sites for initiating and propagating hydrogen-assisted fracture in structural 
metals. 
 
 

4.116.2.4. Trapping 
Tritium can bond to microstructural features within metals, including vacancies, interfaces, grain 
boundaries and dislocations.  This phenomenon is generally referred to as “trapping” [15-18]. 
The trapping of hydrogen and its isotopes is a thermally governed process with a characteristic 
energy generally referred to as the trap binding energy Et. This characteristic energy represents 
the reduction in the energy of the hydrogen relative to dissolution in the lattice [16, 19] and can 
be thought of as the strength of the bond between the hydrogen isotope and the trap site to which 
it is bound. Oriani [16] assumed dynamic equilibrium between the lattice hydrogen and trapped 
hydrogen  
 

 exp
1 1

tT L

T L

E

RT

θ θ
θ θ

 =  − −  
; (9) 

 
where θT is the fraction of trapping sites filled with tritium and θL is the fraction of available 
lattice sites filled with tritium.  According to equation 9 the fraction of trap sites that are filled 
depends sensitively on the energy of the trap (Et) and the lattice concentration of tritium (θL). For 
example, traps in ferritic steels, which are typically characterized by low lattice concentrations 
and trap energy < 100 kJ mol-1, tend to be depopulated at high temperature (> 1000 K). For 
materials with strong traps and high lattice concentration of tritium, trapping can remain active to 
very high temperatures, particularly if the trap energy is large (> 50 kJ mol-1). The coverage of 
trapping sites for low and high energy traps is shown in Figure 1 for two values of K: one 
material with relatively low solubility of hydrogen and the other with high solubility. 
 
< figure 1 here> 
 
The absolute amount of trapped tritium, cT, depends on θT and the concentration of trap sites, nT 
[15]: 
 
 cT = αnTθT ; (10) 
 
where α is the number of hydrogen atoms that can occupy the trap site, which we assume is one. 
If multiple trapping sites exist in the metal, cT is the sum of trapped tritium from each type of 
trap. A similar expression can be written for the lattice sites: 
 
 cL = βnLθ L ; (11) 
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where nL is the concentration of metal atoms and β is the number of lattice sites that hydrogen 
can occupy per metal atom (which we again assume is one). Substituting equations 10 and 11 
into equation 9 and recognizing that θL<<1, the ratio of trapped tritium to lattice tritium can be 
expressed as 
 

 cT

cL

= nT

cL + nL exp
−Et

RT

 
 
 

 
 
 

 

 
 

 

 
 

. (12) 

 
Therefore, the ratio of trapped tritium to dissolved (lattice) tritium will be large if cL is small and 
Et is large. Conversely, the amount of trapped tritium will be relatively low in materials that 
dissolve large amounts of tritium. The transport and distribution of tritium in metals can be 
significantly affected by trapping of tritium. Oriani postulated that diffusion follows the same 
phenomenological form when hydrogen is trapped [16]; however, the lattice diffusivity (D) is 
reduced and can be replaced by an effective diffusivity, Deff, in Fick’s first law. Oriani went on to 
show that the effective diffusivity is proportional to D and a function of the relative amounts of 
trapped and lattice hydrogen:  
 

 Deff = D

1+ cT

cL

1−θT( )
. (13) 

 
If the amount of trapped tritium (cT) is large relative to the amount of lattice tritium (cL), the 
effective diffusivity can be several orders of magnitude less than the lattice diffusivity [20]. 
Moreover, the effective diffusivity is a function of composition of the hydrogen isotopes, 
depending on the conditions of the test as well as sensitive to the geometry and microstructure of 
the test specimen. Thus, the intrinsic diffusivity of the material (D) cannot be measured directly 
when tritium is being trapped. Equation 13 is the general form of a simplified expression that is 
commonly used in the literature:  
 

 Deff = D

1+ nT

nL

exp
Et

RT

 
 
 

 
 
 
. (14) 

 
< figure 2 here> 
 
Equation 14 does not account for the effect of lattice concentration, and is therefore inadequate 
when the concentration of tritium is relatively large.  For materials with high solubilities of 
tritium (such as austenitic stainless steels), trapping may not affect transport significantly and 
Deff ≈ D  as shown in Figure 2. For materials with low solubility and relatively large Et, the 
effective diffusivity can be substantially reduced compared to the lattice diffusivity (Figure 2). 
The wide variation of reported diffusivity of hydrogen in α-iron at low temperature is a classic 
example of the effect of trapping on hydrogen transport [2, 20]: while the diffusivity of hydrogen 
at high temperature is consistent between studies, the effective diffusivity measured at low 
temperature is significantly lower (in some cases by orders of magnitude) compared to the 
Arrhenius relationship established from measurements at elevated temperature. Moreover, the 
range of reported values of effective diffusivity demonstrate the sensitivity of the measurements 
to experimental technique and test conditions. For these reasons, it is important to be critical of 
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diffusion data that may be affected by trapping and be cautious of extrapolating diffusion data to 
different experimental conditions and temperatures than the measurements, especially if trapping 
is not well characterized or the role of trapping is not known.  
 
 

4.116.2.5. Permeability 
Permeability of hydrogen and its isotopes is generally defined as the steady state diffusional 
transport of atoms through a material that supports a differential pressure of the hydrogen 
isotope. Assuming steady state, semi-infinite plate, and Fick’s first law for diffusion 
J = −D dc dx( ), we can express the steady state diffusional flux of tritium as 
 

 J∞ = −D
cx2

− cx1( )
x2 − x1

; (15) 

 
where cx is the concentration at position x within the thickness of the plate. Using chemical 
equilibrium (equation 7) and assuming that the tritium partial pressure is negligible on one side 
of the plate of thickness t, the steady state diffusional flux can be expressed as 
 

 J∞ = DK

t
pTT

1 2; (16) 

 
and the permeability, Φ, is defined as: 
 
 Φ ≡ DK . (17) 
 
Substituting equations 2 and 5 into equation 17, the permeability can be expressed as a function 
of temperature in the usual manner:  
 

 Φ = KoDo exp
− ∆H s + ED( )

RT
 

  
 

  
 (18) 

 
The permeability is a materials property that characterizes diffusional transport through a bulk 
material, i.e., it is a relative measure of the transport of tritium when diffusion-limited transport 
dominates; see Ref. [21] for an extensive discussion of permeation. By definition, the 
permeability (as well as diffusivity and solubility) of hydrogen isotopes through metals is 
independent of surface condition, since it is related to diffusion of hydrogen through the material 
lattice (diffusivity) and the thermodynamic equilibrium between the gas and the metal 
(solubility).  
 
In practice, experimental measurements are strongly influenced by surface condition, such that 
the measured transport properties may not reflect diffusion-limited transport. Under some 
conditions (such as low pressure or due to residual oxygen/moisture in the measurement system), 
the theoretical proportionality between square root of pressure and hydrogen isotope flux does 
not describe the transport [21, 22], thus studies that do not verify diffusion-limited transport 
should be viewed critically.  
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4.116.2.6. Recombination 
 
As shown above, steady-state permeation of hydrogen through materials is normally governed 
only by solubility and diffusivity.  It has been shown [23] that at low pressures, permeation can 
also be limited by dissociation at the surface.  Due to limited data in the literature on this effect 
(and questions about whether this condition ever really exists), we will not consider this effect in 
this chapter.  It is also possible for permeation to be limited by the rate at which atoms can 
recombine back into molecules.  With the exception of extremely high temperatures, this 
recombination is necessary for hydrogen to be released from a material.  Wherever the release 
rate from a surface is limited recombination, the boundary condition at that boundary is given by: 

  kr = C
8

mT

 
 
 

 
 
 
1/2

s

Ko
2 exp

2∆H s − EX

RT

 
 
 

 
 
 ; (19) 

where kr is the recombination-rate constant and c is the concentration of hydrogen near the 
surface (for this discussion, we assume that there is no  surface roughness). The units for k and c 
are m4 (s·mol H2)

-1 and (mol H2) m
-3, respectively.  

 
There are two specific types of conditions that can lead to the hydrogen release being rate limited 
by recombination.  One case occurs for plasma-facing materials where the recombination rate 
coefficient is relatively low, and the implantation rate is high.  With this condition, the 
concentration of hydrogen in the very-near plasma-exposed surface will increase to the point 
where Jr is effectively equal to the implantation rate.  It is not exactly equal to the implantation 
rate because there is permeation away from that surface to the downstream surface.  The other 
condition that can lead the hydrogen release being controlled by recombination is when the rate 
of ingress at the upstream boundary is very slow.  This condition can occur either when the 
upstream pressure is extremely low or a barrier is placed on the upstream surface, and the 
downstream surface has a relatively low recombination rate constant.  In the extreme case, the 
release rate at the rear is so slow that the hydrogen concentration becomes uniform throughout 
the material.  The release rate from the downstream surface will be krc

2, where c now represents 
the uniform concentration.  From 1 2

TTc Kp=  and Equation 19, it can be seen the recombination-

limited permeation is linearly dependent on pressure, rather than having the square-root of 
pressure dependence of diffusion-limited permeation. 
 
There are various derivations and definitions of the recombination-rate constant. For the case of 
intense plasma exposure where extreme near-surface concentrations are generated, Baskes [24] 
derived the recombination-rate constant with the assumption that the rate was controlled by the 
process of bulk atoms jumping to the surface, combining with surface atoms, and then desorbing. 
His expression for the recombination-rate constant is:  
 

 kr = C
8

mT

 
 
 

 
 
 
1/2

s

Ko
2 exp

2∆H s − EX

RT

 
 
 

 
 
 ; (20) 

 
where C is a constant, s is the sticking constant which depends on the cleanliness of the material 
surface, and EX = ∆H s + ED > 0, otherwiseEX = 0. The sticking constant can be anywhere from 1 
for clean surfaces to 10-4 or smaller for oxidized surfaces.  
 
Pick and Sonnenberg [25] solved the recombination-rate constant for the case where the near-
surface concentration of hydrogen is small.  When this concentration is smaller, the rate atoms 
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jump to the surface does not play an important role in the recombination rate.  This conclusion 
removes Ex from the exponential.  The sticking constant in their model is thermally activated: 

( )exp 2o Cs s E RT= − , where s0 is the sticking coefficient and EC is the activation energy for 

hydrogen adsorption. 
 
Wampler [26] also studied the case for low near-surface concentration to arrive at an expression 
for the recombination-rate constant. He assumed equilibrium between hydrogen atoms in surface 
chemisorption sites and atoms in solution, deriving the recombination-rate constant as: 
 

 kr = nsν
βnL( )2 exp

2∆Hs

RT

 
 
 

 
 
 ; (21) 

 
where ns is the area density of surface chemisorption sites, andν is the jump frequency. 
 
These expressions differ, but also display many similarities. Unfortunately, the surface 
cleanliness dominates the rate of recombination and these theoretical relationships are only 
relevant for sputter-cleaned surfaces and very low pressures. As an example, Causey and 
Baskes [27] showed that the Baskes model [24] predicts fairly accurate results for plasma-driven 
permeation of deuterium in nickel. Comparison to values in the literature for nickel showed other 
results to differ by as much as four orders of magnitude and to have significantly different 
activation energies.  
 

4.116.2.7. Irradiation and Implantation 
Irradiation and implantation can affect the transport of hydrogen isotopes in materials. Since 
these effects can be complex and depend on the conditions of the materials and the environment, 
it can be difficult to draw broad conclusions from the literature. Nevertheless, changes in 
apparent transport properties are generally attributed to damage and the creation of hydrogen 
traps [28-31]. Therefore, the effects of irradiation and implantation will depend sensitively on the 
characteristics of the traps that are created by these processes. The density of damage is an 
important consideration: for example, it has been shown that helium bubbles are not effective 
trapping sites for steels [32], likely because in these experiments the density of helium bubbles 
was relatively low. The energy of the trap will determine the coverage as a function of 
temperature (equation 9): generally, the effect of trapping will be stronger at low temperatures, 
especially in materials with low solubility (Figure 2), which can result in substantial increases in 
hydrogen isotope inventory compared to hydrogen content predicted from lattice solubility. 
Additionally, irradiation may increase ionization of hydrogen isotopes, thus enhancing apparent 
permeation [29].  Reactor environments can defeat permeation barriers, for example by 
damaging the integrity of oxide layers; this will be discussed at the end of this chapter. 
 
 

4.116.3. FUSION REACTOR MATERIALS 
 

4.116.3.1. Plasma-Facing Materials 
Tritium generated in the fusion-reactor blanket will be fed directly into the plasma in the main 
vacuum chamber. There, the tritium will be partially consumed, but will also interact with the 
materials composing the first wall. Materials used to line the first wall will be exposed to 
energetic tritium and deuterium escaping from the plasma. Particle fluxes in the range of 
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1021 (D+T)m-2s-1 will continuously bombard the plasma-facing materials. Materials used for the 
divertor at the top and/or bottom of the torus will be exposed to lower energy particles with a 
flux of 1023 (D+T)m-2s-1 or higher. While the neutral gas pressure of tritium will be relatively 
low at the outer vacuum wall boundary, some minor permeation losses will occur. In reality, the 
primary concerns in the plasma-facing areas are tritium inventory and permeation into the 
coolant through coolant tubes. While future power reactors are likely to have primarily refractory 
metals such as tungsten, present day devices are still using carbon and beryllium. In this section 
on plasma-facing materials, we will examine the interaction of tritium with carbon, tungsten, and 
beryllium. 
 
 

4.116.3.1.1. Carbon 
In many ways carbon is ideal for fusion applications. It is a low Z material with a low vapor 
pressure and excellent thermal properties. The carbon used in fusion applications comes in two 
forms, graphite and carbon composites. Graphite is typically made using the Acheson process 
[33]. Calcined coke is crushed, milled, and then sized. The properties of the graphite are 
determined by the size and shape of these particles. Coal tar is added to the particles and the 
batch is heated to approximately 1200 K. This process is repeated several times to increase the 
density of the compact. The final bake is at temperatures between 2900 and 3300 K and takes 
approximately fifteen days. The final product is quite porous, with a density of around 1.8 to 
1.9 g cm-3 (compared to a theoretical density of 2.3 g cm-3).  Graphite is composed of grains 
(from the original coke particles) with a size of 5 to 50 µm, which are further composed of 
graphite crystallites with a typical size of 5 nm. Carbon composites are made by pyrolyzing a 
composite of carbon fibers in an organic matrix. These fibers have a high strength-to-weight 
ratio and are composed of almost pure carbon. As with graphite, carbon composites are quite 
porous with a density of less than 2 g cm-3. Carbon (as either graphite or carbon composite) will 
not serve as a vacuum or coolant boundary. Therefore, permeation through the carbon will not 
directly affect tritium release into the environment. Coolant tubes inside the graphite will control 
the tritium release to the coolant system. The ways in which hydrogen isotopes can interact with 
carbon are explored in the following sections. 
 
It is difficult to consider hydrogen isotope permeation in graphite in the same manner as one 
would for the metals. As was shown by Kiyoshi, et al. [34], hydrogen passes rather readily 
through graphite in the molecular form. It is when one considers the uptake or retention of 
atomic hydrogen in graphite or a carbon composite that it becomes more interesting. Most 
graphites have a BET or specific surface area of 0.25 to 1.0 m2g-1 [35]. This presents a lot of 
surface area for the absorption of hydrogen isotopes. Barrer [36], Thomas [37], and Bansal [38] 
are only a few of the many that have reported hydrogen retention on carbon surfaces. Activation 
energies varying from 24 kJ mol-1 to 210 kJ mol-1 have been reported. Once absorbed on a 
carbon surface, the hydrogen can migrate by jumping from one chemically active site to another. 
This process occurs for carbon at lower temperatures in a fusion reactor where the plasma 
provides ionic and atomic hydrogen for direct absorption. Molecular hydrogen can dissociate on 
carbon surfaces, but only at elevated temperatures (>1000 K). As a plasma-facing material, 
graphite will be exposed to atomic tritium and deuterium, and these hydrogen isotopes will 
migrate inward along the open porosity. Several research groups have measured the diffusion 
coefficient for hydrogen on carbon surfaces. Robell, et al. [39] inferred an activation energy of 
164 kJ mol-1 for the diffusion during measurements on the uptake of hydrogen on platinized 
carbon between 573 and 665 K. Olander and Balooch [40] used similar experiments to determine 
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the diffusion coefficient for hydrogen on both the basal and prism plane: 
6x10-9exp(-7,790/T) m2s-1 for the basal plane and 6x10-11exp(-4,420/T) m2s-1 for the prism plane. 
Causey, et al. [41] used tritium profiles in POCO AXF-5Q graphite exposed to a tritium plasma 
to extract a diffusivity for tritium on carbon pores of 1.2x10-4exp(-11,670/T) m2s-1. An example 
of the deep penetration of hydrogen isotopes into the porosity of graphite was reported by 
Penzhorn, et al. [42]. Graphite and carbon composite tiles removed from the JET fusion reactor 
were mechanically sectioned. The sections were then oxidized, and tritiated water was collected 
for liquid scintillation counting. Relatively high concentrations of tritium were detected tens of 
millimeters deep into the tiles. 
 
< figure 3 here> 
 
The diffusion or migration of hydrogen isotopes on carbon surfaces occurs at lower 
temperatures. The solubility, diffusion, and trapping of hydrogen in the carbon grains are higher 
temperature processes than adsorption and surface diffusion. At higher temperatures (>1000 K), 
hydrogen molecules can dissociate and be absorbed at chemically active sites on carbon surfaces. 
Some of these sites are located on the outside of the grains, but many exist along the edges of the 
microcrystallites that make up the larger grains. Hydrogen isotopes dissociating on the outer 
grain surface are able to migrate along the microcrystallite edges, entering into the interior of the 
grain. It is the jumping from one moderate energy site (~240 kJ mol-1) to another that determines 
the effective diffusion coefficient covered next. It is the highest energy sites (~415 kJ mol-1) on 
the crystallite surfaces that are called traps (also covered later). Atsumi, et al. [43] used the 
pressure change in a constant volume to determine the solubility of deuterium in ISO 88 
graphite. Over the temperature range 1123 and 1323 K, they determined the solubility to be 
given by K = 18.9exp(+2,320/T) mol H2(m

-3·MPa-1/2). This solubility is shown in Figure 3 along 
with two data points by Causey [44] at 1273 and 1473 K. A negative heat of solution is seen in 
both sets of data, suggesting the formation of a bond between hydrogen and carbon.  
 
< figure 4 here> 
 
The variation in the diffusivities of hydrogen in graphite determined by various researchers is 
extreme. This variation results primarily from differences in interpretation of where the diffusion 
is occurring. A representative assortment of values for the diffusion is shown in Figure 4. Rohrig, 
et al. [45] determined their diffusion coefficient using the release rate of tritium from nuclear 
grade graphite during isothermal anneals. They correctly used the grain size as the real diffusion 
distance. The expression for their diffusion coefficient is D = 4x10-6 exp(-32,510/T) m2s-1. 
Causey, et al. [46] measured the release rate of tritium recoil injected into pyrolytic carbon to 
determine the diffusivity. Data from the isothermal anneals resulted in the diffusivity of 
D = 3.33x10-2 exp(-49,800/T) m2s-1. Malka, et al. [47] used the release rate of lithium bred 
tritium in a nuclear graphite to determine the diffusion coefficient D = 0.83 exp(-44,070/T) m2s-1. 
Atsumi, et al. [43] used the desorption rate of deuterium gas from graphite samples that had been 
exposed to gas at elevated temperatures to determine a diffusivity. Their expression is 
D = 1.69x10-4 exp(-30,100/T) m2s-1. Building on the work of others, Causey [44] proposed an 
alternative expression for the diffusivity that he labeled “best estimate”. The result was based on 
uptake experiments for tritium into POCO AFX-5Q graphite, and the assumption that the total 
uptake is determined by the product of the diffusivity times the solubility. The uptake data were 
analyzed assuming the expression given by Atsumi, et al. [43] for the solubility was correct. His 
expression for the diffusivity was D = 9.3x10-5 exp(-32,510/T) m2s-1. The expression “best 
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estimate” was used because it properly took into consideration that the grain size was the 
effective diffusion distance, and that diffusivity was more properly determined by uptake than 
release. Release rates are strongly affected by trapping.  
 
The trapping of hydrogen isotopes at natural and radiation-induced traps has been examined by 
several research groups [41, 48-50].  Causey, et al. [41] exposed POCO-AFX-5Q graphite to a 
deuterium-tritium mixture at elevated temperatures in an examination of the kinetics of hydrogen 
uptake. For temperatures above 1500 K, it was discovered that increasing the pressure did not 
increase the retention. It appeared that the solubility hit an upper limit at 17 appm. Analysis of 
the data revealed that the 17 appm did not represent solubility, but a trap density. The trap was 
determined to have an energy of 415 kJ mol-1. Atsumi, et al. [48] found that radiation damage 
increased the apparent solubility of deuterium in graphite by a factor of 20 to 50 with saturation 
at a radiation damage level of 0.3 dpa. A significant decrease in the apparent diffusivity was also 
noted. In a later report, Atsumi, et al. [49] determined graphites and composites to vary 
significantly in their natural retention values. They saw that the saturation retention was 
inversely proportional to the lattice constant (crystallite size). Radiation damage was seen to 
decrease the apparent lattice constant and increase the saturation retention. 6 MeV C+ ions were 
used by Wampler, et al. [50] to simulate neutron damage to different graphites. The trap density 
increased with damage levels up to 0.04 dpa where the saturation retention was 650 appm. In a 
defining set of experiments, Causey, et al. [28] examined tritium uptake in unirradiated and 
radiated pitch-based carbon composites. Pitch-based carbon composites have a large lattice 
parameter due to the sheet-like configuration of the fibers. These composites retained 
significantly less tritium before and after irradiation than other carbon materials. The conclusion 
that one should draw is that high-energy trapping occurs at the edge of the hexagonal crystals on 
the prism plane. 
 
Hydrogen isotope permeation in the normal sense does not apply to graphite and carbon 
composites. There is inward migration of atomic hydrogen isotopes along porosity at lower 
temperatures. To calculate the potential tritium inventory for this process, one can put an upper 
bound by assuming monolayer coverage of the pore surfaces. Typical nuclear grade graphite has 
a specific surface area of 1 m2g-1. Complete loading of that amount of surface area yields 
2x1025 Tm-3, or about 2 g for a 20 m2 carbon wall that is 10 mm thick. At higher temperatures, 
molecular hydrogen isotopes, which are moving through the graphite pore system, are able to 
dissociate and enter the multi-micron sized graphite grains. This migration into the grains occurs 
along the edges of the nanometer scale microcrystallites. As the hydrogen migrates inward, it 
decorates high-energy trap sites. The density of these trap sites is higher than the effective 
solubility derived from the migration rate. Permeation into graphite will not lead to tritium 
release from a fusion device, but will affect tritium inventory. If one assumes that radiation 
damage from neutrons has increased the 415 kJ mol-1 traps in graphite up to 1000 appm, and that 
tritium is occupying 100% of those traps, the same 20 m2 wall 10 mm thick listed above would 
now contain an additional 100 g of tritium. Occupation of all of the traps is difficult. At lower 
temperatures, kinetics makes it impossible to achieve the loading. At substantially higher 
temperatures, the traps do not remain filled.  
 
There is another process called carbon codeposition that can strongly affect tritium inventory in a 
fusion device. In the codeposition process, carbon eroded from walls of the tokamak is 
redeposited in cooler areas along with deuterium and tritium from the plasma. Because carbon 
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codeposition is not a diffusion or permeation process, it will not be covered in this review. The 
interested reader is referred to a review of this process by Jacob [51]. 
 
 

4.116.3.1.2. Tungsten 
Tungsten is another of the plasma-facing materials. Like carbon, it will not be a vacuum barrier. 
Thus, permeation through the tungsten will not lead to tritium release directly into the 
environment. It can lead to tritium permeation into the coolant through the coolant tubes inside 
the tungsten facing materials. Permeation will also affect the tritium inventory of the fusion 
device. Tungsten has excellent thermal properties with a very high melting point of 3683 K. The 
problem that tungsten presents to the tokamak designer is the deleterious radiation losses if 
present in the plasma. Fortunately, the energy threshold for sputtering by hydrogen ions is quite 
high, 700 eV for tritium [52]. For that reason, tungsten will be used primarily in the divertor 
region where the energy of the impacting particles can be limited. 
 
< figure 5 here> 
 
There are a limited number of reports on the diffusivity of hydrogen isotopes in tungsten. 
Frauenfelder [53] measured the rate of hydrogen outgassing from saturated rolled sheet samples 
at temperatures over the wide temperature range of 1200 to 2400 K. His material was 99.95% 
pure tungsten. His expression for the diffusivity is D = 4.1x10-7exp(-4,527/T) m2s-1. Zakharov, et 
al. [54] used 99.99% pure tungsten samples in their permeation techniques to determine the 
hydrogen diffusivity over the limited temperature range of 900 to 1060 K. Their reported value 
for the diffusivity is D = 6x10-4exp(-12,400/T) m2s-1. In the Benamati, et al. [55] experiments 
using tungsten containing 5% rhenium, a gaseous permeation technique was also used. These 
experiments were performed over the very limited temperature range of 850 to 885 K. Reported 
diffusivities are shown in Figure 5. There are a couple of reasons why the diffusion coefficient 
reported by Frauenfelder [53] is widely accepted as most correct. The first of these reasons is the 
wide temperature range over which experiments were performed. The second reason is that the 
experiments were performed at a temperature above that where trapping typically occurs. It can 
be seen in Figure 5 that Zakharov’s [54] diffusivity agrees quite well with Frauenfelder’s at the 
highest temperatures, but falls below his values at lower temperatures, where trapping would 
occur. 
 
< figure 6 here> 
 
The database on hydrogen solubility in tungsten is very limited. The results of the two 
experimental studies are shown in Figure 6. In the same experiments used to determine the 
diffusivity, Frauenfelder [53] also measured solubility. Over the temperature range 1100 to 
2400 K, samples were saturated at fixed pressures and then heated to drive out all of the 
hydrogen. Frauenfelder’s expression for the solubility is given as 
K =1.49x103 exp(-12,000/T) mol H2(m

-3MPa-1/2). Over the more limited temperature range of 
1900 to 2400 K, Mazayev, et al. [56] also examined hydrogen solubility in tungsten. The 
agreement with the Frauenfelder’s [53] data is quite good in magnitude, but not good in apparent 
activation energy. As with his diffusivity, the solubility reported by Frauenfelder is typically the 
value used in predicting the migration of hydrogen in tungsten. 
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Hydrogen trapping in tungsten has been studied by several research groups. van Veen, et al. [57] 
used bombardment by 2 keV protons in their study of the bonding of hydrogen to voids in single 
crystal tungsten. Thermal desorption from the samples with appms of voids revealed a broad 
release peak at 600 to 700 K. It was stated that the release could be modeled as gas going back 
into solution from the voids with an activation energy of 96.5 to 135 kJ mol-1 controlling the 
process. Eleveld and van Veen [58], in a similar study, used a lower fluence of 30 keV D+ ions in 
desorption experiments. In these samples containing vacancies but no voids, the release occurred 
at 500 to 550 K. The authors reported a value of 138 kJ mol-1 for the dissociation enthalpy of 
deuterium for vacancy type defects. Pisarev, et al. [59] used lower fluences of 7.5 keV deuterons 
into 99.94% pure tungsten samples. During thermal desorption ramps, peaks in the release rates 
were seen at 350, 480, 600, and 750 K. The release at the highest temperature was only seen in 
the highest fluences. Garcia-Rosales, et al. [60] used 100 eV deuterium implantation to study the 
trapping and release rate of hydrogen isotopes from wrought and plasma-sprayed tungsten. Two 
broad desorption peaks at 475-612 K and 670-850 K were seen in the thermal desorption spectra. 
Modeling of the release data suggested the lower temperature peak to be controlled by both 
diffusion and trapping at an 82 kJ mol-1 trap. The second release peak was reported to correspond 
to trapping at defects with an activation energy of 135 kJ mol-1. In experiments with 99.99% pure 
tungsten and tungsten with 1% lanthanum oxide, Causey, et al. [61] examined tritium retention 
in plasma exposed samples. Modeling of the results suggested two traps, one at 135 kJ mol-1 and 
another at 241 kJ mol-1. The density of the trapped tritium averaged 400 to 500 appm. Anderl, et 
al. [62] used deuterium implantation into polycrystalline tungsten to determine the correlation 
between dislocation density on cell walls and deuterium trapping. Annealing tungsten at 1673 K 
reduced the dislocation density by a factor of seven, subsequently reducing the deuterium 
trapping by a similar factor. The energy of these traps was estimated to be 125 to 145 kJ mol-1. 
Unannealed 99.95% pure tungsten was used by Sze, et al. [63] in experiments with intense 
deuterium plasma exposure. Exposure at 400 K resulted in blisters with diameters of 10s of µms. 
Elevating the temperature to 1250 K eliminated the blisters. Venhaus, et al. [64] used high purity 
foils in experiments to examine the effect of annealing temperature on blistering by deuterium 
plasma exposure. An unannealed sample and one annealed at 1473 K both exhibited blisters after 
the plasma exposure. The sample annealed at 1273 K did not blister. There have been a multitude 
of other reports on blister formation on tungsten samples exposed to various forms of hydrogen 
implantation [65-68]. 
 
< figure 7 here> 
 
High purity 99.95% tungsten was used by Anderl, et al. [62] in 3 keV D3

+ ion implantation to 
determine the recombination-rate constant. Over the temperature range of 690 to 825 K, the 
recombination rate coefficient was given as kr = 3.85x109 exp(-13,500/T) m4 (s·mol H2)

-1. This 
expression is shown in Figure 7 where it is plotted along with the expression given by the Baskes 
model [24]. It can be seen that there is very little correlation between the measured value and the 
calculated value. This is not unusual. Impurities on the surface, especially oxide layers, can have 
a very strong effect on this coefficient. 
 
While tungsten has excellent low permeability for gaseous tritium, it will only be used in fusion 
devices as a plasma-facing material. As a plasma-facing material, tungsten will be exposed to 
intense fluxes of energetic tritium and deuterium. With traps for hydrogen at 135 and 
241 kJ mol-1 [57-62] at natural and radiation induced defects, it would appear that a substantial 
tritium inventory could be generated in divertor tungsten. There are several reasons why this 
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high inventory is not likely to occur. The first reason is the high recombination rate coefficient 
given above. For recombination-rate constant of 10-1 m4 (s·mol H2)

-1 or higher (see Figure 7), the 
recombination rate on the surface is so rapid as to generate the equivalent of c = 0 at the 
boundary. With the very limited penetration distance of energetic hydrogen in the dense 
tungsten, most of the implanted material is immediately released back out of the surface. There 
are also recent reports suggesting that ruptured blisters and very fine cracks near the surface [69-
71] will even further reduce the inward migration of deuterium and tritium into the tungsten. 
 
 

4.116.3.1.3. Beryllium 
Beryllium is a low Z material with good thermal characteristics. Additionally, it is a good getter 
for oxygen impurities in the plasma. The low Z minimizes the radiation losses from the plasma, 
and the oxygen removal keeps the plasma clean. For these reasons, beryllium has been used in 
the JET fusion reactor and will be the first wall material for the ITER reactor. Beryllium has 
interesting hydrogen retention behavior. Beryllium may also be used in the blanket area of future 
fusion devices as a neutron multiplier to increase the tritium breeding ratio. 
 
< figure 8 here> 
 
Abramov, et al. used two grades of beryllium in their permeation-diffusion experiments. These 
were high purity (99%) and extra grade (99.8%). Adding to the validity of their experimental 
result was the fact the authors used multilayer permeation theory analysis to take permeation 
through the outer oxide layer into consideration. For the high grade (99%) beryllium, the 
diffusivity D = 8.0x10-9 exp(-4,180/T) m2s-1 was determined. For the extra grade (99.8%) 
beryllium, D = 6.7x10-9 exp(-3,370/T) m2s-1 was reported for the diffusivity. For a lower purity 
material (98%), Tazhibaeva, et al. [72] also used the multilayer permeation analysis to determine 
a diffusivity. Over the temperature range of 673-873 K, their reported diffusivity was D = 9x10-

12 exp(-1,745/T) m2s-1. For the temperature range of 673 to 1173, Jones and Gibson [73] studied 
tritium diffusivity and solubility for arc-cast beryllium. Beryllium was exposed to tritium gas for 
various temperatures, times, and pressures during isothermal anneals. After removing the 
samples to another experimental system, the samples were heated to various temperatures. For 
the initial heating, the tritium release would rise, but soon fall to zero. Elevating the temperature 
to a higher temperature would reestablish the tritium release, but again the release would fall. 
While this behavior is not typical of diffusion controlled release, the data was analyzed to extract 
an effective diffusivity. They reported the diffusivity to be D = 3x10-11 exp(-2,200/T) m2s-1. The 
different reported diffusivities are shown in Figure 8. It can be seen that the diffusivity reported 
by Abramov, et al. [74] is considerably larger than those of Tazhibaeva, et al. [72] and Jones and 
Gibson [73]. It is apparent that the purity of the beryllium played a strong role in determining the 
effective diffusivity. Oxygen, the primary impurity in beryllium provides a strong trap for 
hydrogen. Thompson and Macaulay-Newcombe [75, 76], examined the diffusion of deuterium in 
single crystal and polycrystalline beryllium. The effective diffusivity in the single crystal 
material was lower than that for the polycrystalline material. The polycrystalline results agreed 
quite well with the results reported by Abramov, et al. [74]. They suggested the lower diffusivity 
seen for the single crystal samples was the true diffusivity for beryllium, and that the 
polycrystalline results represented diffusion along grain boundaries. If hydrogen isotopes migrate 
along grain boundaries, it is logical that the rate of migration would be affected by oxygen 
segregated to those boundaries. 
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< figure 9 here> 
 
The very limited results for hydrogen isotope solubility in beryllium are shown in Figure 9. In 
the earlier described experiments by Jones and Gibson [73], the solubility was seen to be 
effectively independent of temperature. From 550 to 1250 K, the tritium solubility was a fixed 
2.1 mol H2(m

-3MPa-1/2). For sintered, distilled alpha beryllium, Shapovalov and Dukel’skii [77] 
reported a solubility of K = 18.9 exp(-2,020/T) mol H2(m

-3MPa-1/2) for the temperature range 
673-1473 K. In experiments using 98.5% and 99.8% pure beryllium samples, Swansiger [78] 
used gaseous uptake of tritium to determine the solubility. The amount of tritium uptake did not 
increase with increasing sample size. The solubility for the two purity materials was also seen to 
be the same. Over the temperature range 713 to 783 K, the apparent solubility was given by the 
expression K = 5.9x106 exp(-11,620/T) mol H2(m

-3MPa-1/2). For temperatures below 650 K, the 
apparent solubility was seen to rise again. This strange effect was attributed to trapping. It is 
interesting to note the fact that the apparent solubilities over the temperatures where the three 
research groups [73, 77, 78] performed their experiments varied by less than one order of 
magnitude even though the activation energies varied by 96 kJ mol-1. It should be questioned 
whether the reported values really represent the solubility of hydrogen isotopes in bulk 
beryllium. 
 
For all plasma-facing materials, there is concern that implantation of energetic deuterium and 
tritium could lead to excessive retention and permeation. Implantation of hydrogen isotopes into 
a material with a low recombination-rate constant can lead to a majority of the material being 
pushed into the bulk of the material. In the limiting case of slow the recombination, 50% of the 
hydrogen exits the front face and 50% exits the rear face. Langley [79] implanted 25 keV 
deuterium into 99.1% pure hot isostatic pressed beryllium. The retention was seen to be 100% 
until the particle fluence reached 2x1022 D m-2. The retention flattened to a limit of 
approximately 2.8x1022 D m-2. Wampler [80] recorded similar results for his implantation of 0.5 
and 1.5 keV deuterium into 99.6% pure beryllium samples. Saturation occurred at 0.31 D/Be in 
the implant zone. Yoshida, et al. [81] used 99% pure beryllium in his implantation experiments 
with 8 keV deuterons. Transmission electron microscopy revealed bubble formation at all 
temperatures between room temperature and 873 K. The bubbles were not removed even by 
annealing at temperatures up to 973 K. Plasma exposure was used by Causey, et al. [82] and by 
Doerner, et al. [83] in low-energy, high-fluence deuterium exposures to beryllium. In both 
studies, the fractional retention was extremely low and decreased with increasing temperature. 
Open porosity in the implant zone was listed as the likely cause of the low retention. Chernikov, 
et al. [84] and Alimov, et al. [85] showed bubbles and microchannels to be responsible for the 
behavior of implanted hydrogen in beryllium. At 300 K, very small bubbles with a high volume 
density are formed even at low fluences. As the fluence is increased, the bubbles agglomerate 
into larger bubbles and then form microchannels that eventually intersect with the surface. For 
irradiation at 500 to 700 K, small facetted bubbles and large oblate, gas-filled, cavities are 
formed. This microstructure was seen to extend well beyond the implant zone. 
Alimov, et al. [85] postulated the hydrogen retention in the porous region was due to binding to 
the beryllium oxide that forms on the pore surfaces. 
 
Beryllium is known as a neutron multiplier due to the reaction Be9 + n => Be8 + 2n. Another 
neutron reaction for beryllium is Be9 + n => He4 + He6, followed by He6 decaying to Li6. Li6 has 
a very large cross section to absorb a thermal neutron and produce a helium atom and a tritium 
atom. Baldwin and Billone [86] calculated the amount of tritium that could be produced in a 
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large fusion device of the future. In an experiment, they exposed beryllium to a neutron fluence 
of 5x1026 n m-2 with 6% of the neutrons having energy greater than 1 MeV. The resulting tritium 
level was determined to be 2530 appm. Scaling up to a fusion reactor with 50 Mg of beryllium 
exposed to 3MWy m-2 results in the production of 5.5 kg of tritium. This is a sizeable quantity of 
tritium. The relevant question is whether this tritium would be released during normal operation 
of the fusion plant. Baldwin and Billone [86] examined exactly that question in their experiment. 
The samples containing the 2530 appm of tritium were heated in stepped anneals to determine 
the release rate of tritium from beryllium materials with different densities. The annealing began 
with a very long anneal at 773 K, and the temperature was increased in increments of 100 K. For 
each temperature, there was a non-diffusional burst of release followed by a rapid decrease in the 
release rate. The release behavior for the different materials was similar, but the fractional 
release was greater for the less dense materials. Andreev, et al. [87] irradiated hot pressed 
beryllium at 373 K. After neutron irradiation, thermal desorption spectroscopy was used with a 
heating rate of 10 K s-1. Release began to occur at approximately 773 K. The temperature at 
which maximum release occurred depended on the neutron fluence. The sample irradiated to a 
fluence of 3x1025 n m-2 had a peak release at 1080 K, while the sample irradiated to the higher 
fluence of 1x1026 n m-2 exhibited a peak release at the lower temperature of 1030 K. The authors 
examined the microstructure of the samples after the release anneals. If the anneal was stopped at 
973 K, pores with a diameter of 2 to 16 µm were formed. If the anneal was taken to 1373 K, the 
pore diameters increased to 25 to 30 µm. 
 
Due to the toxicity of beryllium, there have been relatively small numbers of experiments 
performed on the behavior of hydrogen isotopes in beryllium. The apparent diffusion coefficient 
of hydrogen in beryllium is strongly affected by purity levels. The values determined for the 
solubility of hydrogen in beryllium all fall within one order of magnitude even though the 
apparent activation energy differs by 96 kJ mol-1. Implantation of hydrogen into beryllium results 
in the formation of bubbles and eventually open channels or porosity. Connection of the porosity 
to the surface facilitates the release of hydrogen from the beryllium as the particle fluence is 
increased. The tendency to form bubbles would suggest that the solubility of hydrogen in 
beryllium is extremely small. It is possible that the values determined for the solubility of 
hydrogen in beryllium actually represent hydrogen absorbed on the external surface and on grain 
boundaries. The measured diffusivity may represent migration along grain boundaries. More 
experiments, and experiments with single crystals, are needed to answer some of these problems. 
For beryllium used for long times in future fusion devices, tritium produced by neutron reactions 
on the beryllium is likely to dominate tritium retention in beryllium. Tritium inventory from 
eroded beryllium codeposited with tritium may play a strong role in tritium inventory, but that 
effect is not covered in this review.  
 
 

4.116.3.2. Structural Materials 
Structural materials for a fusion reactor are simply those that comprise a majority of the plant.  
They are not directly exposed to the plasma, but most are exposed to high doses of neutrons and 
electromagnetic radiation.  Many of these materials are used in the reactor blanket where the 
tritium is bred by the nuclear reaction 6Li(n,α)3H.  It is in the blanket and in the fuel reprocessing 
area that the structural materials are most likely to be exposed to tritium.  Lets look at the 
different materials that might be used as structural materials and examine their tritium 
permeation characteristics. 



 

 19 

4.116.3.2.1. Austenitic stainless steels 
Austenitic stainless steels have been used extensively as a construction material for nuclear 
reactors, particularly type 316 austenitic stainless steel. The type 300-series austenitic stainless 
steels (Fe-Cr-Ni) have relatively high nickel content (commonly 8-14 wt%), which is a detriment 
for fusion applications for several reasons including the susceptibility of nickel to activation 
(induced radioactivity) [88-90]. The so-called prime candidate alloy (PCA) is a variant of type 
316 austenitic stainless steel modified for fusion applications (although interestingly enough with 
higher nickel content); from a permeation perspective PCA is anticipated to behave essentially 
the same as conventional type 316 alloys [91].  
 
The solubility and diffusivity of hydrogen and its isotopes through austenitic stainless steels has 
been extensively studied, this brief review focuses on the results for type 300-series alloys from 
gas permeation experiments, which is also reviewed in Ref. [1]. The characteristics of hydrogen 
transport in austenitic stainless steels is independent of deformation when the deformation does 
not induce martensitic transformations [92-94]. The transport properties are also relatively 
insensitive to composition for the type 300-series alloys [1]. 
 
The most common type 300-series austenitic stainless steels are metastable, meaning that 
deformation can induce the formation of martensite in the austenitic matrix. This is important 
because strain-induced martensite has been shown to have a much higher diffusivity for 
hydrogen and its isotopes than austenite [95, 96]. This has implications on the apparent solubility 
as well. The stability of austenitic stainless steels with respect to the formation of strain-induced 
martensite increases most notably with nickel and nitrogen content (although other alloys also 
participate [97]). Therefore, effects of strain-induced martensite are most apparent on the low-
nickel type 300-series alloys, such as type 301 and 304, although type 316 austenitic stainless 
steel can transform (e.g., if nickel content is relatively low or if deformed at subambient 
temperature). 
 
The Fe-Cr-Mn austenitic stainless steels have been considered as substitute for the more 
common grades of austenitic stainless steels since they have only nominal nickel content [88-90], 
although low-activation ferritic/martensitic steels have received more attention (see subsequent 
section). Alloys that have been considered typically contain both Cr and Mn in the range 10-
20 wt%, often with small amounts of other alloying elements (Ref. [90] provides a list of a 
number of alloys that have been explored for fusion applications). Unlike the Fe-Cr-Ni austenitic 
stainless steels, there are few reports of transport properties for the Fe-Cr-Mn austenitic alloys; 
data for oxidized Fe-16Cr-16Mn are reported in Ref. [98]. 
 
< figure 10 here> 
 
Reported values of hydrogen diffusivity in austenitic stainless steels are less consistent than 
permeability as a consequence of surface effects and trapping, as mentioned above and elsewhere 
[1]. Figure 10 shows the reported diffusivity of hydrogen from a number of studies where special 
precautions were taken to control surface conditions. The activation energy for diffusion is 
relatively large for austenitic stainless steels (ED = 49.3 kJ mol-1), thus the diffusivity is sensitive 
to temperature, approaching the values of the ferritic steels at very high temperature (>1000 K), 
while being many orders of magnitude lower at room temperature.  
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Studies on austenitic steels have shown that hydrogen transport and dissolution are independent 
of whether the microstructure is annealed or heavily cold-worked (when the microstructure is 
stable with respect to phase change) [92, 93]. However, the diffusivity of hydrogen in ferritic 
phases (e.g., ferrite and α-martensite) tends to be greater than in the austenitic phase, especially 
near room temperature. Thus, residual ferrite in wrought austenitic stainless steels and ferrite that 
forms in welds of austenitic stainless steels can result in a fast pathway for the transport of 
hydrogen and its isotopes at low temperatures. Strain-induced α-martensite is also a ferritc phase 
that forms in metastable austenitic stainless steels when heavily deformed (type 304 and 321, as 
well as type 316 deformed at low temperature) and will greatly increase the permeability and 
diffusivity of hydrogen in the alloy [94, 95]. 
 
< figure 11 here> 
 
The solubility of hydrogen and its isotopes in the Fe-Cr-Ni austenitic stainless steels is high 
relative to most structural materials. Compilation of data from gas permeation studies shows that 
most studies are consistent with one another [92, 93, 95], while studies that considered a variety 
of alloys within this class show that the solubility of hydrogen is essentially the same for a wide 
range of type 300-series austenitic stainless [92, 93, 95]. The heat of solution of hydrogen is 
austenitic stainless steels is relatively low (∆Hs = 6.9 kJ mol-1), thus the equilibrium content of 
hydrogen in the metal remains high even at room temperature. The solubility of hydrogen and its 
isotopes is plotted in Figure 11, while Table 1 lists the recommended transport properties for 
austenitic stainless steels (and a number of other metals and alloys). While the solubility appears 
to be insensitive to composition for the type 300-series alloys, the Fe-Cr-Ni-Mn alloys (which 
have not been widely considered for fusion applications) feature solubility that is more than 50% 
higher [1]. 
 
It is important to re-iterate that hydrogen solubility is generally determined indirectly from the 
ratio of the permeability and the diffusivity. Thus, the accuracy of the solubility determination 
depends on the measurement of the diffusivity (permeability measurements are less sensitive to 
kinetic effects because it is a steady-state measurement). In particular, determinations of the 
diffusivity of hydrogen and its isotopes can be strongly influenced by the surface condition of the 
specimen in gas permeation tests, therefore the quality of reported solubility relationships 
depends on establishing diffusion-limited transport with the experimental methods that are 
employed (and appropriate analysis of the flux transients) [1]. In addition, trapping affects 
diffusivity and must, therefore, be mitigated in order to produce solubility relationships that 
reflect the lattice dissolution of hydrogen and its isotopes in the metal.  
 
The primary traps in type 300-series austenitic stainless steels are dislocations with relatively 
low binding energy: approximately 10 kJ mol-1 [99]. Therefore, the amount of trapped hydrogen 
(in the absence of irradiation and implantation damage) is relatively low at elevated temperature. 
Moreover, due to the high solubility of hydrogen and its isotopes in austenitic stainless steels, the 
density of trapping sites would need to be impractically high to measurably increase the 
inventory of hydrogen and its isotopes in the metal [20]. For these reasons, trapping from a 
microstructural origin is anticipated to have little if any impact on the transport of hydrogen and 
its isotopes in austenitic stainless steels at temperatures greater than ambient.  
 
The recombination-rate constant (kr) for austenitic stainless steels near ambient temperatureis 
typically less than about 10-9 m4 (s·mol H2)

-1 [100]. At higher temperature (~700 K), the value 
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varies between approximately 10-5 and 10-7 m4(s-1mol H2
-1) depending on the surface condition 

[80, 100-103].   
 
Austenitic stainless steels show significantly lower permeability of hydrogen than other 
structural steels, particularly at low temperature. The low permeability can be attributed to the 
low diffusivity in these steels. The solubility of hydrogen and its isotopes, on the other hand, is 
large in austenitic stainless steels compared to other structural steels and the heat of dissolution is 
significantly lower than other metals. Thus, the tritium inventory in austenitic stainless steels can 
be relatively high even at low temperature. The low binding energy associated with trapping of 
hydrogen in austenitic stainless steel, combined with the high solubility, equates to essentially no 
contribution of trapping to the hydrogen inventory. 
 
 

4.116.3.2.2. Ferritic/martensitic steels 
There is significant interest in reduced activation ferritic/martensitic (RAFM, also called RAM) 
steels to replace nickel-bearing austenitic stainless steels in reactor applications [104]. There are 
many RAFM steels that have been proposed and investigated in the literature specifically for 
fusion applications; these typically contain between 7 to 10 wt% Cr, relatively low carbon 
(<0.15 wt% C), and controlled alloying additions to bolster structural properties while 
minimizing activation (e.g., additions of W and Nb, reductions of Ni and Mo content). The 
transport of hydrogen and its isotopes have been extensively studied in MANET (MArtensitic for 
NET, including the so-called MANET II) and modified F82H (generally referred to as F82H-
mod). Some of the other designations of RAFM steels that can be found in literature include 
EUROFER 97, Batman, OPTIFER-IVb, HT-9, grade 91, JLF-1 and CLAM steel. 
 
In general, studies of RAFM steels report relatively consistent transport properties of hydrogen 
and its isotopes; some of these studies are reviewed in Ref. [105]. Despite the consistency of the 
data available in literature from several research groups, few studies verify the expected pressure 
dependence of the transport properties that is expected for diffusion-controlled transport. Pisarev 
and co-workers have suggested that the literature data may underestimate diffusivity and 
solubility due to surface limited transport [106, 107]. Similar suggestions have been presented to 
explain some of the data for the austenitic stainless steels [1]; however, the work on austenitic 
stainless steels has been cognizant of the issues with surface effects; generally surface effects are 
mitigated by coating specimens with palladium or other surface catalyst. Such precautions have 
not been systematically employed for permeation studies of the RAFM steels, although the need 
to control the surface condition (and confirm the square root dependence on pressure) has widely 
been acknowledged [29, 30, 105, 108]. While the apparent transport properties in the absence of 
trapping are relatively consistent for all the RAFM steels, the issue of surface effects and the 
suggestions of Pisarev, et al. need further validation in the literature because the transport of 
tritium is less likely to be affected by surface conditions. 
 
< figure 12 here> 
 
The diffusivity of hydrogen is shown in Figure 12 along with an average relationship (Table 1). 
The literature data generally are within a factor of 2 of the recommended relationship. The 
MANET alloys tend to have lower diffusivity of hydrogen and its isotopes than F82H-mod. 
Differences in permeability between these two alloys has been attributed to Cr content [29, 30], 
however, a clear correlation of transport properties with Cr content cannot be established based 
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on existing data [109]. At temperatures less than about 573 K the apparent diffusivity is 
significantly less than the exponential relationship extrapolated from higher temperature. This is 
attributed to the effect of trapping on the transport of hydrogen and its isotopes. 
 
< figure 13 here> 
 
The reported values of apparent solubility of hydrogen and its isotopes in RAFM varies by very 
little in the temperature range from 573 to 873 K. Pisarev and co-workers report values that are 3 
to 4 times higher based on their assessment of surface effects. Here we recommend a relationship 
for the apparent solubility (Table 1) that is consistent with the majority of the literature data with 
∆Hs = 28.6 kJ mol-1, which is based on simple curve fitting of the data shown in Figure 13. The 
values of the solubility are about an order of magnitude less than the austenitic stainless steels in 
the temperature range between 500 and 1000 K, although the solubility of hydrogen is more 
sensitive to temperature for the RAFM steels since ∆Hs is 4 times the value for the austenitic 
stainless steels.  
 
The trapping characteristics of the RAFM steels have been estimated for several alloys [19, 105, 
108, 110-113]. Although binding energies and densities of hydrogen traps vary substantially, the 
majority of reported values for RAFM steels are in the range 40 to 60 kJ mol-1 and 10-3 to 10-5 
traps per metal atom, respectively. The traps are attributed primarily to boundaries [105] and 
result in a significant reduction in the apparent diffusivity at temperature less than about 573 K. 
At higher temperature, the traps are essentially unoccupied and do not affect diffusion [20]. 
 
The measured recombination coefficient is many orders of magnitude lower than theoretical 
predictions; moreover, the measured values can also vary substantially from one study to the 
next [105, 114, 115]. Measured values for the recombination coefficient for deuterium on 
MANET alloys are approximately in the range 10-2 to 10-4 m4(s-1mol H2

-1) for the temperature 
range 573 to 773 K [114, 115]. Oxidation of MANET results in lower values: 
kr ≈ 10-6 m4(s-1mol H2

-1) [115]. 
 
The diffusivity and solubility of hydrogen and isotopes are consistently similar for all the RAFM 
steels that have been tested for fusion applications. RAFM steels show relatively rapid diffusion 
and low solubility of hydrogen and its isotopes at ambient temperature. The diffusivity is six 
orders of magnitude greater than the austenitic stainless steels at 300 K, while the solubility is 
more than three orders of magnitude lower than the austenitic stainless steels. The diffusivity of 
hydrogen and its isotopes is not strongly sensitive to temperature compared to most other metals. 
On the other hand, the heat of solution (∆Hs) for the RAFM steels is quite large, thus the 
solubility of hydrogen approaches than of austenitic stainless steels at temperatures greater than 
1000 K. Consequently, at elevated temperature (e.g., greater than 700 K), the permeability is less 
than an order of magnitude greater than the austenitic stainless steels and within a factor of five 
at temperature greater than 1000 K. Trapping is significant in the RAFM steels at temperature 
less than about 573 K, thus the apparent diffusivity is much lower than expected from tests that 
are performed at higher temperature. 
 

4.116.3.2.3. V–Cr–Ti alloys 
BCC-structured V–Cr–Ti alloys (particularly composition ranges of around V–4Cr–4Ti and V–
15Cr–5Ti) have low neutron cross sections and the isotopes that do form with neutron capture 
have short half lives (51V has a half-life of less than 4 minutes). These characteristics, along with 
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reasonable operating temperatures (limited by radiation hardening and helium bubble formation 
to ≈575–775 K [116]), make V–Cr–Ti an attractive material for first walls and blankets, but the 
tritium retention characteristics of vanadium alloys leave much to be desired. Vanadium has a 
large solubility for hydrogen and a very large diffusion coefficient for hydrogen. These two traits 
make the permeability of H in V comparable to that of Ti and Pd [117]. Vanadium absorbs 
hydrogen exothermically. Additions of Cr tend to increase this energy, while Ti additions tend to 
decrease it and, to first order, alloys with roughly equal and small amounts of Cr and Ti (such as 
V–4Cr–4Ti) are assumed to react similarly to hydrogen isotopes as pure V [116]. Vanadium 
alloys form hydrides below ≈450 K [116], which is below the typical operating temperatures. 
 
< figure 14 here> 
 
The diffusivity of H in V is ≈10-8 m2s-1 in the range of operating temperatures, a larger value 
than in most metals [116].  There has been extensive experimental measurement of several V–
Cr–Ti alloys using different hydrogen isotopes. These are summarized in Figure 14. Schaumann, 
et al. [118] and Cantelli, Mazzolai and Nuovo [119] independently measured the diffusivity of 
both protium and deuterium in pure V after charging them with gas at ≈775 K using the Gorsky 
effect. Both groups found that the prefactor did not depend strongly on the isotope, whereas the 
activation energy did. This is contrary to the common naïve expectation, where the activation 
energies would be identical and the prefactors would differ by a factor of the square root of the 
mass. The two groups also each reported a deviation from exponential behavior at lower 
temperatures, which could be attributed to some combination of surface effects, trapping, and a 
V-H phase transition at ≈200 K [119]. However, deviation from Arrhenius behavior is common 
in BCC metals [120] and has been reported in a number of studies on V. The transition 
temperature from exponential behavior varies widely with the technique used to measure 
diffusivity and the group that measures it [118, 119, 121-126], and has been as high as 813 K 
when measuring uncharged specimens using the absorption technique [121]. This supports the 
notion that much of the deviation reported in the literature may be due to surface recombination 
limitation at lower temperature. At lower temperatures, there was an increased deviation in the 

measured DH/DD from 2 , which has also been observed by others [125, 127] and in the 
diffusivity of T [128]. The heavier hydrogen isotopes do not diffuse much slower than predicted 
until temperatures below ca. 373 K, thus the physics associated with deviations from the 
predictions of classical rate theory cannot be exploited for the use in fusion applications. 
The electrochemical pulse experiments of Boes and Zuchner [129] derived an activation energy 
that is twice as large using the electrochemical pulse method, which was also supported by 
absorption experiments by Eguchi and Morozumi [121]. Both techniques are influenced by the 
surface, while Gorsky effect measurements and electrical resistivity measurements are only 
influenced by the bulk [120]. The absorption experiments also indicated that the hydrogen 
diffusion coefficient in V alloys is decreased by additions of Cr (as well as Fe and Nb), but that it 
could be increased by large Ti additions, which is thought to be due to electronic 
contributions [121]. Most other experiments have found that moderate amounts of Ti decrease 
the hydrogen diffusion coefficient much more than Cr is able to [120, 126]. Ti's strong ability to 
trap hydrogen isotopes may explain the discrepancy in these measurements. Increasing Ti 
content decreases the DH/DD ratio, while increasing Cr content increases the ratio [126]. 
 
< figure 15 here> 
 



 

 24 

While the solubility for H in V is smaller than that in either Zr or Ti, it is still very large, being 
greater than the value in Pd and much greater than the value in the other structural metals 
considered here (Figure 15).  The reported hydrogen lattice solubilities in Zr alloys are in 
reasonable agreement, regardless of composition [117]. Alloying additions do, however, change 
trapping in the alloy. 
 
Ti has a higher heat of solution for H than V and Ti [125] additions increase the lattice parameter 
of V [120]. However, Ti is a much stronger trap than other elements that increase the lattice 
parameter as much or more (including Nb, Mo, and Zr) [120]. Pine and Cotts [126] assert that Ti 
solute atoms not only trap hydrogen isotopes at nearest-neighbor interstitial sites, but also trap H 
substitutionally. They demonstrated that the binding energy varied from 3 kJ mol-1 in V–3Ti to 
9.84 kJ mol-1 in V–8Ti. The trapping energy for D is larger than H for both alloys. However, it 
should also be noted that there is considerable short-range ordering in V–Ti alloys with more 
than ca. 4 at.% Ti [120]. This ordering means that trapping will not obey Oriani-type behavior, 
where trapping would be linearly dependent on the number of solute atoms, because the solid 
solution is not random. Cr, Fe, and, Cu all reduce the lattice parameter of V and the diffusivity 
change in alloys containing these elements is also much lower than alloys with Ti [120]. In fits to 
the apparent diffusivity in tritium diffusion experiments in ternary V–Cr–Ti alloys, Hashizume, 
et al. [122] show that, in addition to single Ti atoms, the most likely secondary trap is not Cr. 
Instead, the secondary trap has much higher energy and a lower concentration when compared to 
the monomer Ti trap. They also speculated that this was due to solute dimers and larger clusters. 
Other defects, such as dislocations, may still be effective traps at 773 K [130]. As with other 
materials, V can be damaged by radiation, and this will likely be the dominant trap in fusion 
reactors. [131, 132] 
 
The recombination coefficient for H is over five orders of magnitude slower in V than in Ni in 
the range of operating temperatures, and is relatively insensitive to the surface concentration of 
sulfur [116]. Because of this and the high diffusivity of tritium, release is recombination-limited 
in V alloys. Deuterium ion-driven permeation experiments of V–15Cr–5Ti have estimated the 
recombination rate coefficient to be 2.4x10-29 m4s-1 [133] (although this measurement is differs 
by three orders of magnitude lower than measurements on more dilute alloys [134] and two 
orders of magnitude higher than measured in pure V [135]). It should be noted that most 
measured recombination rates are lower bounds due to surface oxides. In environments where 
this native oxide layer may be damaged (such as by radiation in a fusion reactor), the actual 
recombination rate may be larger [132]. 
 
V–Cr–Ti alloys have hydrogen permeabilities that are at least two orders of magnitude more than 
nearly any other blanket material. The ongoing studies on permeation barriers may allow 
mitigation of this significant disadvantage so that V's positive traits in a high-energy neutron 
environment can still be utilized. 
 

4.116.3.2.4. Zirconium alloys 
Zirconium alloys are corrosion resistant in aqueous environments and have low neutron cross 
sections [136]. However, Zr readily forms embrittling hydride precipitates. Zirconium alloys 
oxidize and the surface ZrO2 may be an effective permeation barrier, preventing both hydrogen 
release and formation of detrimental hydrides. Andrieu, et al. [137] demonstrated that the rate of 
tritium release of zircaloy-4 (Zry4) decreased substantially upon oxide formation in tritiated 
water. 
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< figure 16 here> 
 
Zirconium has multiple phases in some potential temperatures of interest: at 833 K, alpha, beta, 
and gamma Zr coexist in equilibrium. Most solubility and diffusivity studies have been 
conducted on the single-phase alpha-Zr; generally at 773 K and below (Figure 16). Above this 
temperature, Zr alloys dissolve up to 50 at.% H and this solubility decreases rapidly with 
decreasing temperature, causing hydride precipitates within the alloys. The solubility has been 
found to vary slightly with alloying content. Yamanaka, et al. [138] note that the solubility in the 
beta phase decreases with alloying additions, while the solubility in the alpha phase increases 
with alloying additions.  
 
The solubility of H in ZrO2, regardless of crystal structure (10-4-10-5 mol H per mol oxide), is 
much smaller than the base metal and is even smaller than that in Al2O3. Alpha ZrO2 exhibits a 
solubility almost an order of magnitude smaller than beta ZrO2 [139]. 
 
< figure 17 here> 
 
Greger, et al. [140] have reviewed H diffusion in Zr. The diffusivities reported in studies they 
cite and in others is plotted in Figure 17.  At 623 K, the diffusivity of hydrogen in Zr is 10-10 m2s-

1 [137, 140-144], while the diffusivity in ZrO2 is only 10-19-10-20 m2s-1 [137, 141, 145]. Austin,, 
et al. [141] were able to measure the diffusivity in both alpha and beta phases by measuring the 
activity, due to tritium, in tomographic slices of samples. The diffusivity values do not have a 
very strong dependence on crystallographic orientation or on alloy composition.  
 
Based on observations of tritium segregation to some precipitates [137, 142], many authors [137, 
146, 147] argue that intermetallic precipitates in zircaloy could be paths for short-circuit 
diffusion due to large reported values for solubility and diffusivity in some of these phases. 
However, these quantities appear to be relatively large for the Zr-matrix material. Further, 
autoradiography shows depletion in some Fe-rich precipitates and at 623 K, the diffusivity in 
ZrFe2 is 2.5x10-11 m2s-1, slower than bare Zr [148]. The permeability values through hydrides 
might be larger due to the high solubility of hydrogen isotopes the hydride phase. However, the 
volume fraction of hydrides tends to be small and the activation energy has been shown to be 
independent of the presence of the hydride [149].  
 
Zirconium alloys that lack an oxide layer are not useful in hydrogen environments that exceed 
the solubility of H in Zr, due to hydride formation. At relatively low use temperatures (<623 K), 
and in aqueous or otherwise oxidizing environments, zirconium oxide is able to grow and is an 
effective barrier against the permeation of hydrogen. Above this temperature, the integrity of the 
oxide layer cannot be maintained and the effective permeation of hydrogen isotopes is increased 
substantially. 
 
 

4.116.3.2.5. Other structural metals 
• Aluminum 

The permeability of hydrogen isotopes thorough aluminum is smaller than most metals. This is 
due to a very low intrinsic solubility and a moderate H diffusivity.  Young and Scully [150] 
reviewed the diffusivity of hydrogen in Al and discussed the reasons for the wide range of 
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reported values. A majority of hydrogen present in Al alloys at lower temperatures is trapped at 
defects and alloying content tends to increase the solubility for H in Al slightly [150-152]. 
 
Application of aluminum alloys in fusion reactors is limited by their low melting temperature 
(933 K for pure A or significantly lower for some alloys), the formation of embrittling 
intermetallics when layered on other metals, and the difficulty of joining aluminum alloys (due 
to the native oxide layer). The thermal limitation is significant because precipitates in 
conventional Al alloys coarsen or dissolve above 450 K and most conventional alloys are not 
very resistant to creep deformation. Few studies have been made to date on Al alloys for use at 
temperatures greater than about 450 K. Because many Al-containing intermetallics and 
aluminum oxide also have low hydrogen permeability and do not have the same thermal 
limitations as metallic Al, it has been proposed that they be used as hydrogen isotope 
barriers [110]. 
 

• Nickel 
The permeation of hydrogen and its isotopes in nickel has been extensively studied. The results 
from Louthan, et al. [153] provide a good estimate of the transport properties. They found that 
cold-worked nickel displays higher permeability to hydrogen, speculating that diffusion is 
enhanced along dislocation networks. Louthan also measured permeation in high-pressure 
gaseous hydrogen isotopes [4], showing that the transport is not depend on concentration (and 
that Sievert’s Law is appropriate at elevated pressure). Normalization of nickel’s permeation [4] 
and diffusion [3] by the mass ratio (equation 3) has been shown to provide good agreement for 
all three isotopes.  
 

• Copper 
There are numerous reports of permeability of hydrogen in copper; the gas permeation results of 
Begeal [154] are suggested here. Caskey and co-workers [155] found that the diffusivity of 
hydrogen in copper depends on the oxygen content and, consequently, that the effective 
diffusivity can be much lower than the lattice diffusivity. Nevertheless, the reported diffusivity is 
consistent among a number of reports [3, 154-157]. 
 

 
4.116.3.3. Barrier Materials 

4.116.3.3.1. Oxides 
Most metals form a native oxide layer in the presence of oxygen. Oxides have very low 
permeabilities for hydrogen isotopes generally, and native oxide layers may reduce permeability 
by about an order of magnitude [158]. The coefficient for thermal expansion is often very 
different from the underlying metal. This can cause cracks and spalling, which can reduce the 
effectiveness of the barrier. In environments that are aqueous or are subjected to elevated 
temperature in the presence of oxygen, the oxide layer may be replenished, and may even grow 
and coarsen. In addition to native oxides, an oxide layer might be deposited onto the base metal 
or the base metal might be dipped or otherwise coated with a second metal, which forms a low-
permeability oxide.  Such coatings may reduce hydrogen permeability by five orders of 
magnitude or more [159].  Chromia, alumina, and rare-earth oxides have been studied 
extensively. 
 
The very low dissociation pressure of Cr2O3 makes it a common native oxide on steels when 
allowed to form at elevated temperatures and relatively low oxygen partial pressures [160].   
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Chromia is a better barrier (offering a permeation reduction of about an order of magnitude [158, 
161]) than various Cr2MO4 spinels that may also form [160].  Chromia is also present in mixed 
oxides in chemical densified coatings, which help to give reduction factors of four orders of 
magnitude [162]. 
 
Aluminum forms a self-passivating native oxide that has been shown to be highly resistant to 
hydrogen isotope permeability, due to a very low solubility for hydrogen.  Alumina may also be 
formed by dipping cleaned stainless steel in aluminum and oxidizing it.  This hot-dip 
aluminizing processing is simple and generally forms coatings which have excellent adhesion 
properties and offer permeability reduction factors of at least one, and sometimes more than five 
orders of magnitude [158, 163]. 
 
< figure 18 here> 
< figure 19 here> 
 
The basic properties of  hydrogen transport in alumina have been characterized and are presented 
in Figure 18 and Figure 19.  Roy and Coble [164] hot-isostically pressed powders that were over 
99.99% pure powder and charged it with hydrogen at elevated temperature to calculate the 
solubility as K=12.5exp(-8,024/T) mol H2 m

-3 MPa-1/2.  Fowler, et al. [165] obtained diffusion 
coefficients for single crystal, polycrystalline, and powdered alumina and alumina that was 
doped with MgO.   They observed faster diffusion in powdered specimens, suggesting that grain 
boundaries may provide short-circuit diffusion paths.  They also noted that the diffusivity of 
MgO-doped alumina was four to five orders of magnitude greater than pure alumina.  This 
suggests that the purity of barrier coatings matter a great deal and transmutation of barriers in a 
fusion environment may increase the permeability from the ideal case measured in the 
laboratory. 
 
Yittria and ErO have been deposited on specimens through a number of physical deposition 
techniques, including plasma spray, arc deposition, and sol-gel deposition [166-168].  The 
advantage of these oxides is not the magnitude of permeation reduction (one to three orders of 
magnitude), but in their high thermal and mechanical stability in a reducing atmosphere. 
 

4.116.3.3.2. Aluminides 
In addition to forming Al2O3, which is known to decrease hydrogen permeation, aluminization of 
steels forms aluminide intermetallics that are believed to also lower permeability. Most 
aluminization processes also lead to the formation of surface Al2O3 and, to our knowledge, no 
permeation measurements on oxide-free aluminides has been performed.  However, the different 
processes lead to oxide scales of differing composition, thickness, and defect density, and the 
PRF may not be attributable to oxides alone.  Steels have been aluminized by the hot dip process 
(described above), as well as by various CVD, spray, packed-bed, and hot isostatic pressing 
(HIP) techniques.  For those techniques that lay down a substantial amount of materials that does 
not react with the matrix  (such as HIP), an Al-containing Fe alloy can be used in preference to 
Al to offer higher temperature barrier performance [169]. Oftentimes, the aluminized layer will 
be made up of mixed FeAl, FeAl2, Fe2Al3, Fe2Al5, FeAl3, and even Fe4Al13 intermetallics [170].  
Nickel, Cr, and mixed-aluminides are also formed [171, 172].  The Al-rich intermetallics 
segregate to the surface and aluminized material will often have a mixed oxide scale that is rich 
in Al2O3 [173, 174].  Permeation reduction factors (PRFs) vary between 10 and 10,000 [158, 
175].  The PRFs are generally larger than for a pure Al layer, and barriers containing a clean 
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Al2O3 surface often have the greatest PRF [176].  It should be noted that Al additions can also 
stabilize ferrite in some austenitic stainless steels, producing a duplex microstructure and an 
increased permeation [177]. 
 
 

4.116.3.3.3. Nitrides 
As with oxides, either the native nitrides of the base metal or depositions of other nitrides can be 
made to serve as barriers.  One of the most common native nitrides is Fe2N, which forms when 
the upstream face of steel samples are nitrided and reduces permeability by one to three orders of 
magnitude [178-180]. 
 
After oxides and aluminide, TiN coatings are one of the most researched barriers due to their 
good adhesion and the ease of deposition [158]. Reported PRFs for nitride barriers vary widely, 
from less than an order of magnitude to six orders of magnitude.  TiN barriers reduce 
permeability the most when they are placed on the high-pressure side of samples, and much less 
change in permeation is observed when they are placed downstream [181, 182]. 
 
Boron nitride has been shown to reduce the permeability of H in 304SS by one to two orders of 
magnitude [158, 183].  It forms both cubic and hexagonal structures.  Checchetto, et al. [184] 
noted that the hexagonal structures have a greater amount of hydrogen isotopes (due to a larger 
number of trapping sites; particularly dangling B and N bonds), but also a greater diffusivity of 
hydrogen.  The latter effect may be due to preferential diffusion along the a direction of the 
hexagonal lattice. 
 
Bazanella,, et al. [185] found that a 1.7 micron (Al,Ti)N coating reduces the deuterium 
permeability of 0.1 mm thick 316L by 2-3 orders of magnitude. From permeation transients, they 
speculated that this reduction was primarily due to the very low diffusivity of D in (Al,Ti)N.  
 

4.116.3.3.4. Carbides 
The only reported data on the solubility of hydrogen in boron carbide is that by Shirasu, et 
al. [186]. They exposed crystals of boron carbide to hydrogen gas at various temperatures and 
pressures for 20 hours, and subsequently outgassed them during anneals where the temperature 
was linearly increased at 20 K per minute up to 1,273 K. The uptake was seen to increase with 
the square root of pressure, and to decrease with increasing temperature (exothermic). Their 
solubility can be given by the expression S=3.8exp(3,590/T) mol H2 m

-3 MPa-1/2. Schnarr and 
Munzel [187, 188] measured the diffusivity of tritium in both irradiated and unirradiated boron 
carbide. While the actual expression for the diffusivity for each case was not given, it can be 
extracted from the figures. The approximate diffusivity for unirradiated boron carbide is 
D=1.23x10-11exp(-9,720/T) m2s-1 and D=4.3x10-8exp(-26,000/T) m2s-1 for the irradiated material. 
It was noted that the apparent diffusivity decreased with increasing radiation damage until the 
percentage of 10B exceeded 10%. Elleman, et al. [189] used the 6Li-neutron reaction to generate 
tritium profiles in samples of boron carbide. Diffusivities were determined by examining the rate 
of release of the tritium during isothermal anneals at elevated temperatures. Their diffusivity was 
given as D=1.1x10-10exp(-8,450/T) m2s-1.  
 
< figure 20 here> 
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The diffusivity and solubility of hydrogen in silicon carbide has been measured twice by Causey, 
et al. [190, 191]. In the first set of experiments [190], various grades of silicon carbide were 
implanted with tritium using the neutron reaction with 6Li on the sample surfaces. The diffusivity 
for each material was then determined by fitting the release curves determined during isotheral 
anneals to those predicted by the analytical solution to the diffusion equation. The results were 
seen to differ strongly depending on the type and purity of the silicon carbide. As an example, 
the measured diffusivity in hot pressed and aluminum-doped alpha silicon carbide was 
approximately five orders of magnitude greater than that of vapor deposited beta silicon carbide 
at 1273 K. The lowest diffusivities were reported for vapor deposited beta silicon carbide and 
single crystal alpha silicon carbide. In all cases, the activation energy of the diffusivity was 
greater than 2 eV (suggesting chemical bonding plays a strong role in the diffusion). For the 
diffusion of tritium in vapor deposited silicon carbide, the diffusivity was given as 
D=1.58x10-4exp(-37,000/T) m2s-1. Deuterium solubility was also determined for the vapor 
deposited silicon carbide. The values were determined by exposing samples at elevated 
temperatures to deuterium gas followed by outgassing to determine the amount of uptake. 
Because equilibrium retention was not obtained in the experiments, inherent in the calculations 
was the assumption that the diffusivity values determined in the implantation experiments were 
valid in the gaseous uptake experiments. The amount of uptake was assumed to be the product of 
diffusivity times the solubility times the sample area times the square root of pressure. The 
solubility was given as S=1.1x10-3exp(+18,500/T) mol H2 m

-2 MPa-1/2. Again, the negative value 
for the activation energy would suggest chemical bonding of the hydrogen to the host material. 
In the later work by Causey, et al. [191], vapor deposited silicon carbide was again tested. In 
these experiments, the implantation of energetic particles into the silicon carbide was avoided. 
Samples were exposed to gas containing 99% deuterium and 1% tritium at a temperature of 1573 
K for 1 hour. The samples were subsequently outgassed at temperatures from 1373 K to 1773 K. 
The outgassing rates were then fitted to release curves predicted by the solution to the diffusion 
equation to determine the diffusivity. In this case, the diffusivity was given by the expression 
D=9.8x10-8exp(-21,870/T) m2s-1, one to two order of magnitude faster than the values 
determined earlier with energetic particles [190]. The solubility was also determined in this 
study. Samples were exposed to the deuterium/tritium gas at temperatures from 1273 K to 1873 
K for sufficient times to achieve equilibrium loading. The samples were then outgassed to 
determine this equilibrium amount. The expression for the solubility in this case was S=2.2x10-

2exp(+7,060/T) mol H2 m
-3 MPa-1.2. This solubility is one to two orders of magnitude smaller 

than the one determined in the earlier experiments [190]. If one assumes the migration of 
hydrogen in silicon carbide to occur along active sites on the edges of the crystallites, it is not 
unexpected that radiation damage produced by the implantation of energetic particles would 
increase the apparent solubility and proportionately decrease the apparent diffusivity. If 
hydrogen can only exist on the grain boundaries by being attached to trap sites, higher trapping 
means higher apparent solubility. Conversely, higher trapping means slower diffusion. It was the 
apparent higher solubility on small grained samples that led Causey, et al. [191] to propose the 
trap controlled grain boundary diffusion model.  
The permeation of hydrogen isotopes through silicon carbide has been measured by several 
groups [192-194]. Verghese, et al. [193] measured the permeation of a hydrogen/tritium mixture 
through a KT silicon carbide tube that was manufactured by wet extrusion and sintering. The 
permeability reported for the experiments is given by 
P=3.8x108exp(-66,000/T) mol H2(m

-1s-1MPa-0.5). Sinharoy and Lange [192] measured the 
permeation of hydrogen through a tungsten tube with a CVD coating of silicon carbide. The 
retarding effect of the tungsten was taken into consideration in the calculation. The recorded 
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permeation for these experiments was P=2x10-4exp(-6,830/T) mol H2(m
-1s-1MPa-0.5). Yao, et 

al. [194] performed permeation experiments on a steel sample that had been RF sputter-coated 
with silicon carbide. The thickness of the coating was estimated to be 1.3 µm thick and contained 
several percent oxygen and traces of iron. The coating was seen to decrease the permeation rate 
of steel by about two orders of magnitude, but did not change the activation energy. In this case, 
the coating was clearly porous, and the reduction in permeation was simply due to a reduction in 
the effective permeation surface area. The plot of the permeation values for the vapor deposited 
silicon carbide by Causey, et al. [191] (calculated as the product of diffusivity times solubility), 
KT silicon carbide by Verghese, et al. [193], and CVD silicon carbide by Sinharoy and 
Lange [192] is shown in Figure 20. The differences in the absolute values of the permeability as 
well as the differences in the activation energy of the process are extreme. It is difficult to even 
imagine the values are for the same material. In fact, the materials are not the same. As 
mentioned for the original study by Causey, et al. [190], differences in impurities play a 
significant role in determining the behavior of hydrogen in silicon carbide. If hydrogen does 
migrate along crystallites edges, impurity metals along those edges reduce the fraction of 
migrating hydrogen chemically bound to the silicon carbide. Likewise, the apparent diffusivity 
would be much more rapid. In the case of the permeability measured by Sinharoy and 
Lange [192] it is difficult to believe that the measured permeation is not really controlled by 
permeation through the underlying tungsten with the specific surface area limited by the porous 
silicon carbide coating. The activation energy for the permeation in the report by Verghese, et 
al. [193] is difficult to understand. The value of 555 kJ mol-1 is even greater than the chemical 
bond of hydrogen to carbon [195]. The permeation was seen to vary by as much as an order of 
magnitude at the same temperature. There is no apparent explanation for the rapid change in 
permeation with temperature. 
 
Titanium carbide has also been tested as a permeation barrier. Due to adhesion problems with 
direct deposition on steel, titanium nitride was used as an intermediate layer between the steel 
and titanium carbide. Forcey, et al. [182] measured deuterium permeation through 3 µm thick 
layers of the combined material on steel and saw a reduction factor of ten over that of steel alone. 
For the experiments performed over the temperature range of 550 to 740 K, extended defects 
were listed as the reason for the relatively small improvement over bare steel. Checchetto, et 
al. [181] used ion-beam assisted deposition of TiN-TiC films on steel in their permeation 
experiments. When the film was deposited on the downstream side, little reduction in permeation 
was seen. Using the deposited film on the upstream side did yield a PRF of approximately fifty. 
Shan, et al. [196] used a CVD process to deposit their 2.5 µm thick film on steel and noted a 
permeation reduction of five to six orders of magnitude. It is obvious from these three studies 
that the deposition of thin films to get theoretically dense layers is very difficult. There is also the 
question of cracking of such thin films during thermal cycling. This will be discussed later in this 
chapter. 
 

4.116.3.3.5. Low permeation metals 
The permeation of hydrogen and its isotopes through many of the transition metals is lower than 
that displayed by iron and the ferritic steels; the notable exceptions include groups 4 and 5 as 
well as palladium. Figure 21 shows the permeability of several metals; the diffusivity and 
solubility are listed in Table 1 for these metals. In general, the activation energy associated with 
permeability ∆Hs + ED( ) is larger for the materials with lower permeability and the permeability 
tends to converge at elevated temperature. 
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We do not attempt to comprehensively review the data for non-ferrous metals. However, gas 
permeation studies are considered the standard for transport properties, particularly studies that 
report permeability, diffusivity and solubility. Permeation of tritium through metals and alloys 
was reviewed by Steward [197]. 
 

• Molybdenum 
Several reviews of the literature on  hydrogen transport in molybdenum have noted variability of 
the transport parameters [105, 197, 198]. The reported permeability values are relatively 
consistent between the majority of studies, while the diffusivity and solubility values range over 
several orders of magnitude. The results of Tanabe et al. [198] are proposed here as they appear 
to represent nearly upper bounds of both diffusivity and solubility, without overestimating 
permeability. The study of Tanabe and co-workers also has the advantage that permeability and 
diffusivity were measured over a wide range of temperature and pressure, confirming the 
appropriate pressure dependencies of permeability and diffusivity for diffusion-limited transport. 
 

• Silver 
The available data for hydrogen permeation through silver are limited. The diffusivity of 
hydrogen is reported by Katsuta and McLellan [199]. McLellan also reports the solubility of 
Group IB metals from saturation experiments [200]. Although these saturation experiments do 
not appear to provide reasonable values for other Group IB metals and are not consistent with 
other reported solubility measurements [201], Steward, nevertheless, suggests estimating the 
permeability of hydrogen using these reported relationships [200]. 
 

• Platinum 
There are relatively few gas permeation studies of platinum. Ebisuzaki, et al. report the 
permeability, diffusivity and solubility of both hydrogen and deuterium through single crystals of 
high-purity platinum [202]. The permeation of hydrogen in platinum is similar to that in copper. 
 

• Gold 
Caskey and Derrick report the permeability of deuterium through gold [203]; Begeal reports a 
similar relationship [154]. Diffusivity measurements, however, differ depending on the 
conditions of the measurement and the microstructural state of the gold [203, 204]. Cold-worked 
gold tends to give a higher activation for diffusion, suggesting that trapping is active to relatively 
high temperature. Caskey and Derrick speculate that trapping is related to vacancies [203]. The 
diffusivity in Table 1 is from Eichenauer and Liebscher [205], while the solubility is estimated 
from this diffusivity and the permeability reported by Caskey and Derrick [203]. 
 

4.116.4. APPLICATION OF BARRIERS 
4.116.4.1. Expected In-Reactor Performance 

 
< figure 21 here> 
< figure 22 here> 
< table 1 here> 
< table 2 here> 
 
As implied by Figure 21, Figure 22, Table 1, and Table 2 and in the sections above, permeation 
barriers can be used to reduce the effective permeation in laboratory testing [158-163, 175, 176, 
178-183, 185]. The effectiveness of permeation barriers is often assessed by the PRF, which is 
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the ratio of the effective permeability of specimen without a barrier to an equivalent specimen 
with a barrier; thus the greater the PRF value, the more effective the permeation barrier. 
Permeation reduction factors from laboratory experiments have been reported to be many 
thousands in certain barrier systems [158, 163, 175, 176, 181, 182]. However, while the data 
available in the open literature is quite limited, there is significant evidence that the effectiveness 
of the permeation barriers decreases in radiation environments. There were three sets of 
experiments [206-209] performed in the HFR Petten reactor in the Netherlands.  In the first of 
these experiments [206, 209] reported in 1991 and 1992, tritium was produced by the liquid 
breeder material Pb-17Li.  Permeation of tritium through a bare 316 stainless steel layer was 
compared to that through an identical layer covered with a 146 µm thick aluminide coating.  
Over the temperature range 540 K to 760 K, the barrier was reported to decrease the permeation 
by a factor of 80, i.e. PRF = 80.  In the LIBRETTO-3 experiments [207], three different 
permeation barrier concepts were tested with the tritium again produced by the liquid breeder 
material.  One irradiation capsule for tritium breeding was coated on the outside with a 6 to 8 µm 
thick CVD layer of TiC.  A second capsule was coated on the inside with a 0.5 to 1.5 µm thick 
layer of TiC followed by a 2 to 3 µm thick layer of Al2O3.  The third barrier was an aluminide 
coating produced by the cementation process.  The aluminum rich layer was approximately 
120 µm thick with about 5 µm of Al2O3 on the outside.  The single TiC layer reduced the tritium 
permeation by a factor of only 3.2, the TiC and Al2O3 layer reduced the permeation by 3.4, and 
the pack cementation aluminide coating reduced the permeation by a factor of 14.7.  These are 
surprisingly small reductions compared to laboratory experiments.  In a third set of experiments 
[208], the tritium production was achieved with the solid ceramic breeder materials.  Both double 
wall tubes and single wall tubes with a permeation barrier were tested.  The double wall 
configuration had an inner layer of copper.  The permeation barrier on the other system was an 
aluminide coating with a thickness of 7 µm.  The aluminide coating was reported to be 70 more 
effective than the double wall configuration in suppressing permeation.  Unfortunately, different 
breeder materials were used for the two different experiments, and the results could have been 
strongly affected by the amount of tritium released from the ceramic as well as the form of 
release (T2 versus T2O).  The bottom line on the irradiation testing of barriers is that barriers do 
not appear to perform as well in a reactor environment as well as they do in the laboratory.  PRF 
greater than 1000 simply cannot be achieved in reactors.   
 

4.116.4.2. How Barriers Work and Why Radiation Affects Them 
 
To understand the effects of radiation on the performance of permeation barriers, we need to first 
examine how barriers work.  For tritium to permeate through a material with or without a 
coating, the tritium must absorb on the surface, dissociate into atoms, dissolve into the material, 
diffuse through the material, and then recombine into molecules on the downstream side.  In the 
simple case where diffusion through the structural material is rate limiting, the permeation rate is 
controlled by the ratio of the permeability and the thickness of the pressure boundary (equation 
16); as described above the permeability is the product of the diffusivity and the solubility, which 
can be thought of as the velocity times capacity.  These parameters are dependent on 
temperature, but are not affected by radiation effects or nominal surface cracking.  In the simple 
case of diffusion-limited permeation through the structural boundary, the experimental result 
determined in the laboratory can be counted on to hold in the radiation environment.   
 
Permeation barriers, by their basic nature, consist of a thin layer adhered to the structural 
material. The performance of barriers depends on the integrity of the barrier as well as the 
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physical interaction of the barrier material with tritium. What is it about many barriers and how 
they operate that prevents this same agreement from being assured?  In their review, Hollenberg, 
et al. [158] considered these aspects of barriers and their performance in radiation, proposing 
three models that describe distinct physics of the interactions between tritium and the barrier 
material. The most basic model is the Composite Diffusion Model, where hydrogen transport is 
diffusion-controlled in both the barrier and the base metal.  The steady-state permeation rate (Q∞ ) 
through a pressure boundary in this case is: 
 
 

Q∞ =
A pTT

tB

ΦB

+ tM

ΦM

 ;     (22) 

 
where A is the surface area of the boundary, and the subscripts B and M refer to the barrier and 
structural metal respectively.  Considering the intent of the barrier, the ratio tB ΦB  should be 
much larger than tM ΦM , thus the permeation is controlled simply by the permeation through the 
barrier. 
 
The second model proposed by Hollenberg, et al. considers the barrier to be effectively 
impermeable to tritium and is called is the Area Defect Model. In this case, hydrogen is 
transported through the metal, reaching metal surface through a limited number of cracks or 
other defects in the barrier layer.  The permeation rate for this case is: 
 

Q∞ = Ad

ΦM

teff

pTT ;    (23) 

 
where Ad is the area of the defects and teff is the effective distance the hydrogen isotope must 
traverse to reach the other side of the metal. 
 
The third model proposed by Hollenberg, et al. is the Surface Desorption Model, in which case 
permeation is controlled by the recombination rate of hydrogen isotope atoms into molecules on 
the back surface and the recombination-limited flux of tritium is described by equation 19.  
Surface desorption does not make sense by itself; as we will show below, it is actually part of the 
area defect model. 
 
As reported by Hollenberg, et al. [158] and as revealed by a review of the literature on barriers 
and oxides [176, 210-212], the activation energy of permeation is generally not altered by the 
addition of the barrier layer onto the substrate.  This means that, in practice, the permeation 
process itself is being controlled by the substrate, not the barrier, strongly supporting the Area 
Defect Model described above.  The barrier works simply by limiting the area of the metal 
exposed to the driving pressure.   
 
Pisarev, et al. [213] provide particularly intriguing insights  on the effects of cracks on 
permeation barriers.  Their report showed that permeation reduction for the Area Defect Model is 
difficult to achieve when the distance between defects is not larger than the combined thickness 
of the barrier and substrate.  Inherent in this conclusion is the assumption that the dissociation 
rate at the defect is sufficiently fast to maintain the equilibrium concentration dictated by 
Sievert’s law.  If this condition is not met, then the activation energy for the process would be 
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that associated with the dissociation, and not that of permeation through the substrate.  Thus, 
barriers that can provide a significant permeation reduction in the laboratory must be almost 
defect free. 
 
The physics of hydrogen transport in metals with permeation barriers can be further understood 
by examining the pressure dependence of permeation.  As discussed above, diffusion-controlled 
permeation through metals is proportional to the square root of the hydrogen partial pressure. 
Perujo, et al. [214] reported that the pressure dependence of permeation through MANET plasma 
sprayed with aluminum changed from the classic square root dependence to linear as the pressure 
was decreased below 20,000 Pa.  McGuire [215] also noted the transition to near linear pressure 
dependence in the pressure range from 200 to 1000 Pa.  Linear pressure dependence is 
symptomatic of permeation limited by absorption or recombination.  For example, if 
recombination limits permeation, the concentration of hydrogen in the metal will be 
approximately constant and uniform, and it will be established by equilibrium at the upstream 
side of the pressure boundary. Thus, Sievert’s Law (equation 7) can be substituted into equation 
24, leading to linear pressure dependence:  
 
 Jr = kr K

2 pTT . (24) 
 
While the same relationship will be found if the permeation is limited by absorption on the 
upstream surface, known values for the recombination rate constant for MANET can explain the 
linear pressure dependence seen in permeation measurements [115].  The conclusion to be drawn 
is that a combination of the Area Defect Model and the Surface Desorption Model are needed to 
properly model permeation though barrier materials.  
 
Now with the understanding that barriers work by limiting the area available for the gas to 
contact the underlying metal surface, and possibly by creating low enough permeation to have 
recombination even further reduce the permeation, how does radiation affect this process?  The 
obvious answer is by increasing the porosity or cracking of the barrier.  According to Arshak and 
Korostynska [216] properties of metal oxide materials are directly or indirectly connected to the 
presence of defects, oxygen vacancies in particular.  Oxygen vacancies are also known as color 
centers, and these color centers are stabilized by hydrogen captured at the defects.  The hydrogen 
can come from pre-existing OH- groups or from small amount of hydrogen isotopes migrating 
through the oxide, possibly increased by the enhanced electrical conductivity generated by the 
radiation damage and the oxygen vacancies.  While cracking was not considered by Arshak and 
Korostynska, one can speculate that the radiation damage with increased oxygen vacancies and 
trapped hydrogen would lead to a more brittle oxide layer.  In metals, lateral stress from 
hydrogen or helium trapping can lead to blisters [217].  Without the required ductility to allow 
blistering, the oxide layer could experience significantly increased cracking.  The cracking would 
then increase the area available for hydrogen to reach the metal surfaces.   
 

4.116.4.3. Why Barriers Are Needed for Fusion Reactors 
 
We have looked at the materials to be used in the blanket region, and described their permeation 
parameters.  Let’s look at the conditions that exist there so we can determine the need for the 
barriers there.  As an example, let’s consider the tritium migration processes that might be 
associated with the liquid Pb-17Li systems.   In a set of experiments, Maeda, et al. [218] found 
the solubility of hydrogen in Pb-17Li to be in the range of 10-7 Pa-1/2 atom fraction.  As tritium is 



 

 35 

produced in the blanket, some of the tritium will be in solution and some will be in the vapor 
phase.  It is the tritium in the vapor phase that will drive the permeation through the metal used 
to contain the liquid.  For an 800 MW fusion reactor, Maeda, et al. state that 1.5 MCi (150 
grams) of tritium will have to be bred each day.  That means that 1.5 MCi of tritium will be 
flowing around in stainless steel or similar metal tubes at a temperature greater than 600 K.  To 
go through a permeation calculation, we will use some of the design parameters proposed by 
Farabolini, et al. [219] for a much larger plant, but scale it back to the generic 800 MW plant 
mentioned above.  Approximately 10,000 m2 of surface area will be needed for the tubes passing 
through the liquid Pb-17Li to extract the heat.  We will assume that a sufficient number of 
detritiation cycles per day are performed to keep the amount of tritium in the liquid breeder at 
10% of the 150 grams listed above.  Scaling to 800 MW, the amount of Pb-17Li will be 
approximately 750,000 kg.  This leads to a molar fraction of tritium equal to 6.7x10-7.  Using the 
solubility of Maeda, et al. [218] for Pb-17Li yields a tritium pressure of approximately 45 Pa.  
Assuming the containment metal to be 1 mm of MANET with an aluminized coating, a 
temperature of 700 K and an effective PRF of 1000, a permeation rate of 2.7x10-10 T2 mols m-2s-1 
will occur [29, 105, 109, 114, 115].  With the 10,000 m2 surface area, the daily permeation rate is 
0.23 moles or 1.4 grams of tritium per day.  To prevent subsequent permeation through the steam 
generator tube walls, a tritium clean up unit will have to be applied to this helium loop.  Because 
steam generator tube wall must be thin to permit effective heat transfer, the tritium cleanup loop 
will have to be extremely effective to limit release of tritium to the environment.  This 
calculation was performed simply to show the extreme need for barriers in the blanket region of 
fusion reactors.  Even with an active detritiation unit and a barrier providing a PRF of 1000, 1.4 
grams or 14,000 curies of tritium end up in the cooling system each day.  The situation is not 
much better for the solid breeders.  The same amount of tritium will obviously be required for 
that system.  To minimize the tritium hold up in the ceramic breeder materials (to minimize 
inventory), temperatures equal to or greater than that for the liquid breeder will be maintained.  
With the fractional forms depending on the type of ceramic breeder used, the tritium will be 
released into the helium coolant as elemental tritium (T2) and tritiated water (T2O).  The steel or 
similar containment metal will be exposed to non-trivial pressures of tritium gas.  The conclusion 
to be drawn is that effective barriers are needed for the blanket.  It is difficult to imagine that 
even with double walled designs that fusion reactor facilities can meet radioactive release 
requirements for tritium without an effective barrier. 

4.116.5. SUMMARY 
In this chapter, we have presented tritium permeation characteristics and parameters for materials 
used in fusion reactors.  These materials have included those used to face the plasma in the main 
chamber as well as materials used as structural materials for the main chamber and blanket.  A 
description of the conditions that exist in those locations has also been provided.  Reasons were 
given why direct contact of the plasma with the plasma facing materials would not lead to 
sizeable quantities of tritium being lost to the environment or to the cooling system.  The same 
was not concluded for the blanket region.  The need for permeation barriers there was stressed.  
A number of materials were listed as possible tritium barriers.  These materials included a few 
metals with somewhat reduced permeation and a larger number of ceramics with very low 
tritium permeability.  Due to the difficulty of lining large chambers with bulk ceramics, much of 
the tritium permeation barrier development around the world has been dedicated to thin ceramic 
layers on metal surfaces.  Unfortunately, radiation testing of these materials has shown these thin 
layers to lose their ability to limit tritium permeation during exposure to radiation damage.  It 
was suggested, but not proven, that this increase in permeation was due to cracking of the 
ceramics or the general increase in defects. 
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To make this chapter more useful to the reader with a need for permeation data, tables and plots 
of the permeation coefficients are provided.  The coefficients for metals are presented in Table 1 
and Figure 21 and for the ceramics in Table 2 and Figure 22.  The actual parameters used to 
produce these figures are taken from the individual sections of the chapter.  
 
In summary, effective permeation barriers are needed for fusion reactors to prevent the release of 
sizeable quantities of tritium.  Fusion is touted as a clean form of energy, and releasing tritium 
into the environment will eliminate any political advantage that fusion has over fission.  
Research is needed to find ways to place radiation resistant ceramic permeation barriers on top of 
structural metals.  The fusion community must find a way to make this happen. 



 

 37 

 
4.116.6.  REFERENCES 

 
[1] San Marchi C, Somerday BP and Robinson SL (2007) Permeability, Solubility and 
Diffusivity of Hydrogen Isotopes in Stainless Steels at High Gas Pressure. International Journal 
of Hydrogen Energy 32: 100-116. 
[2] Voelkl J and Alefeld G (1975) Hydrogen Diffusion in Metals. In: Nowick AS and Burton 
JJ (eds.) Diffusion in Solids: Recent Developments. New York: Academic Press. 
[3] Katz L, Guinan M and Borg RJ (1971) Diffusion of H2, D2, and T2 in single-crystal Ni 
and Cu. Physical Review B 4: 330-341. 
[4] Louthan MR and Derrick RG (1976) Permeability of nickel to high pressure hydrogen 
isotopes. Scripta Metallurgica 10: 53-55. 
[5] Quick NR and Johnson HH (1979) Permeation and diffusion of hydrogen and deuterium 
in 310 stainless steel, 472K to 779K. Metallurgical Transactions 10A: 67-70. 
[6] Swansiger WA and Bastasz R (1979) Tritium and deuterium permeation in stainless 
steels: Influence of thin oxide films. Journal of Nuclear Materials 85-86: 335-339. 
[7] Forcey KS, Ross DK, Simpson JCB, et al. (1988) Hydrogen transport and solubility in 
316L and 1.4914 steels for fusion reactor applications. Journal of Nuclear Materials 160: 117-
124. 
[8] Shiraishi T, Nishikawa M, Tamaguchi T, et al. (1999) Permeation of multi-component 
hydrogen isotopes through austenitic stainless steels. Journal of Nuclear Materials 273: 60-65. 
[9] Esteban GA, Legarda F and Perujo A (2005) Isotope effect in hydrogen transport in 
BCC-structured materials: Polycrystalline tungsten and reduced activation ferritic-martensitic 
steel. Fusion Science and Technology 48: 617-620. 
[10] Ebisuzaki Y, Kass WJ and O'Keeffe M (1967) Isotope effects in the diffusion and 
solubility of hydrogen in nickel. Journal of Chemical Physics 46: 1373-1378. 
[11] Caskey GR (1985) Hydrogen effects in stainless steels. In: Oriani RA, Hirth JP and 
Smialowski M (eds.) Hydrogen Degradation of Ferrous Alloys. pp 822-862. Park Ridge NJ: 
Noyes Publications. 
[12] Wriedt HA and Oriani RA (1970) Effect of tensile and compressive elastic stress on 
equilibrium hydrogen solubility in a solid. Acta Metallurgica 18: 753-760. 
[13] van Leeuwen HP (1974) The kinetics of hydrogen embrittlement: a quantitative diffusion 
model. Engineering Fracture Mechanics 6: 141-161. 
[14] Sofronis P (1995) The influence of mobility of dissolved hydrogen on the elastic 
response of a metal. Journal of the Mechanics and Physics of Solids 43: 1385-1407. 
[15] Hirth JP (1980) Effects of hydrogen on the properties of iron and steel. Metallurgical 
Transactions 11A: 861-890. 
[16] Oriani RA (1970) The diffusion and trapping of hydrogen in steel. Acta Metallurgica 18: 
147-157. 
[17] Perkins WG (1973) Permeation and outgassing of vacuum materials. Journal of Vacuum 
Science and Technology 10: 543-556. 
[18] Oriani RA (1994) The physical and metallurgical aspects of hydrogen in metals. Fusion 
Technology 26: 235-266. 
[19] Serra E, Perujo A and Benamati G (1997) Influence of traps on the deuterium behavior in 
the low activation martensitic steels F82H and Batman. Journal of Nuclear Materials 245: 108-
114. 
[20] San Marchi C and Somerday BP (2008) Thermodynamics of gaseous hydrogen and 
hydrogen transport in metals. In: Choudhury B, Dillon A, Keller J and Moen C (eds.) Materials 



 

 38 

Resarch Society Proceedings, vol. 1098E. pp 1098-HH1008-1001. San Francisco, CA, USA, 24-
28 March. Materials Research Society. 
[21] LeClaire AD (1983) Permeation of gases through solids: 2. An assessment of 
measurements of the steady-state permeability of H and its isotopes through Fe, Fe-based alloys, 
and some commercial steels. Diffusion and Defect Data 34: 1-35. 
[22] Zarchy AS and Axtmann RC (1979) Tritium permeation through 304 stainless steel at 
ultra-low pressures. Journal of Nuclear Materials 79: 110-117. 
[23] Perkins HK and Noda T (1978) Deuterium transport through 304 and 304L stainless-steel 
at low driving pressures and 15 KeV deuteron bombardment. Journal of Nuclear Materials 71: 
349-364. 
[24] Baskes MI (1980) A calculation of the surface recombination rate constant for hydrogen 
isotopes on metals. Journal of Nuclear Materials 92: 318-324. 
[25] Pick MA and Sonnenberg K (1985) A model for atomic-hydrogen metal interactions - 
Application to recycling, recombination and permeation. Journal of Nuclear Materials 131: 208-
220. 
[26] Wampler WR (1986) Surface-limited release of deuterium from iron and the effect of 
surface oxygen. Applied Physics Letters 48: 405-407. 
[27] Causey RA and Baskes MI (1987) Plasma-driven permeation of deuterium in nickel. 
Journal of Nuclear Materials 147: 284-287. 
[28] Causey RA, Harbin W, Taylor D, et al. (1996) The effects of neutron damage on the 
retention of tritium in carbon composites. Physica Scripta T64: 32-35. 
[29] Wedig F and Jung P (1997) Effects of irradiation and implantation on permeation and 
diffusion of hydrogen isotopes in iron and martensitic stainless steel. Journal of Nuclear 
Materials 245: 138-146. 
[30] Schliefer F, Liu C and Jung P (2000) Diffusion and permeation of hydrogen in low-
activation martensitic stainless steel - Effect of irradiation. Journal of Nuclear Materials 283-
287: 540-544. 
[31] Yao Z, Liu C and Jung P (2005) Diffusion and permeation of deuterium in EUROFER97: 
Effect of irradiation and of implanted helium. Fusion Science and Technology 48: 1285-1291. 
[32] Binyukova SY, Chernov II, Kalin BA, et al. (2007) Effectiveness of helium bubbles as 
traps for hydrogen. Journal of Nuclear Materials 367-370: 500-504. 
[33] Kelly BT (1981) Physics of Graphite. London: Springer. 
[34] Kiyoshi T, Namba T and Yamawaki M (1988) Hydrogen permeation through graphite. 
Journal of Nuclear Materials 155-157: 230-233. 
[35] Reynolds WN (1968) Physical properties of graphite. Amsterdam: Elsevier. 
[36] Barrer RM (1935) The interaction of hydrogen with micro-crystalline charcoal. II. 
Activated sorption of hydrogen and methane by carbon. Proceedings of the Royal Society of 
London 149: 253-269. 
[37] Thomas WJ (1961) The adsorption of hydrogen at graphite. Journal De Chimie Physique 
Et De Physico-Chimie Biologique 58: 61-69. 
[38] Bansal RC, Vastola FJ and Walker Jr PL (1971) Studies on ultra-clean carbon surfaces--
III. Kinetics of chemisorption of hydrogen on graphon. Carbon 9: 185-192. 
[39] Robell AJ, Ballou EV and Boudart M (1964) Surface diffusion of hydrogen on carbon. 
The Journal of Physical Chemistry 68: 2748-2753. 
[40] Olander DR and Balooch M (1979) Platinum-catalyzed gasification of graphite by 
hydrogen. Journal of Catalysis 60: 41-56. 
[41] Causey RA, Baskes MI and Wilson KL (1986) The retention of deuterium and tritium in 
POCO AXF-5Q Graphite. Journal of Vacuum Science & Technology A 4: 1189-1192. 



 

 39 

[42] Penzhorn RD, Bekris N, Berndt U, et al. (2001) Tritium depth profiles in graphite and 
carbon fibre composite material exposed to tokamak plasmas. Journal of Nuclear Materials 288: 
170-178. 
[43] Atsumi H, Tokura S and Miyake M (1988) Absorption and desorption of deuterium on 
graphite at elevated-temperatures. Journal of Nuclear Materials 155: 241-245. 
[44] Causey RA (1989) The interaction of tritium with graphite and its impact on tokamak 
operations. Journal of Nuclear Materials 162: 151-161. 
[45] Röhrig HD, Fischer PG and Hecker R (1976) Tritium balance in high-temperature gas-
cooled reactors. Journal of the American Ceramic Society 59: 316-320. 
[46] Causey RA, Elleman TS and Verghese K (1979) Hydrogen diffusion and solubility in 
pyrolytic carbon. Carbon 17: 323-328. 
[47] Malka V, Röhrig HD and Hecker R (1980) Investigations on sorption and diffusion of 
tritium in HTGR-graphite. International Journal of Applied Radiation and Isotopes 31: 469-469. 
[48] Atsumi H, Iseki M and Shikama T (1992) Hydrogen solubility and diffusivity in neutron-
irradiated graphite. Journal of Nuclear Materials 191: 368-372. 
[49] Atsumi H, Iseki M and Shikama T (1994) Trapping and detrapping of hydrogen in 
carbon-based materials exposed to hydrogen gas. Journal of Nuclear Materials 215: 1478-1482. 
[50] Wampler WR, Doyle BL, Causey RA, et al. (1990) Trapping of deuterium at damage in 
graphite. Journal of Nuclear Materials 176-177: 983-986. 
[51] Jacob W (1998) Surface reactions during growth and erosion of hydrocarbon films. Thin 
Solid Films 326: 1-42. 
[52] Sakamoto R, Muroga T and Yoshida N (1995) Microstructural evolution induced by low 
energy hydrogen ion irradiation in tungsten. Journal of Nuclear Materials 220-222: 819-822. 
[53] Frauenfelder R (1969) Solution and diffusion of hydrogen in tungsten. Journal of 
Vacuum Science and Technology 6: 388-397. 
[54] Zakahrov AP and Sharapov VM (1973) Hydrogen permeability of mono and poly-
crystals of molybdenum and tungsten. Fiziko-Khimicheskaya Mekhanika Materialov 9: 29-33. 
[55] Benamati G, Serra E and Wu CH (2000) Hydrogen and deuterium transport and 
inventory parameters through W and W-alloys for fusion reactor applications. Journal of 
Nuclear Materials 283-287: 1033-1037. 
[56] Mazayev AA, Avarbe RG and Vilk YN (1968) Solubility of hydrogen in tungsten at high 
temperatures and pressures. Russian Metallurgy-Metally-USSR 6: 153-158. 
[57] Van Veen A, Filius HA, De Vries J, et al. (1988) Hydrogen exchange with voids in 
tungsten observed with TDS and PA. Journal of Nuclear Materials 155-157: 1113-1117. 
[58] Eleveld H and van Veen A (1992) Deuterium interaction with impurities in tungsten 
studied with TDS. Journal of Nuclear Materials 191-194: 433-438. 
[59] Pisarev AA, Varava AV and Zhdanov SK (1995) Ion implantation of deuterium in 
tungsten. Journal of Nuclear Materials 220-222: 926-929. 
[60] García-Rosales C, Franzen P, Plank H, et al. (1996) Re-emission and thermal desorption 
of deuterium from plasma sprayed tungsten coatings for application in ASDEX-upgrade. Journal 
of Nuclear Materials 233-237: 803-808. 
[61] Causey R, Wilson K, Venhaus T, et al. (1999) Tritium retention in tungsten exposed to 
intense fluxes of 100 eV tritons. Journal of Nuclear Materials 266-269: 467-471. 
[62] Anderl R, Holland DF, Longhurst GR, et al. (1991) Deuterium transport and trapping in 
polycrystalline tungsten. Fusion Technology 21: 745-752. 
[63] Sze FC, Doerner RP and Luckhardt S (1999) Investigation of plasma exposed W-1% 
La2O3 tungsten in a high ion flux, low ion energy, low carbon impurity plasma environment for 



 

 40 

the International Thermonuclear Experimental Reactor. Journal of Nuclear Materials 264: 89-
98. 
[64] Venhaus T, Causey R, Doerner R, et al. (2001) Behavior of tungsten exposed to high 
fluences of low energy hydrogen isotopes. Journal of Nuclear Materials 290-293: 505-508. 
[65] Haasz AA, Poon M and Davis JW (1999) The effect of ion damage on deuterium 
trapping in tungsten. Journal of Nuclear Materials 266-269: 520-525. 
[66] Wang W, Roth J, Lindig S, et al. (2001) Blister formation of tungsten due to ion 
bombardment. Journal of Nuclear Materials 299: 124-131. 
[67] Shimada T, Ueda Y and Nishikawa M (2003) Mechanism of blister formation on 
tungsten surface. Fusion Engineering and Design 66-68: 247-251. 
[68] Shu WM, Luo GN and Yamanishi T (2007) Mechanisms of retention and blistering in 
near-surface region of tungsten exposed to high flux deuterium plasmas of tens of eV. Journal of 
Nuclear Materials 367-370: 1463-1467. 
[69] Causey RA, Doerner R, Fraser H, et al. (2009) Defects in tungsten responsible for 
molecular hydrogen isotope retention after exposure to low energy plasmas. Journal of Nuclear 
Materials In Press:  
[70] Miyamoto M, Nishijima D, Ueda Y, et al. (2009) Helium mixing effects on surface 
modification and deuterium retention of various W materials exposed to deuterium plasma. 
Nuclear Fusion In Press:  
[71] Wampler WR and Doerner RP (2009) The influence of displacement damage on 
deuterium retention in tungsten exposed to plasma. Nuclear Fusion In Press:  
[72] Tazhibaeva IL, Shestakov VP and Chikhray YV (1990).  Proceedings of the 18th 
Symposium of Fusion Technology. pp 427-430. Elsevier. Karlsruhe, Germany. 
[73] Jones PMS and Gibson R (1967) Hydrogen in beryllium. Journal of Nuclear Materials 
21: 353-354. 
[74] Abramov E, I. L., Riehm M, V. P., Thompson DA, et al. (1990) Deuterium permeation 
and diffusion in high-purity beryllium. Journal of Nuclear Materials 175: 90-95427-95430. 
[75] Altstetter CJ and Abraham D (1996) Model for plasticity-enhanced decohesion fracture. 
In: Thompson AW and Moody NR (eds.) Hydrogen Effects in Materials. pp 599-609. 
Warrendale PA: TMS. 
[76] Macaulay-Newcombe RG, Thompson DA and Smeltzer WW (1992) Thermal absorption 
and desorption of deuterium in beryllium and beryllium oxide. Journal of Nuclear Materials 
191-194: 263-267. 
[77] Shapovalov VI and Dukel'skii YM The beryllium-hydrogen phase diagram. Izvestiva 
Akademii Nauk SSR Metally 5: 201-202. 
[78] Swansiger WA (1986) Tritium solubility in high purity beryllium. Journal of Vacuum 
Science & Technology A 4: 1216-1217. 
[79] Langley RA (1979) Interaction of implanted deuterium and helium with beryllium: 
Radiation enhanced oxidation. Journal of Nuclear Materials 85-86: 1123-1126. 
[80] Myers SM, Wampler WR and Besenbacher F (1984) Trapping and surface recombination 
of ion-implanted deuterium in stainless steel. Journal of Applied Physics 56: 1561-1571. 
[81] Yoshida N, Mizusawa S, Sakamoto R, et al. (1996) Radiation damage and deuterium 
trapping in deuterium ion injected beryllium. Journal of Nuclear Materials 233-237: 874-879. 
[82] Causey RA, Longhurst GR and Harbin W (1997) Tritium retention in S-65 beryllium 
after 100 eV plasma exposure. Journal of Nuclear Materials 241-243: 1041-1046. 
[83] Doerner RP, Grossman A, Luckhardt S, et al. (1998) Response of beryllium to deuterium 
plasma bombardment. Journal of Nuclear Materials 257: 51-58. 



 

 41 

[84] Chernikov VN, Alimov VK, Markin AV, et al. (1996) Gas-induced swelling of beryllium 
implanted with deuterium ions. Journal of Nuclear Materials 233-237: 860-864. 
[85] Alimov VK, Chernikov VN and Zakharov AP (1997) Depth distribution of deuterium 
atoms and molecules in beryllium implanted with D ions. Journal of Nuclear Materials 241-243: 
1047-1051. 
[86] Baldwin DL and Billone MC (1994) Diffusion/desorption of tritium from irradiated 
beryllium. Journal of Nuclear Materials 212-215: 948-953. 
[87] Andreev DV, Bespalov VN, Birjukov AJ, et al. (1996) Post-irradiation studies of 
beryllium reflector of fission reactor examination of gas release, swelling and structure of 
beryllium under annealing. Journal of Nuclear Materials 233-237: 880-885. 
[88] Fenici P, Boerman D, Coen V, et al. (1984) Properties of Cr-Mn austenitic stainless steels 
for fusion applications. Nuclear Engineering and Design/Fusion 1: 167-183. 
[89] Kohyama A, Grossbeck ML and Piatti G (1992) The application of austenitic stainless 
steels in advanced fusion systems: Current limitations and future prospects. Journal of Nuclear 
Materials 191-194: 37-44. 
[90] Sahin S and Uebeyli M (2008) A review of the potential use of austenitic stainless steels 
in nuclear fusion reactors. Journal of Fusion Engineering 27: 271-277. 
[91] Anderl RA, Holland DF, Struttmann DA, et al. (1985) Tritium permeation in stainless 
steel-structures exposed to plasma ions. In: Evans J, Jones D and Wilkins DC (eds.) Proceedings 
of the 11th Symposium on Fusion Engineering, vol. 1. pp 644-649. Austin, TX, USA, 18-22 
November. New York: IEEE. 
[92] Louthan MR and Derrick RG (1975) Hydrogen transport in austenitic stainless steel. 
Corrosion Science 15: 565-577. 
[93] Sun XK, Xu J and Li YY (1989) Hydrogen permeation behaviour in austenitic stainless 
steels. Materials Science and Engineering A 114: 179-187. 
[94] Sun XK, Xu J and Li YY (1989) Hydrogen permeation behavior in metastable austenitic 
stainless steels 321 and 304. Acta Metallurgica 37: 2171-2176. 
[95] Perng T-P and Altstetter CJ (1986) Effects of deformation on hydrogen permeation in 
austenitic stainless steels. Acta Metallurgica 34: 1771-1781. 
[96] Perng T-P, Johnson M and Altstetter CJ (1989) Influence of plastic deformation on 
hydrogen diffusion and permeation in stainless steels. Acta Metallurgica 37: 3393-3397. 
[97] Peckner D and Bernstein IM (1977) Handbook of Stainless Steels. New York: McGraw-
Hill. 
[98] Gromov AI and Kovneristyi YK (1980) Permeability, diffusion, and solubility of 
hydrogen in Cr-Ni and Cr-Mn austenitic steels. Metal Science and Heat Treatment 22: 321-324. 
[99] Thomas GJ (1981) Hydrogen trapping in FCC metals. In: Bernstein IM and Thompson 
AW (eds.) Hydrogen Effects in Metals. pp 77-85. New York: The Metallurgical Society of 
AIME. 
[100] Langley RA (1984) Hydrogen trapping, diffusion and recombination in austenitic 
stainless steels. Journal of Nuclear Materials 128-129: 622-628. 
[101] Braun M, Emmoth B, Waelbroeck F, et al. (1980) Determination of deuterium surface 
recombination rates on stainless steel. Journal of Nuclear Materials 93-94: 861-865. 
[102] Grant DM, Cummings DL and Blackburn DA (1987) Hydrogen in 304 steel: Diffusion, 
permeation and surface reaction. Journal of Nuclear Materials 149: 180-191. 
[103] Grant DM, Cummings DL and Blackburn DA (1988) Hydrogen in 316 steel - Diffusion, 
permeation and surface reaction. Journal of Nuclear Materials 152: 139-145. 
[104] Baluc N, Gelles DS, Jitsukawa S, et al. (2007) Status of reduced activation 
ferritic/martensitic steel development. Journal of Nuclear Materials 367-370: 33-41. 



 

 42 

[105] Serra E, Benamati G and Ogorodnikova OV (1998) Hydrogen isotopes transport 
parameters in fusion reactor materials. Journal of Nuclear Materials 255: 105-115. 
[106] Pisarev A, Shestakov V, Kulsartov S, et al. (2001) Surface effects in diffusion 
measurements: Deterium permeation through martensitic steel. Physica Scripta T94: 121-127. 
[107] Shestakov V, Pisarev A, Sobolev V, et al. (2002) Gas driven deuterium permeation 
through F82H martensitic steel. Journal of Nuclear Materials 307-311: 1494-1497. 
[108] Esteban GA, Perujo A, Douglas K, et al. (2000) Tritium diffusive transport parameters 
and trapping effects in the reduced activating martensitic steel OPTIFER-IVb. Journal of 
Nuclear Materials 281: 34-41. 
[109] Jung P (1996) Compositional variation of hydrogen permeability in ferritc alloys and 
steels  Journal of Nuclear Materials 238: 189-197. 
[110] Benamati G, Donato A, Solina A, et al. (1994) Experimental studies on hydrogen 
diffusion and trapping in martensitic and austenitic stainless steels for fusion application. Journal 
of Nuclear Materials 212-215: 1401-1405. 
[111] Valentini R, Solina A, Tonelli L, et al. (1996) Reversible and irreversible hydrogen 
trapping in metals: New computer-based code THYDA. Journal of Nuclear Materials 233-237: 
1123-1127. 
[112] Forcey KS, Iordanova I and Yaneva M (1997) The diffusivity and solubility of deuterium 
in a high chromium martensitic steel. Journal of Nuclear Materials 240: 118-123. 
[113] Esteban GA, Pena A, Urra I, et al. (2007) Hydrogen transport and trapping in 
EUROFER'97. Journal of Nuclear Materials 367-370: 473-477. 
[114] Serra E and Perujo A (1995) The surface rate constants of deuterium in the martensitic 
steel DIN 1.4914 (MANET). Journal of Nuclear Materials 223: 157-162. 
[115] Serra E and Perujo A (1997) Influence of the surface conditions on permeation in the 
deuterium-MANET system. Journal of Nuclear Materials 240: 215-220. 
[116] Andrew PL and Pick MA (1994) Review of tritium retention in first-wall materials. 
Journal of Nuclear Materials 212-215: 111-117. 
[117] Dutton R (1984) Materials degradation problems in hydrogen energy systems. 
International Journal of Hydrogen Energy 9: 147-155. 
[118] Schaumann G, Völki J and Alefeld G (1970) The diffusion coefficients of hydrogen and 
deuterium in vanadium, niobium, and tantalum by gorsky-effect measurements. Physica Status 
Solidi B 42: 401-413. 
[119] Cantelli R, Mazzolai FM and Nuovo M (1970) Internal friction due to long-range 
diffusion of hydrogen and deuterium in vanadium. Journal of Physics and Chemistry of Solids 
31: 1811-1817. 
[120] Tanaka S and Kimura H (1979) Solubility and diffusivity of hydrogen in vanadium and 
its alloys around room temperature. Transactions of the Japan Institute of Metals 20: 647-658. 
[121] Eguchi T and Morozumi S (1977) Diffusion of hydrogen at high temperatures in the 
group V transition metals and alloying effect on the diffusion. Journal of the Japan Institute of 
Metals 41: 795-802. 
[122] Hashizume K, Masuda J, Otsuka KT, et al. (2008) Tritium diffusion in V-4Cr-4Ti alloy. 
Fusion Science & Technology 54: 553-556. 
[123] Klepikov AK, Romanenko OG, Chikhray YV, et al. (2000) Hydrogen release from 
irradiated vanadium alloy V-4Cr-4Ti. Fusion Engineering and Design 51-52: 127-133. 
[124] Lottner V, Heim A and Springer T (1979) The Debye-Waller factor and the diffusion 
process for hydrogen in Nb, Ta, and V single crystals investigated by neutron spectroscopy. 
Zeitschrift für Physik B 32: 157-165. 



 

 43 

[125] Masuda J, Hashizume K, Otsuka T, et al. (2007) Diffusion and trapping of tritium in 
vanadium alloys. Journal of Nuclear Materials 363-365: 1256-1260. 
[126] Pine DJ and Cotts RM (1983) Diffusion and electrotransport of hydrogen and deuterium 
in vanadium-titanium and vanadium-chromium alloys. Physical Review B 28: 641-641. 
[127] Freudenberg U, Völkl J, Bressers J, et al. (1978) Influence of impurities on the diffusion 
coefficient of hydrogen and deuterium in vanadium. Scripta Metallurgica 12: 165-167. 
[128] Qi Z, Volkl J, Lasser R, et al. (1983) Tritium diffusion in V, Nb and Ta. Journal of 
Physics F 13: 2053-2062. 
[129] Boes N and Züchner H (1973) Diffusion of hydrogen and deuterium in Ta, Nb, and V. 
Physica Status Solidi A 17: K111-K114-K111-K114. 
[130] Ohnuki S, Yasuda T, Suda T, et al. (2004) Effect of alloying elements and neutron-
irradiation on hydrogen behavior in V alloys. Journal of Nuclear Materials 329-33: 481-485. 
[131] Hirohata Y, Yamada T, Yamauchi Y, et al. (2006) Deuterium and helium retentions of V-
4Cr-4Ti alloy used as first wall of breeding blanket in a fusion reactor. Journal of Nuclear 
Materials 348: 33-39. 
[132] Yamauchi Y, Yamada T, Hirohata Y, et al. (2004) Deuterium retention in V-4Cr-4Ti 
alloy after deuterium ion irradiation. Journal of Nuclear Materials 329-333: 397-400. 
[133] Anderl RA, Longhurst GR and Struttmann DA (1987) Permeation of deuterium 
implanted into V-15Cr-5Ti. Journal of Nuclear Materials 145-147: 344-347. 
[134] Romanenko OG, Tazhibaeva IL, Shestakov VP, et al. (1996) Hydrogen gas driven 
permeation through vanadium alloy VCr6Ti5. Journal of Nuclear Materials 233-237: 376-380. 
[135] Yamawaki M, Yamaguchi K, Tanaka S, et al. (1989) Effect of surface impurities on the 
hydrogen recombination coefficient of first-wall materials. Journal of Nuclear Materials 162-
164: 1071-1076. 
[136] Forty CBA and Karditsas PJ (2000) Uses of zirconium alloys in fusion applications. 
Journal of Nuclear Materials 283-287: 607-610. 
[137] Andrieu C, Ravel S, Ducros G, et al. (2005) Release of fission tritium through Zircaloy-4 
fuel cladding tubes. Journal of Nuclear Materials 347: 12-19. 
[138] Yamanaka S, Higuchi K and Miyake M (1995) Hydrogen solubility in zirconium alloys. 
Journal of Alloys and Compounds 231: 503-507. 
[139] Yamanaka S, Nishizaki T, Uno M, et al. (1999) Hydrogen dissolution into zirconium 
oxide. Journal of Alloys and Compounds 293-295: 38-41. 
[140] Greger GU, Münzel H, Kunz W, et al. (1980) Diffusion of tritium in Zircaloy-2. Journal 
of Nuclear Materials 88: 15-22. 
[141] Austin JH, Elleman TS and Verghese K (1974) Tritium diffusion in Zircaloy-2 in the 
temperature range -78 to 204 °C. Journal of Nuclear Materials 51: 321-329. 
[142] Cupp CR and Flubacher P (1962) An autoradiographic technique for the study of tritium 
in metals and its application to diffusion in zirconium at 149° to 240° C. Journal of Nuclear 
Materials 6: 213-228. 
[143] Kearns JJ (1972) Diffusion coefficient of hydrogen in alpha zirconium, Zircaloy-2 and 
Zircaloy-4. Journal of Nuclear Materials 43: 330-338. 
[144] Mallett MW and Albrecht WM (1957) Low-pressure solubility and diffusion of hydrogen 
in zirconium. Journal of The Electrochemical Society 104: 142-146. 
[145] Gulbransen EA and Andrew KF (1954) Diffusion of hydrogen and deuterium in high 
purity zirconium. Journal of The Electrochemical Society 101: 560-566. 
[146] Hatano Y, Hitaka R, Sugisaki M, et al. (1997) Influence of size distribution of Zr(Fe, Cr)2 
precipitates on hydrogen transport through oxide film of Zircaloy-4. Journal of Nuclear 
Materials 248: 311-314. 



 

 44 

[147] Lim BH, Hong HS and Lee KS (2003) Measurements of hydrogen permeation and 
absorption in zirconium oxide scales. Journal of Nuclear Materials 312: 134-140. 
[148] Maier CU and Kronmuller H (1992) Hydrogen diffusion in the cubic Laves phase of 
ZrFe2. Journal of Physics: Condensed Matter 4: 4409-4420. 
[149] Kunz W, Münzel H and Helfrich U (1982) Diffusion of tritium in zircaloy: Influence of 
low irradiation damage, oxygen concentration and formation of δ-hydrides. Journal of Nuclear 
Materials 105: 178-183. 
[150] Young GA and Scully JR (1998) The diffusion and trapping of hydrogen in high purity 
aluminum. Acta Materialia 46: 6337-6349. 
[151] Scully JR, Young GA and Smith SW (2000) Hydrogen solubility, diffusion and trapping 
in high purity aluminum and selected Al-base alloys. Materials Science Forum 331-337: 1583-
1600. 
[152] Smith SW and Scully JR (2000) The identification of hydrogen trapping states in an Al-
Li-Cu-Zr alloy using thermal desorption spectroscopy. Metallurgical and Materials Transactions 
a-Physical Metallurgy and Materials Science 31: 179-193. 
[153] Louthan MR, Donovan JA and Caskey GR (1975) Hydrogen diffusion and trapping in 
nickel. Acta Metallurgica 23: 745-749. 
[154] Begeal DR (1978) Hydrogen and deuterium permeation in copper alloys, copper-gold 
brazing alloys, gold, and the in situ growth of stable oxide permeation barriers. Journal of 
Vacuum Science and Technology 15: 1146-1154. 
[155] Caskey GR, Dexter AH, Holzworth ML, et al. (1976) The effect of oxygen on hydrogen 
transport in copper. Corrosion 32: 370-374. 
[156] Eichenauer W, Loser W and Witte H (1965) Solubility and rate of diffusion of hydrogen 
and deuterium in nickel and copper single crystals. Zeitschrift fur Metallkunde 56: 287-293. 
[157] Tanabe T, Tamanishi Y, Sawada K, et al. (1984) Hydrogen transport in stainless steels. 
Journal of Nuclear Materials 122&123: 1568-1572. 
[158] Hollenberg GW, Simonen EP, Kalinin G, et al. (1995) Tritium hydrogen barrier 
development. Fusion Engineering and Design 28: 190-208. 
[159] Takagi I, Kobayashi T, Ueyama Y, et al. (2009) Deuterium diffusion in a chemical 
densified coating observed by NRA. Journal of Nuclear Materials 386-388: 682-684. 
[160] Hecker R, Stöver D, Jonas H, et al. (1990) Properties of chromia scales on high-
temperature alloys used as barriers against hydrogen permeation. Journal of Nuclear Materials 
171: 84-93. 
[161] Terai T, Yoneoka T, Tanaka H, et al. (1994) Tritium permeation through austenitic 
stainless steel with chemically densified coating as a tritium permeation barrier. Journal of 
Nuclear Materials 212-215: 976-980. 
[162] Nakamichi M, Nakamura H, Hayashi K, et al. (2009) Impact of ceramic coating 
deposition on the tritium permeation in the Japanese ITER-TBM. Journal of Nuclear Materials 
386-388: 692-695. 
[163] Levchuk D, Koch F, Maier H, et al. (2004) Deuterium permeation through Eurofer and 
alpha-alumina coated Eurofer. Journal of Nuclear Materials 328: 103-106. 
[164] Roy SK and Coble RL (1967) Solubility of hydrogen in porous polycrystalline aluminum 
oxide. Journal of the American Ceramic Society 50: 435-436. 
[165] Fowler JD, Chandra D, Elleman TS, et al. (1977) Tritium Diffusion in Al2O3 and BeO. 
Journal of the American Ceramic Society 60: 155-161. 
[166] Chikada T, Suzuki A, Yao Z, et al. Deuterium permeation behavior of erbium oxide 
coating on austenitic, ferritic, and ferritic/martensitic steels. Fusion Engineering and Design In 
Press: Corrected Proof. 



 

 45 

[167] Levchuk D, Levchuk S, Maier H, et al. (2007) Erbium oxide as a new promising tritium 
permeation barrier. Journal of Nuclear Materials 367-370: 1033-1037. 
[168] Yao Z, Suzuki A, Levchuk D, et al. (2009) Hydrogen permeation through steel coated 
with erbium oxide by sol-gel method. Journal of Nuclear Materials 386-388: 700-702. 
[169] Benamati G, Chabrol C, Perujo A, et al. (1999) Development of tritium permeation 
barriers on Al base in Europe. Journal of Nuclear Materials 272: 391-395. 
[170] Bhuvaneswaran N, Mudali UK and Shankar P (2003) Characterization of aluminide 
coatings formed by diffusion alloying on nitro gen-containing type 316L stainless steels. Scripta 
Materialia 49: 1133-1138. 
[171] Kalin BA, Yakushin VL and Fomina EP (1998) Tritium barrier development for 
austenitic stainless steel by its aluminizing in a lithium melt. Fusion Engineering and Design 41: 
119-127. 
[172] Barbier F, Manuelli D and Bouche K (1997) Characterization of aluminide coatings 
formed on 1.4914 and 316L steels by hot-dipping in molten aluminium. Scripta Materialia 36: 
425-431. 
[173] Fazio C, Stein-Fechner K, Serra E, et al. (1999) Investigation on the suitability of plasma 
sprayed Fe-Cr-Al coatings as tritium permeation barrier. Journal of Nuclear Materials 273: 233-
238. 
[174] Stein-Fechner K, Konys J and Wedemeyer O (1997) Investigations on the transformation 
behavior of the intermetallic phase (Fe, Cr)2Al5 formed on MANET II steel by aluminizing. 
Journal of Nuclear Materials 249: 33-38. 
[175] Forcey KS, Ross DK, Simpson JCB, et al. (1989) The use of aluminizing on 316L 
austenitic and 1.4914 martensitic steels for the reduction of tritium leakage from the net blanket. 
Journal of Nuclear Materials 161: 108-116. 
[176] Forcey KS, Ross DK and Wu CH (1991) The formation of hydrogen permeation barriers 
on steels by aluminizing. Journal of Nuclear Materials 182: 36-51. 
[177] Adams TM, Korinko P and Duncan A (2006) Evaluation of oxidation and hydrogen 
permeation in Al-containing stainless steel alloys. Materials Science and Engineering a-
Structural Materials Properties Microstructure and Processing 424: 33-39. 
[178] Brass AM, Chene J and Pivin JC (1989) Influence of nitrogen ion implantation on 
hydrogen permeation in an extra mild steel. Journal of Materials Science 24: 1693-1699. 
[179] Wolarek Z and Zakroczymski T (2004) Hydrogen transport in plasma nitrided iron. Acta 
Materialia 52: 2637-2643. 
[180] Wolarek Z and Zakroczymski T (2006) Hydrogen absorption in plasma-nitrided iron. 
Acta Materialia 54: 1525-1532. 
[181] Checchetto R, Bonelli M, Gratton LM, et al. (1996) Analysis of the hydrogen permeation 
properties of TiN-TiC bilayers deposited on martensitic stainless steel. Surface and Coatings 
Technology 83: 40-44. 
[182] Forcey KS, Perujo A, Reiter F, et al. (1993) The formation of tritium permeation barriers 
by CVD. Journal of Nuclear Materials 200: 417-420. 
[183] Itakura A, Tosa M, Ikeda S, et al. (1996) Hydrogen permeation properties and surface 
structure of BN-coated stainless steel membrane. Vacuum 47: 697-700. 
[184] Checchetto R, Chayahara A, Horino H, et al. (1997) A study of deuterium permeation 
through thin BN films. Thin Solid Films 299: 5-9. 
[185] Bazzanella N, Checchetto R, Miotello A, et al. (2002) High temperature efficient 
deuterium permeation and oxidation (Al,Ti)N barriers deposited on stainless steel. Applied 
Physics Letters 81: 3762-3764. 



 

 46 

[186] Shirasu Y, Yamanaka S and Miyake M (1992) Hydrogen solubility in boron-carbide. 
Journal of Alloys and Compounds 190: 87-90. 
[187] Schnarr K and Munzel H (1990) Release of tritium from boron-carbide irradiated with 
reactor neutrons. Journal of Nuclear Materials 170: 253-260. 
[188] Schnarr K and Munzel H (1990) Release of tritium from boron-carbide. Journal of the 
Chemical Society-Faraday Transactions 86: 651-656. 
[189] Elleman TS, Zumwalt LR and Verghese K (1978) Hydrogen diffusion and permeation in 
ceramic materials.  Proceedings of the 3rd Topical Meeting on Techniques of Controlled Nuclear 
Fusion, vol. 2. pp 763-766. Santa Fe, NM, USA. 
[190] Causey RA, Fowler JD, Ravanbakht C, et al. (1978) Hydrogen diffusion and solubility in 
silicon carbide. Journal of the American Ceramic Society 61: 221-225. 
[191] Causey RA, Wampler WR, Retelle JR, et al. (1993) Tritium migration in vapor-deposited 
β-silicon carbide. Journal of Nuclear Materials 203: 196-205. 
[192] Sinharoy S and Lange WJ (1984) Permeation of hydrogen through CVD silicon carbide. 
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 2: 636-637. 
[193] Verghese K, Zumwalt LR, Feng CP, et al. (1979) Hydrogen permeation through non-
metallic solids. Journal of Nuclear Materials 85-86: 1161-1164. 
[194] Yao Z, Suzuki A, Levchuk D, et al. (2007) SiC coating by RF sputtering as tritium 
permeation barrier for fusion blanket. Fusion Science and Technology 52: 865-869. 
[195] Pauling L (1940) The Nature of the Chemical Bond, and the Structure of Molecules and 
Crystals; An Introduction to Modern Structural Chemistry. Ithaca, N.Y: Cornell University 
Press. 
[196] Shan C, Wu A, Li Y, et al. (1992) The behaviour of diffusion and permeation of tritium 
through 316L stainless steel with coating of TiC and TiN + TiC. Journal of Nuclear Materials 
191-194: 221-225. 
[197] Steward SA (1983) Review of hydrogen isotope permeability through materials. 
Livermore, CA: Lawrence Livermore National Laboratory Report UCRL-53441. 
[198] Tanabe T, Yamanishi Y and Imoto S (1992) Hydrogen permeation and diffusion in 
molybdenum. Journal of Nuclear Materials 191-194: 439-443. 
[199] Katsuta H and McLellan RB (1979) Diffusivity of hydrogen in silver. Scripta 
Metallurgica 13: 65-66. 
[200] McLellan RB (1973) Solid solutions of hydrogen in gold, silver and copper. Journal of 
Physics and Chemistry of Solids 34: 1137-1141. 
[201] Verbetsky VN and Mitrokhin SV (2000) Copper- silver- and gold-hydrogen. Solid State 
Phenomena 73-75: 503-517. 
[202] Ebisuzaki Y, Kass WJ and O'Keeffe M (1968) Solubility and diffusion of hydrogen and 
deuterium in platinum. Journal of Chemical Physics 49: 3329-3332. 
[203] Caskey GR and Derrick RG (1976) Trapping of deuterium during permeation through 
gold. Scripta Metallurgica 10: 377-380. 
[204] Ishikawa T and McLellan RB (1985) The low-temperature diffusion of hydrogen through 
annealed, quenched and aged gold. Journal of Physics and Chemistry of Solids 46: 1393-1396. 
[205] Eichenauer W and Liebscher D (1962) Measurement of the diffusion rate of hydrogen in 
gold. Zeitschrift fur Naturforschung 17A: 355. 
[206] Conrad R, Debarberis L, Coen V, et al. (1991) Irradiation of liquid breeder material Pb-
17li with in situ tritium reease masurements in the LIBRETTO 2 eperiment. Journal of Nuclear 
Materials 179: 875-878. 



 

 47 

[207] Conrad R, Futterer MA, Giancarli L, et al. (1994) LIBRETTO-3 - Performance of tritium 
permeation barriers under irradiation at the HFR Petten. Journal of Nuclear Materials 215: 998-
1002. 
[208] Magielsen AJ, Bakker K, Chabrol C, et al. (2002) In-pile performance of a double-walled 
tube and a tritium permeation barrier. Journal of Nuclear Materials 307: 832-836. 
[209] Proust E, Leroy P and Franenberg HW (1992) Preliminary interpretation of the 
LIBRETTO-2 experimental results in terms of tritium permeation barrier efficiency. Journal of 
Nuclear Materials 191: 186-189. 
[210] Ishikawa Y, Yoshimura T and Arai M (1996) Effect of surface oxides on the permeation 
of deuterium through stainless steel. Vacuum 47: 701-704. 
[211] Perujo A and Kolbe H (1998) The behaviour of the natural oxide of MANET as 
permeation barrier under cyclic loads: Self-healing. Journal of Nuclear Materials 263: 582-586. 
[212] Song W, Du J, Xu Y, et al. (1997) A study of hydrogen permeation in aluminum alloy 
treated by various oxidation processes. Journal of Nuclear Materials 246: 139-143. 
[213] Pisarev A, Tsvetkov I and Yarko S (2007) Hydrogen permeation through membranes 
with cracks in protection layer. Fusion Engineering and Design 82: 2120-2125. 
[214] Perujo A, Forcey KS and Sample T (1993) Reduction of deuterium permeation through 
DIN-1.4914 stainless-steel (MANET) by plasma-spray deposited aluminum. Journal of Nuclear 
Materials 207: 86-91. 
[215] Mcguire JG (1980) Hydrogen permeation resistant layers for liquid metal reactors. 
Proceedings of the Conference on Tritium Technology in Fission, Fusion, and Isotopic 
Applications 64-68. 
[216] Arshak K and Korostynska O (2006) Response of metal oxide thin film structures to 
radiation. Materials Science and Engineering B 133: 1-7. 
[217] Eernisse EP and Picraux ST (1977) Role of integrated lateral stress in surface 
deformation of He-implanted surfaces. Journal of Applied Physics 48: 9-17. 
[218] Maeda Y, Edao Y, Yamaguchi S, et al. (2008) Solubility, diffusivity, and isotopic 
exchange rate of hydrogen isotopes in Li-Pb. Fusion Science and Technology 54: 131-134. 
[219] Farabolini W, Ciampichetti A, Dabbene F, et al. (2006) Tritium control modelling for a 
helium cooled lithium-lead blanket of a fusion power reactor. Fusion Engineering and Design 
81: 753-762. 
[220] Ransley CE and Neufeld H (1948) The solubility of hydrogen in liquid and solid 
aluminium. Journal of the Institute of Metals 74: 599-620. 
[221] Kearns JJ (1967) Terminal solubility and partitioning of hydrogen in the alpha phase of 
zirconium, Zircaloy-2 and Zircaloy-4. Journal of Nuclear Materials 22: 292-303. 
[222] Serra E, Bini AC, Cosoli G, et al. (2005) Hydrogen permeation measurements on 
alumina. Journal of the American Ceramic Society 88: 15-18. 
[223] Sherman DF and Olander DR (1989) Hydrogen dissolution in and release from 
nonmetals: I. Uranium-dioxide. Journal of Nuclear Materials 166: 307-320. 
[224] Mitchell DJ and Edge EM (1985) Permeation characteristics of some iron and nickel 
based alloys. Journal of Applied Physics 57: 5226-5235. 
[225] Kishimoto N, Tanabe T, Suzuki T, et al. (1985) Hydrogen diffusion and solution at high 
temperatures in 316L stainless steel and nickel-base heat-resistant alloys. Journal of Nuclear 
Materials 127: 1-9. 
[226] Dolinski Y, Lyasota I, Shestakov A, et al. (2000) Heavy hydrogen isotopes penetration 
through austenitic and martensitic steels. Journal of Nuclear Materials 283-287: 854-857. 



 

 48 

[227] Kulsartov TV, Hayashi K, Nakamichi M, et al. (2006) Investigation of hydrogen isotope 
permeatin through F82H steel with and without ceramic coating of Cr2O3-SiO2 including 
CrPO4 (out-of-pile tests). Fusion Engineering and Design 81: 701-705. 
[228] Fujii K, Hashizume K, Hatano Y, et al. (1998) Tracer diffusion coefficient of tritium in 
vanadium and trapping effect due to zirconium impurity. Journal of Alloys and Compounds 270: 
42-46. 
[229] Hashizume K, Masuda J, Otsuka T, et al. (2007) Diffusional behavior of tritium in V-
4Cr-4Ti alloy. Journal of Nuclear Materials 367-370: 876-881. 
[230] Heller R and Wipf H (1976) Diffusion coefficient, heat of transport, and solubility limit 
of H in V. Physica Status Solidi (a) 33: 525-529. 
[231] Buxbaum RE, Subramanian R, Park JH, et al. (1996) Hydrogen transport and 
embrittlement for palladium coated vanadium--chromium--titanium alloys. Journal of Nuclear 
Materials 233-237: 510-512. 
[232] Maroni VA and Van Deventer EH (1979) Materials considerations in tritium handling 
systems. Journal of Nuclear Materials 85-86: 257-269. 
[233] Zaluzhnyi AG, Tebus VN, Riazantseva NN, et al. (1998) Hydrogen isotope interaction 
with V-alloys. Fusion Engineering and Design 41: 181-185. 
[234] Giroldi JP, Vizcaíno P, Flores AV, et al. (2009) Hydrogen terminal solid solubility 
determinations in Zr-2.5Nb pressure tube microstructure in an extended concentration range. 
Journal of Alloys and Compounds 474: 140-146. 
[235] Khatamian D (1999) Solubility and partitioning of hydrogen in metastable Zr-based 
alloys used in the nuclear industry. Journal of Alloys and Compounds 293-295: 893-899. 
[236] Khatamian D (2003) Effect of β-Zr decomposition on the solubility limits for H in Zr-
2.5Nb. Journal of Alloys and Compounds 356-357: 22-26. 
[237] Khatamian D, Pan ZL, Puls MP, et al. (1995) Hydrogen solubility limits in Excel, an 
experimental zirconium-based alloy. Journal of Alloys and Compounds 231: 488-493. 
[238] Sawatzky A and Wilkins BJS (1967) Hydrogen solubility in zirconium alloys determined 
by thermal diffusion. Journal of Nuclear Materials 22: 304-310. 
[239] Une K, Ishimoto S, Etoh Y, et al. (2009) The terminal solid solubility of hydrogen in 
irradiated Zircaloy-2 and microscopic modeling of hydride behavior. Journal of Nuclear 
Materials 389: 127-136. 
[240] Vizcaíno P, Ríos RO and Banchik AD (2005) Hydrogen determinations in a zirconium 
based alloy with a DSC. Thermochimica Acta 429: 7-11. 
[241] Khatamian D and Manchester FD (1989) An ion beam study of hydrogen diffusion in 
oxides of Zr and Zr-Nb (2.5 wt%): I. Diffusion parameters for dense oxide. Journal of Nuclear 
Materials 166: 300-306. 
[242] Sawatzky A (1960) The diffusion and solubility of hydrogen in the alpha phase of 
Zircaloy-2. Journal of Nuclear Materials 2: 62-68. 
[243] Roberts RM, Elleman TS, Iii HP, et al. (1979) Hydrogen permeability of sintered 
aluminum oxide. Journal of the American Ceramic Society 62: 495-499. 
 
 



 

 49 

Table 1. Recommended diffusivity and solubility relationships for protium in various metals and 
classes of alloys in the absence of trapping.  

Diffusivity 
D = Do exp −ED /RT( ) 

Solubility, Φ/D 
K = Ko exp −∆Hs /RT( ) 

Alloy Do 

m2

s

 

 
 

 

 
  

ED  
kJ

mol

 
 
 

 
 
  

Ko 
mol H2

m3 ⋅ MPa

 
 
 

 
 
  

∆Hs 
kJ

mol

 
 
 

 
 
  

Ref. 

Beryllium 3 x 10-11 18.3 
18.9 * 

5.9 x 106 * 
16.8 * 
96.6 * 

[73] 
[43] 
[78] 

Graphite 9 x 10-5 270 19 -19.2 
 

[43] 

Aluminum 2 x 10-8 16 46 39.7 
[220] 
[150] 

Vanadium 3 x 10-8 † 4.3 † 138 -29 
[127] 
[197] 

RAFM steels ‡ 1 x 10-7 13.2 436 28.6  

Austenitic stainless 
steel 

2 x 10-7 49.3 266 6.9 [95] 

Nickel 7 x 10-7 39.5 564 15.8 [153] 

Copper 1 x 10-6 38.5 792 38.9 [154] 

Zirconium 8 x 10-7 45.3 3.4 x 107 35.8 
[143] 
[221] 

Molybdenum 4 x 10-8 22.3 3300 37.4 [198] 

Silver 9 x 10-7  30.1 258 56.7 
[199] 
[200] 

Tungsten 6 x 10-4 103.1 1490 100.8 [53] 

Platinum 6 x 10-7 24.7 207 46.0 [202] 

Gold 5.6 x 10-8   23.6 77900 § 99.4 § [205] 

* per the text, the solubility of hydrogen in beryllium is very low and there is not good 
agreement between the few studies of the material 
† data for isotopes other than protium does not scale as the square root of mass 
‡ values are averaged over the data presented in Figure 12 and Figure 13 
§ estimated using the permeability from Ref. [203] and the quoted diffusivity.
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Table 2. Recommended diffusivity and solubility relationships for protium in various non-
metallic materials in the absence of trapping.  

Diffusivity 
D = Do exp −ED /RT( ) 

Solubility, Φ/D 
K = Ko exp −∆Hs /RT( ) 

Material Do 

m2

s

 

 
 

 

 
  

ED  
kJ

mol

 
 
 

 
 
  

Ko 
mol H2

m3 ⋅ MPa

 
 
 

 
 
  

∆Hs 
kJ

mol

 
 
 

 
 
  

Ref. 

Al2O3  1.1x10-8 132 5.5 22.5 
[165] 
[222] 

α-ZrO2 4x10-18 30.1 2.5x10-2 -28.2 
[141] 
[139] 

UO2 3.7x10-6 59.8 9.6x104 100 [223] 

BC 1.2x10-11 80.8 3.8 -29.8 [186] 

SiC 9.8x10-8 182 2.2x10-2 -58.7 [191] 
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Figure 1. Fraction of filled traps as a function of temperature for “low-solubility” and “high-
solubility” materials (modeled as RAFM steel and austenitic stainless steel respectively using 
relationships from Table 1). The pressure is 0.1 MPa, the molar volume of the steels is 
approximated as 7 cm3mol-1 and there is assumed to be one lattice site for hydrogen per metal 
atom. 
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Figure 2. Ratio of effective diffusivity to lattice diffusivity (Deff/D) as a function of temperature 
for “low-solubility” material (squares with varying nT, modeled as RAFM steel with Et = 
50 kJ mol-1) and “high-solubility” material (triangles, modeled as austenitic stainless steel with 
Et = 10 kJ mol-1 and nT = 10-3 traps per metal atom). The pressure is 0.1 MPa, the molar volume 
of the steels is approximated as 7 cm3 mol-1 and there is assumed to be one lattice site for 
hydrogen per metal atom. 



 

 53 

 

Figure 3. Solubility of hydrogen in carbon [43, 44]. 
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Figure 4. Diffusivity of hydrogen in graphite [43-47].  The bold line is the best estimate given in 
Ref. [44] based on uptake data for tritium in POCO AFX-5Q graphite.
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Figure 5. Diffusivity of hydrogen in W [53-55].
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Figure 6. Solubility of hydrogen in W [53, 56].
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Figure 7. Recombination rate coefficient of hydrogen in W [24, 62].
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Figure 8. Diffusivity of hydrogen in Be [72-74].
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Figure 9. Solubility of hydrogen in Be [73, 77, 78]. 
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Figure 10.  Diffusivity of hydrogen in austenitic stainless steels from gas permeation studies that 
confirmed diffusion-limited transport [5, 92, 93, 95, 98, 102, 103, 224, 225]. The bold line 
represents the average relationship determined in Ref. [95] for several austenitic stainless steels. 
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Figure 11. Solubility of hydrogen in austenitic stainless steels from gas permeation studies that 
confirmed diffusion-limited transport [5, 92, 93, 95, 98, 102, 103, 224, 225]. The bold line 
represents the average relationship determined in Ref. [95] for several austenitic stainless steels. 
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Figure 12. Diffusivity of hydrogen in RAFM steels from gas permeation studies that confirmed 
diffusion-limited transport [7, 19, 105, 106, 108, 226, 227]. The bold line represents an 
approximate relationship estimated from the plotted data. 
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Figure 13. Solubility of hydrogen in RAFM steels from gas permeation studies that confirmed 
diffusion-limited transport [7, 19, 105, 106, 108, 226, 227]. The bold line represents an 
approximate relationship estimated from the plotted data. 
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Figure 14.  Diffusivity of hydrogen in V and its alloys [118-129, 133, 134, 228-230]. The bold 
line represents the relationship for pure V, reported in Ref. [127]. 
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Figure 15.  Solubility of hydrogen in V and its alloys [123, 197, 230-233]. The bold line 
represents the relationship for pure V, reported in Ref. [197]. 
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Figure 16.  Solubility of hydrogen in Zr and its alloys [144, 221, 234-240]. The bold line 
represents the average for thirteen studies on pure Zr and Zr-based alloys, reported in Ref. [221]. 
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Figure 17.  Diffusivity of hydrogen in Zr and its alloys [140-145, 149, 241, 242]. The bold line 
represents the relationship for pure Zr, reported in Ref. [143]. 
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Figure 18.  Diffusivity of hydrogen in alumina [165, 222, 243]. The bold line represents the 
average for many aluminas, reported in Ref. [165].
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Figure 19.  Solubility of hydrogen in alumina [164, 222].
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Figure 20.  Permeability of hydrogen in SiC [191-193]. 
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Figure 21.  Permeability of hydrogen in various metals using data from Table 1 [53, 95, 127, 
143, 150, 153, 154, 197-200, 202, 205, 220, 221].  Data is distributed across two separate plots 
for clarity. 
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Figure 22.  Permeability of hydrogen in various ceramics using data from Table 2 [139, 141, 165, 
186, 191, 222, 223].
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