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A B S T R A C T   

The characterization of hydrogen transport parameters is essential for a good prediction of its behavior and a 
correct design of the elements that will make up nuclear fusion reactors. It is therefore essential to determine the 
isotopic ratio of the transport parameters between protium (H), deuterium (D) and tritium (T), both for economic 
and safety reasons. Classical theory predicts that the ratio of their diffusivities and permeabilities should be 
proportional to the inverse square root of their atomic mass, while solubility values would be independent of 
their masses, but there are discrepancies in the literature. Despite this, it has not yet been possible to obtain 
either a correct value for the ratio or any uniform conclusion on the matter. This article presents a review of the 
works published in the field of the isotope effect of hydrogen permeability and diffusivity to date, focusing on 
protium and deuterium isotopes, which are the isotopes that have been most extensively analyzed experimen
tally. The conclusion is clear: the theoretical value cannot be stated to be correct and the results are very varied, 
although they seem to be related to the microstructure of the material tested. In addition, some factors that could 
have an influence on it have been analyzed, which would be interesting to take into account for future studies.   

1. Introduction 

Nuclear fusion is the main technology capable of producing clean 
energy on a massive scale and requires processes in which its elements 
must work at high temperatures under the influence of hydrogen iso
topes (protium (H), deuterium (D) and tritium (T)), as these will 
constitute the fuel required for this energy source. Therefore, among the 
many technological challenges facing its development, the transport of 
isotopes through different metals and their interaction represents one of 
the main problems, especially at elevated temperatures, since their 
behavior exhibits an Arrhenius dependence on temperature. Conse
quently, the interaction of metals and hydrogen isotopes represents one 
of the main lines of research in this area. 

In fact, the transport of hydrogen isotopes through the different 
materials that constitute a fusion reactor determines its operation for 
several reasons. In addition to the constraints relating to the necessary 
radiological protection that must be ensured for the operators of the 
reactor, the net balance of the transport of these isotopes through the 
materials affects the fuel cycle operating in a closed loop, so it is a key 
issue in the design of the reactor elements themselves. Moreover, pro
tium and deuterium retention could also become a problem, as it 

produces damage and structural degradation of several elements [1–3]. 
Finally, the permeation of tritium outwards is an additional environ
mental issue, as tritium is radioactive [4–7]. For all these reasons, 
characterization of the behavior of hydrogen isotopes in contact with the 
different materials that will compose the fusion reactors, is essential to 
quantify the main reactor design constraints, as well as the safety, 
viability, and stability of the plasma. To this end, numerous experi
mental studies are necessary. 

It is true that hydrogen transport parameters are currently being 
measured experimentally in different fusion-materials of interest, such 
as Tungsten Alloys [8], Reduced Activation Ferritic/Martensitic Steels 
(RAF/M) [9], Vanadium Alloys [10],... to define permeability and 
diffusivity in diffusive regimes. However, carrying out this large number 
of experimental measurements with deuterium and tritium is not very 
feasible and makes progress in this line of research somewhat slow. The 
difficulty with deuterium is that it is found in nature with an abundance 
of 0.015 % of hydrogen atoms (one in 6500) [11]. In the case of tritium, 
the difficulty is that it is a radioactive isotope, as mentioned above. 
Therefore, a correct description of the relationship between the isotope 
parameters (the so-called isotope effect) is urgently needed, so that the 
deuterium-material and, especially, tritium-material interaction can be 
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extrapolated from the properties of protium, which is an abundant, safe 
and feasible isotope for experimental research. In this way, research on 
the interaction of hydrogen isotopes with different reactor materials will 
be firmly advanced and, consequently, further progress will be made in 
the development of fusion. 

2. Justification 

As mentioned above, in the area of nuclear fusion research, it would 
be very useful if the characterization experiments of the hydrogen 
transport parameters could always be carried out only with protium and, 
from the values obtained, the parameters of the other two isotopes 
(deuterium and tritium) could be obtained. 

For many years, this relationship was thought to be in accordance 
with classical atomic theory (see Eq. (1)), which relates diffusivity to 
atomic vibrational frequencies and establishes these frequencies as 
inversely proportional to masses [12]. 

Dα/Dβ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

mβ
/

mα

√
(1) 

Where mβ and mα mean mass of isotope β and α, respectively, as 
hydrogen atoms can be regarded as classical particles at high tempera
tures, which hop over the potential barrier via thermal excitation [13]. 

Therefore, the respective permeability rates should have the same 
relationship [14] (Eq. (2)), whereas those for solubility should be in
dependent of the masses of the hydrogen isotopes [15]. 

Φα/Φβ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

mβ
/

mα

√
(2) 

According to these equations, the diffusion and permeability co
efficients are inversely proportional to the square root of the mass ratio, 
and the activation energies should be independent of the mass ratio. 

However, some discrepancies have been detected in the literature, 
and the isotopic ratio described is not always supported; thus, the need 
to study this relationship is reaffirmed. A precise, specific, and accurate 
description of the isotope effects on hydrogen transport is urgently 
needed. An adjusted isotopic description will allow, on the one hand, to 
differentiate the behavior of deuterium and tritium within the covering 
structures under future reactor operating conditions and studying the 
tritium regeneration process in advance [16]. But above all, in this way, 
deuterium-material and, especially, tritium-material interaction may be 
extrapolated correctly. Consequently, the investigation of tritium effects 
and transport will become technologically more feasible, as it will not be 
necessary to work with a radioactive isotope when performing the 
various experiments. This will be a great advantage, since the mea
surement of tritium permeability and diffusivity with pure gas often 
poses a challenge, on the one hand, of safety, associated with handling a 
large amount of it; on the other hand, because of its low abundance. 
Consequently, the available data about experimental studies with it are 
far inferior to those of the other two isotopes [17,18], and the facilities 
available for its experimentation, a very small minority, highly complex 
and therefore with a large financial backing [19–22]. Therefore, the 
possibility of working with a correct extrapolation would be a good step 
forward. 

In this context, and due to the discrepancies and lack of agreement 
between the analyses performed for the isotope effect and the directions 
they take, the present work is considered to be of great necessity. The 
aim is to make a bibliographic compilation of the studies carried out to 
date that have published the Arrhenius equations of diffusivity and/or 
permeability for both protium and deuterium, in order to obtain from 
these the different experimental isotope ratios for different materials 
and processes. This will provide a common record of the values obtained 
and make it easier to deduce whether there is any common trend among 
the studies carried out. 

3. Theory and calculations 

This section summarises the basic theory and equations for under
standing the behavior of hydrogen in contact with materials in a pre
dominantly diffusive regime. 

Typical parameters for the study of hydrogen transport within metal 
lattices are diffusivity (D), Sieverts constant (KS) and permeability (Φ) 
[23]. 

The diffusivity is defined by the following Arrhenius-type expression 
(Eq. (3)): 

D = D0 exp(− Ed/RT) (3)  

where D0 is the pre-exponential diffusion factor, also called frequency 
factor, R is the ideal gas constant and Ed is the activation energy of 
diffusion. 

The proportionality between the atomic gas concentration (c) within 
the volume and the square root of the equilibrium pressure (p) of the gas 
outside the material is known as the Sieverts constant (Eq. (4)): 

KS = c/
̅̅̅
p

√
(4) 

Interestingly, the Sieverts constant also shows an Arrhenius-like 
trend with temperature (Eq. (5)): 

KS = KS,0 exp(− Es/RT) (5) 

Where KS,0 is the pre-exponential factor or frequency factor of the 
constant and Es is the activation energy of solution, which can be posi
tive or negative depending on the thermodynamic characteristics of the 
solution in the crystal lattice. 

Permeability (Φ) is defined by Richardson’s law as the product of 
diffusivity and Sieverts constant [23] (Eq. (6)): 

Φ = Ks D (6) 

It is clear, therefore, that the permeability also follows an Arrhenius- 
type relationship, with a permeation activation energy, EΦ, resulting 
from Ed and Es (Eq. (7)) 

Φ = Φ0 exp(− EΦ/RT) =
(
KS,0 D0

)
exp( − (Es + Ed)/RT) (7) 

For the present literature review, many studies for different materials 
carried out by different authors have been compiled, in which the 
Arrhenius equation for diffusivity and permeability has been published. 

In this way, if their corresponding Arrhenius equations are related, as 
indicated by the expressions 8 and 9, their isotopic ratio is achieved. 

DH

DD
=

D0 Hexp( − Ed H/RT)
D0 D exp( − Ed D/RT)

=
D0 H

D0 D
exp( − (Ed H − Ed D)/RT) (8)  

ΦH

ΦD
=

Φ0 Hexp( − EΦ H/RT)
Φ0 D exp( − EΦ D/RT)

=
Φ0 H

Φ0 D
exp( − (EΦ H − EΦ D)/RT) (9) 

These expressions will determine the isotope effect obtained in each 
case. By representing them for the temperatures at which they have been 
derived, it can be seen how far or close they are to the classical value. 

For a correct analysis of the isotope effect, it is believed necessary 
that the same author performs the different tests using exactly the same 
material, installation and conditions, as it would not make sense to mix 
the results obtained under different circumstances, as the resulting 
isotope effect would not be really adjusted and could be distorted by 
some other factor. 

Therefore, the indispensable condition for compiling the papers in 
this review have been the following: the authors have published the 
expressions for the diffusivity (Eq. (3)) and permeability (Eq. (7)) of 
hydrogen and deuterium under exactly the same circumstances 
following the same models, same equipment, same material samples 
(materials of interest for fusion reactors), same temperature ranges and 
pressure ranges. 

Once equations for both deuterium and protium have been obtained, 
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dividing them, the Eqs. (8) and (9) have been derived. 
Due to its scientific and industrial importance, much attention has 

been paid to the permeability of hydrogen through various materials for 
many years. While most of these analyses have studied the behavior of 
protium, some authors [13,24–49] have also reported the behavior of 
deuterium. However, in these cases, much of the data only includes 
permeability or diffusivity and only a few authors have reported on 
permeability and diffusivity, and even more rarely on both deuterium 
and protium. Moreover, very limited number of authors has carried out 
the analysis of these in more detail than a simple presentation of the data 
obtained. Regarding tritium, as mentioned above, and in fact as one of 
the main reasons behind the need to study the isotope effect, it is very 
difficult to find complete published data on it, and even more difficult to 
find it together with the other two isotopes. 

Therefore, the available literature for the present analysis is some
what difficult to obtain, despite its large interest and the fact that the 
analyses can easily be found separately for a single isotope (protium or 
deuterium) or for different conditions. 

4. Results 

Tables 1 and 2 below show the permeability and diffusivity isotope 
ratios obtained from the literature, as explained in the calculation sec
tion. The temperature range for which the work was carried out, the 
method used to obtain them and, of course, the material used are also 
included. 

Similarly, these equations have been plotted on the two graphs, 
Figs. 1 and 2. 

As can be seen, the results are varied, both in the pre-exponential 
factor and in the activation energies, sometimes being close to the 
value predicted by the theory (

̅̅̅
2

√
) and sometimes quite far off. 

Regarding the absolute value, it is interesting to note how most of the 
permeability curves are above the classical value over most of the 
temperature range represented and the opposite happens in the case of 
diffusivity. In this second case, there are even situations in which we find 
isotope ratios close to becoming inverse, in which deuterium would have 
a faster diffusivity than protium, reaching DH/DD values lower than 
unity. It can be observed in the case of the nickel tests, especially that of 
Noh (2014) [41]. Therefore, they provide a clear example of why it 
would be totally incorrect to apply classical theory directly. Following 
the real logic in these cases, and especially at lower temperatures, the 
tritium diffusivity would be even higher and not the opposite, as would 
be expected. Admittedly, the inverse relation also occurs on one occa
sion in the case of permeabilities. However, in this case, no generic 
conclusions may be drawn, since it is a very isolated case of stainless 
steel [33], whereas the rest of the results with similar materials are in a 
range above the theoretical ratio by far. 

Apart from that, as far as the variation of each curve is concerned, 
there is a further contradiction to the classical theory: equations with a 
strong temperature dependence can be found, which are easily observ
able due to their pronounced slope, as in the case of the permeability of 
the steels [13,51,39,50,48] or the diffusivities of V [24] or W [53], 

Table 1 
Isotope ratios for permeability from published works.  

ISOTOPE RATIO [-] MATERIAL REF T [K] METHOD 

ΦH/ΦD=1.17exp(1.4 × 103/ 
RT) 

316 SS (T. Shiraishi, 1999, 316 SS) [25] 473–973 Co-current double tube method 

ΦH/ΦD=1.15exp(2.3 × 103/ 
RT) 

316 L SS (S.K. Lee, 2014, 316 L SS) [13] 623–1123 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.28exp(0.9 × 103/ 
RT) 

316LN SS (W.J. Byeon, 2020, 316LN SS) [35] 573–1123 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.57exp(1.01 × 103/ 
RT) 

304 SS (H. Katsuta, 1981, 304 SS) [32] 812–1190 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.14exp(− 0.7 × 103/ 
RT) 

310 SS [33] (N. R. Quick, 1979, 310 SS) 427–779 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=3.62exp(− 3.5 × 103/ 
RT) 

EOROFER97 (RAM) [50](A. Aiello, 2002, EUROFER97) 473–723 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.2exp(0.7 × 103/RT) RAFM 8% CrWVTa steel (G. A. Esteban, 2001, RAFM)[34] 423–892 Isovolumetric desorption 
ΦH/ΦD=1.18exp(1.7 × 103/ 

RT) 
Ti-RAFM (W.J. Byeon, 2020, Ti-RAFM) [36] 433–873 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=0.983exp(2.7 × 103/ 
RT) 

ARAA (RAFM) (S. J. Noh, 2014, RAFM)([51] 523–873 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.26exp(1.37 × 103/ 
RT) 

F82H RAM (E. Serra, 1998, RAM) [37,38] 373–743 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.08 exp(3 × 103/RT) F82H steel (T.V. Kulsartov, 2006, F82H steel)[39] 473–873 Diffusion cell. Permanent outlet chamber 
pumping-out. 

ΦH/ΦD= 1.66 sputter-deposited W coated F82F 
(SP-W) 

(Y. Xu, 2017, SP-W-F82H) [47] 473–823 Gas Driven Permeation test 

ΦH/ΦD=1.12exp(0.26 × 103/ 
RT) 

Fe (N.R. Quick, 1978, Fe)[40] 323–779 Permeation test 

ΦH/ΦD=1.28exp(1.3 × 103/ 
RT) 

Ni (S. J. Noh, 2014, Ni) [41] 723–1123 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.17exp(1.4 × 103/ 
RT) 

Ni (T. Shiraishi,1998, Ni) [42] 473–973 Co-current double tube method 

ΦH/ΦD=1.36exp(1.0 × 103/ 
RT) 

Ni (W. Eichenauer, 1965, Ni) [43] 663–933 Isovolumetric desorption 

ΦH/ΦD=1.63exp(− 0.5 × 103/ 
RT) 

Ni (Y. Ebisuzaki, 1967, Ni) [26] 473–693 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.35exp(1.0 × 103/ 
RT) 

ELBRODUR G CuCrZr (S.J. Noh, 2016, ELBRODUR G CuCrZr)  
[44] 

573–873 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=1.54exp(− 0.15 × 103/ 
RT) 

Pd-Ag (E. Serra, 1998, Pd-Ag) [45] 323–773 Permeation test. Continuous Gas Phase Method 

ΦH/ΦD=2.05exp(− 1.14 × 103/ 
RT) 

Pd-Ag (M. Nishikawa, 1996, Pd-Ag) [46] 353–673 Co-current double tube method 

ΦH/ΦD=1.09exp(2.5 × 103/ 
RT) 

W (G. A. Esteban, 2001, W) [48] 673–1073 Isovolumetric desorption  
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whose values are well outside the limits of the graph and therefore 
cannot even be observed (Nakamura’s line takes values between 3.5 and 
7.5 in the temperature range tested). It is important to note that, in these 
cases, the inappropriate use of temperatures or approximations could 
lead to larger errors in the quantification of the isotope effect, as the 
isotope effect is supposed to be independent of temperature and in these 
cases its dependence is very high. Therefore, extrapolations to other 
isotopes in these cases could lead to larger errors due to their high 
dependence. On the other hand, there are cases that have a high isotopic 
dependence (high absolute value), but their sensitivity to temperature is 
negligible, and the curve remains fairly horizontal in the represented 
range. This phenomenon occurs, for example, in SP-W-F82H [47] 
permeability and diffusivity or RAM [37,38] diffusivity. Similar cases of 
horizontality and thus independence with temperature can also be 
found, but with less isotopic dependence than the classical one, as is the 
case for diffusivity of steel [39] or Ni [27]. 

In the case of permeability, as mentioned, most of the curves are 
above the theoretical value and tend to be closer to it at very high 
temperatures in almost all cases, excluding Fe [40], Pd-Ag [45,46], one 
case of Ni [26] and steels [33,50]. It should be noted the cases of Fe [40], 
310SS [33], with values well below the classical one, but very close to 
unity, especially in the second one mentioned, which would indicate a 
very low isotope effect in the tested temperature range, and therefore, 
very similar results for hydrogen and deuterium in these analyses. 

In the case of diffusivity, quite different trends can be observed, and 
less general conclusions can be drawn. One group of curves, despite the 
fact that at lower and/or higher temperatures they deviate, is quite close 
to the predicted value in the range of 600 K-800 K (steels [13,34,49] Ta 

[24], V [24], Nb [24], Pd-Ag [45]). Another group is below this theo
retical value in almost all cases, but they are very close to each other, 
with a value of about 1.2 (Fe [40], Ni [26,41,43,52], W [48] and some 
steels [35,36,39]). While a small minority are considerably above the 
theory, although with values quite scattered among them (most of them 
are steels, such as [32,33]). 

It is curious how some authors claim that stainless steels usually stick 
to the classical value quite acceptably in the temperature range of in
terest for fusion technology, so that for these materials the classical 
formula is a fairly good predictor [4,14,54]. Furthermore, it is said that 
their permeability is not very sensitive to the composition of the alloys 
[55,56]. However, it has been observed that this is not always the case, 
and authors present results that differ from each other, finding signifi
cant differences between each other’s expressions. Still, although the 
resulting values are different, it can be stated that the general trends 
hold, as they are made of different combinations of materials, and these 
alloys tend to make the trends more stable. In most cases, the DH/DD 
ratio decreases very slowly with increasing temperature for these steels 
and ΦH/ΦD ratio also decreases but in a more abrupt way. 

The same happens with other metals, showing similar tendencies 
between them in some occasions. This phenomenon occurs more 
strongly in studies carried out directly with simple elements, as in the 
case of nickel, where it can be observed that the lines are practically 
overlapped in some cases, being highly coincident diffusivities of [26, 
41,43,52]. Consequently, it could be said that, although the classical 
relationship is not fulfilled in these cases, the difference with respect to 
this one is coincident and therefore could be closely linked to the type of 
material tested. 

Table 2 
Isotope ratios for diffusivity from published works.  

ISOTOPE RATIO [-] MATERIAL REF T◦ [K] Method 

DH/DD=1.51exp(1.85 × 103/ 
RT) 

304 SS (H. Katsuta, 1981, 304 SS) [32] 812–1190 Permeation test. Continuous Gas Phase Method 

DH/DD=1.61exp(0.72 × 103/ 
RT) 

310 SS (N. R. Quick, 1979, 310 SS) [33] 427–779 Permeation test. Continuous Gas Phase Method 

DH/DD=0.9exp(2.4 × 103/RT) 316 L SS (S.K. Lee, 2014, 316 L SS) [13] 623–1123 Permeation test. Continuous Gas Phase Method 
DH/DD=1.15exp(0.3 × 103/RT) 316LN SS (W.J. Byeon, 2020, 316LN SS) [35] 433–873 Permeation test. Continuous Gas Phase Method 
DH/DD=1.19exp(0.75 × 103/ 

RT) 
RAFM 8% CrWVTa 
steel 

(G. A. Esteban, 2001, RAFM) [34] 423–892 Single isovolumetric desorption 

DH/DD=1.02exp(1.1 × 103/RT) Ti-RAFM (W.J. Byeon, 2020, Ti-RAFM) [36] 433–873 Permeation test. Continuous Gas Phase Method 
DH/DD=1.68exp(− 0.1 × 103/ 

RT) 
F82H RAM (E. Serra, 1998, RAM) [37,38] 373–743 Permeation test. Continuous Gas Phase Method 

DH/DD=1.38 F82H RAFM (Y. Xu, 2017, RAFM) [49] 423–773 Gas Driven Permeation test 
DH/DD=1.22exp(− 0.2 × 103/ 

RT) 
F82H steel (T.V. Kulsartov, 2005, F82H steel) [39] 473–873 Diffusion cell. Permanent outlet chamber pumping- 

out. 
DH/DD=1.54 SP- W coated F82H (Y. Xu, 2017, SP-W-F82H) [47] 473–823 Gas Driven Permeation test 
DH/DD=1.06exp(0.24 × 103/ 

RT) 
Fe (N.R. Quick, 1978, Fe) [40] 323–779 Permeation test 

DH/DD=1.42exp(− 1.2 × 103/ 
RT) 

Ni (S. J. Noh, 2014, Ni) [41] 473–973 Permeation test. Continuous Gas Phase Method 

DH/DD=1.40exp(− 1.1 × 10− 3/ 
RT) 

Ni (W. Eichenauer, 1965, Ni) [43] 663–933 Isovolumetric desorption 

DH/DD=1.31exp(− 0.7 × 103/ 
RT) 

Ni (Y. Ebisuzaki, 1967, Ni) [26] 473–693 Permeation test. Continuous Gas Phase Method 

DH/DD=1.34exp(− 0.19 × 103/ 
RT) 

Ni [27](L. Katz, 1970, Ni) 673–1273 Isovolumetric desorption 

DH/DD=1.3exp(− 0.8 × 103/RT) Ni (Y. Hayashi, 1985, Ni) [52] 523–974 Permeation test 
DH/DD=1.78exp(− 0.6 × 103/ 

RT) 
ELBRODUR G CuCrZr (S.J. Noh, 2016, ELBRODUR G CuCrZr)  

[44] 
573–873 Permeation test. Continuous Gas Phase Method 

DH/DD=1.64exp(− 1.22 × 103/ 
RT) 

Pd-Ag (E. Serra, 1998, Pd-Ag) [45] 323–773 Permeation test. Continuous Gas Phase Method 

DH/DD=2.12exp(− 2.3 × 103/ 
RT) 

Pd-Ag (M. Nishikawa, 1996, Pd-Ag) [46] 353–673 Co-current double tube method 

DH/DD=0.96exp(2.3 × 103/RT) Nb (G. Völkl, 1978, Nb) [24] Aprox 
123–1000 

– 

DH/DD=0.90exp(2.3 × 103/RT) Ta (G. Völkl, 1978, Ta) [24] Aprox 350–673 – 
DH/DD=0.8exp(3.7 × 103/RT) V (G. Völkl, 1978, V) [24] Aprox 123–773 – 
DH/DD=1.04exp(0.7 × 103/RT) W (G. A. Esteban, 2001, W) [48] 673–1073 Isovolumetric desorption 
DH/DD=0.534exp(11.4 × 103/ 

RT) 
W (H. Nakamura, 2001, W) [53] 525–715 Permeation test  
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However, it is also true that there are studies carried out with similar 
materials whose results show quite different isotope effects (such as W or 
[32] stainless steel comparing with the others), so it is undeniable that 
the ratio depends on other factors as well. 

5. Discussion 

To begin with this section, it will be stated that the isotopic ratio of 
permeabilities and diffusivities between protium and deuterium does 
not meet the classical value, and moreover, the published values differ 
considerably from each other. The reasons and possible explanations 
and factors that may affect this analysis will be discussed below. 

First of all, it is important to note that the fact that hydrogen has the 
highest possible isotopic mass ratio of all the elements among its various 
isotopes makes these effects considerable, as the effects are maximised 
[33,34]. Clearly, the greater the difference between the masses of the 
isotopes, the greater the deviations from the theories, and in the case of 
protium and deuterium, the latter has a mass that is two times larger. 

Moreover, the fact that permeability and diffusivity show opposite 

trends, (most permeability ratios are higher than √2 and most diffu
sivity ratios are lower) can be seen to mean that solubility would not be 
independent of atomic masses in this case, and would also be affected by 
the isotope effect, so that Eq. (6) is fulfilled. Therefore, it can be argued 
that this point of the classical theory would not be correct either, and an 
isotopic dependence would be found in all three cases, which would 
make the study and prediction of the values more difficult. 

Regarding the activation energies, if the data collected and plotted 
(Figs. 1 and 2) are analyzed, the classical prediction that activation 
energies are mass-independent is also wrong. This is an evident 
conclusion that can be confirmed, since otherwise a much more hori
zontal trend would be found for the curves drawn. But the most 
remarkable point is that the difference with respect to this indepen
dence, in the case of diffusivity, does not seem to be random. The up
ward and downward trend of diffusivity follows a common pattern: the 
dependence of diffusivity on isotopic mass is clearly correlated with the 
microstructure of the host metal. In order to see this difference in trends 
more visually, the figure of diffusivity ratios (Fig. 2) has been subdivided 
according to materials, thus creating Figs. 3 and 4. 

Fig. 1. Isotope Ratios for Permeability.  
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To check this, it is observed that, 100% of the tests performed with 
materials whose microstructure type is fcc (Pd, Ag, Ni, Cu alloys...), have 
a negative exponential factor in their isotope ratio equation, and 
therefore, resulting expressions increase with increasing temperature. 
The translation of this is, then, that in these cases, deuterium has a lower 
diffusion activation energy than protium, so the activation energies of 
diffusion decrease with the mass increase, and this would lead to an 
inverse isotope effect at low temperatures. Fig. 3 shows how in some 
cases of nickel, for example, deuterium would diffuse faster than 
hydrogen at temperatures below about 450 K if the lines shown were 
extrapolated [41,43] . 

In the works with materials with bcc microstructure (V, Nb, Ta, W) 
and most of the stainless steels analyzed (although not all), on the other 
hand (Fig. 4), the opposite trend is found. It appears the usual isotope 
ratio, in which deuterium will have a higher activation energy than 
protium in the whole temperature regime investigated, so larger acti
vation energies are observed for larger mass isotope. Consequently, 
diffusivity ratio expressions decrease with increasing temperature; 

therefore, the isotope ratio curves represented in this case show an up
ward trend. 

This conclusion is something already predicted by Völk [24]. Ac
cording to several authors [57–59], the reason for this opposite behavior 
between the two types of materials could be the preference of the 
interstitial solution site in each case, since in fcc structures the H atoms 
will mostly occupy the octahedral interstitial sites, and in bcc structures 
the tetrahedral ones. The minimum distance between two interstitial 
sites, according to this theory, is shorter for bcc (between 1.01 and 1.17 
Å), than for fcc (between 2.5 and 2.9 Å). A shorter distance can translate 
into a smaller activation barrier (less diffusion difficulties) and also 
easier tunnelling [24]. 

In any case, it is important to note the fully coincident behavior that, 
considering the experimental temperatures for which they have been 
tested, the higher the isotopic mass, the higher the diffusion energy in all 
the bcc materials included in this review. 

Apart from the trends described in relation to the microstructure, it 
can be categorically stated, after analysing a large number of studies 

Fig. 2. Isotope Ratios for Diffusivity.  
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carried out, that the classical ratio, in terms of absolute value, is not 
fulfilled in general either. In the case of the isotopic ratio of perme
abilities, the majority of cases have a value higher than the theoretical 
one: between 1.4 and 1.7 in 70% of the analyzed cases. 

For the diffusivities, the same can be said: the classical isotope ratio 
is not generally fulfilled. In this case, 65 % of the curves that represent 
the isotope effect take values between 1.1 and 1.4 for the tested 
temperatures. 

There are several theories that try to make sense of the large vari
ability of the existing results. 

According to some authors, the possible explanation is that the 
classical equation does not take into account some quantum effects [14], 
so it is logical that it does not fulfil in reality. Therefore, different 
quantum statistical approaches to the interaction between the diffusing 
atom and the host atom have been developed. Quantum effects in the 
harmonic approximation have been treated by several authors, such as 
LeClaire [60], Ebisuzaki [26] Franklin [61], Esteban [16,34,48,62–65], 
Byeon [36,44] or Nakamura [66]. It can be explained as follows: while 
the classical theory considered the possible energies of the H atom to be 
continuous, in fact the atom would only be able to occupy certain 
discrete energy states. Therefore, quantum-statistical partition functions 
were introduced into the description of the diffusion rate [65]. On this 
basis, an extrapolation model of the transport parameters of the isotopes 
was developed, in which the system can be solved using three values: 
either the diffusivities and solubilities of two isotopes (and deducing the 
values of the third), or the three diffusivities of the three isotopes (and 
deducing the solubilities of the three). 

However, this solution presents two disadvantages. On the one hand, 
data are usually available only for protium and deuterium, so it would 
be necessary to solve the system with the diffusivity and solubility values 
of both; thus, it is difficult to see how accurate the results are in 

predicting the characteristics of the third isotope, since there is nothing 
to compare with. Precisely, the need to reach relevant conclusions 
regarding the isotope effect comes from the need not to experiment with 
tritium, and therefore, if its values were needed to check such validity, 
this would be somewhat contradictory. On the other hand, Ebisuzaki 
developed this method based on nickel, a material with fcc micro
structure, and thus assuming diffusion as direct jumps from one octa
hedral site to another. Considering what has been observed when 
representing different materials and their different trends according to 
the microstructure presented, it would be totally incorrect to apply this 
model to other materials without adjusting this issue. 

In addition, looking at the results, one can also reflect on another 
idea. The existence of heterogeneities in the microstructure, such as 
grain boundary dislocations, inclusions, precipitates and other inherent 
imperfections in the material, give rise to so-called hydrogen traps. 
These are places where hydrogen is likely to be "trapped". The effect of 
traps, as logic dictates, increases the amount of gas absorbed, so their 
existence will lead to an increase in the Sieverts constant (Ks). At the 
same time, the transport dynamics will slow down, resulting in a 
decrease of the diffusivity (D); whereas, in theory, it does not affect the 
permeability [38,47]. The trapping phenomenon is more important at 
low temperatures (the limit is set at 573 K according to values obtained 
in various studies [36,65]) and, in fact, at sufficiently high temperatures 
its effect will be completely negligible [49]. Taking into account, 
therefore, that trapping will affect the diffusivity at these temperatures, 
it is evident that this is a factor that will affect the isotopic relationship 
between these quantities, and that it would therefore be necessary to 
take into account in the analyses prior to relating the equations of each 
of the isotopes themselves. Since the present work is a literature review, 
there is not enough data to carry it out, but it is necessary to emphasize 
the need to study it in order to obtain really accurate results. However, 

Fig. 3. Isotope Ratios for Diffusivity (Pd-Ag, Ni, Cu alloys).  
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looking at the results in Fig. 2, it can be seen how the experimental 
curves of different authors tend to have closer values to each other at 
higher temperatures and to deviate even more from each other at lower 
temperatures. 

In addition to the trapping effect on diffusivity itself, authors such as 
Nakamura [53] claim that in their tests, the isotope effect could also 
affect the trapping parameter and vice versa, so this could be one of the 
reasons for the observed isotope effect on diffusivity and a new line of 
research: the interdependence of isotope effect and trapping themselves. 
So far, there is no definite conclusion on the isotopic influence on 
trapping, but several general trends can be observed. In studies with bcc 
microstructures such as martensitic steels [16,36] or W [48], the trap
ping parameters turn out to have higher trapping energies for heavier 
isotopes; the same trend has been observed for the diffusion activation 
energies in most of these microstructures. No studies concerning this 
effect have been found for fcc microstructures. Therefore, although the 
relationship between the isotope effect and trapping is not very clear, it 
seems obvious that the latter should be taken into account when eval
uating the former, and therefore ignoring it could be another possible 
cause for the non-fulfilment of the classical value. 

To conclude, it should be noted that several global ideas can be ob
tained directly from the literature review. On the one hand, the classical 
ratio is not fulfilled between protium and deuterium: the permeability 
ratios take higher values than it and the diffusivities, lower; indirectly it 
is deduced that the Sieverts constant will not be independent of the 
isotopic ratio, contradicting the theory. In addition, it can be stated that 
the activation energies are not independent either, which translates into 

a dependence on temperature, sometimes high and sometimes weak. 
The relationship of trapping with temperature should be emphasized, 
since the diffusivity ratio curves tend to approach at high temperatures 
and disperse even more at low temperatures. 

As for the deviations, on the one hand, the direct relationship with 
the type of material is contrasted, since different authors publish very 
similar results analysing the same material. This is observed in the case 
of nickel [26,41,43,52] and steels [33,36–38]. However, there are also 
results that differ quite a lot from each other, even using the same ma
terial, which confirms the effect of other factors beyond the material 
itself in the study of the isotope effects. In addition to this, the rela
tionship of the deviations with the microstructure is contrasted, high
lighting again the total coincidence of the bcc materials. 

Finally, regarding these possible factors outside the type of material 
and its microstructure, which can no longer be obtained directly from 
the literature review, several ideas are proposed, such as the possible 
deviation due to quantum effects or the interdependence of the trapping 
with the isotope effect. 

6. Conclusions 

Thanks to the present work, it can be stated that although the clas
sical isotope ratio has been used for years to relate the transport pa
rameters of different isotopes, this prediction is not always correct, at 
least in the case of hydrogen. The theory is not fulfilled neither in terms 
of its absolute value(

̅̅̅
2

√
), nor in terms of no effect on solubility, nor in 

terms of the independence of the activation energies. Moreover, in 

Fig. 4. Isotope ratios for Diffusivity (V, Nb, T, Fe, W and steels).  
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general, the permeability ratios take higher values and the diffusivities 
lower. 

In addition, it can be confirmed that this relationship varies 
depending on the material used, finding similar trends between the same 
metals published by different authors. Additionally, the idea of the 
opposite trends of the diffusivity ratios when comparing fcc and bcc 
materials and the complete coincidence in bcc stands out. 

However, by finding different values for the same materials, it is 
confirmed that there are more factors that may be affecting the isotope 
effect, and that this does not depend only on the material or its micro
structure. On the one hand, it could be due to the inaccuracy of the 
classical theory due to quantum effects, as some authors have expressed. 
On the other hand, the interdependence in itself of the trapping with the 
isotope effect, especially at low temperatures: considering that, the 
isotopic ratio clearly depends on the temperature and the trapping as 
well, it is important to take into account this possibility. In this aspect, it 
should be emphasized the tendency of the curves to approach each other 
at high temperatures and to disperse even more at low temperatures, 
which could be related to the trapping effect, since it is known that its 
affection occurs at low temperatures. 

These concepts are proposed as possible explanations and starting 
points for future studies in the field of the isotope effect, emphasizing the 
material and microstructure factor, which is the one demonstrated by 
the present literature review. Therefore, the study of the same material 
independently is proposed, in order to eliminate this variable and to be 
able to analyse in detail the effect of other factors. 
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