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Introduction
Tritium is a widely used hydrogen isotope with applications 
ranging from nuclear fusion to use as a radioactive label in 
the development of drugs.1 When exposed to metal surfaces, 
tritium will undergo isotopic exchange with any hydrogen-con-
taining species adsorbed on the surface, such as small organic 
molecules and water.2 Because of this effect, the surface layer 
of an adsorbed material can contain large concentrations of 
tritium.3 Tritium also dissolves in metal lattices,4–6 where it 
occupies interstitial lattice sites, vacancies, etc. Tritium con-
centrations within the metal lattice are much lower than the 
corresponding surface concentrations. 

Once removed from the tritium-gas environment, a con-
taminated metal will continue to outgas tritium for prolonged 
periods of time.7 During this outgassing process, tritium first 
desorbs from the surface; then the tritium present in the metal 
lattice replenishes the depleted surface activity. Surface replen-
ishment is diffusion limited and assumed to be much slower 
than tritium outgassing under ambient conditions. 

The absorption of hydrogen isotopes by metals is preceded 
by adsorption onto the metal surface. While adsorption is a key 
step in the overall absorption of tritium, several fundamental 
aspects of the process remain unknown. A better understand-
ing of the physical processes could lead to the development 
of effective tritium adsorption/absorption barriers, which is 
of particular interest for nuclear fusion reactors and a future 
hydrogen economy. 

The present study has measured the replenishment of surface 
activity on stainless-steel 316, aluminum 6061, and oxygen-free, 
high-conductivity (OFHC) copper by selective removal of sur-
face-bound tritium using an argon plasma. The migration of tri-
tium to the surface is calculated with a diffusion model developed 
by the authors. This model calculates the solubility of tritium 
on the surface of each metal and the plasma-removal efficiency.

Experimental Setup and Procedures
Metal samples, with dimensions of 5.1 # 1.8 # 0.3 cm, were 

charged with tritium by exposing them to +1 atm of deuterium–
tritium (DT) gas at 25°C. Table 141.IV details the exposure 
conditions. The loading apparatus contained multiple slots, 
which allowed for simultaneous loading of a set of samples 
while keeping each sample separate from its neighbors. Two 
different sets of samples were charged with tritium and then 
stored in a helium environment. The first set of samples con-
tained only stainless steel; these samples were stored together 
in the same metallic container until each experiment. Indi-
vidual samples were removed using a glove bag to retain the 
helium environment in the storage vessel. The second loading 
set contained stainless steel, copper, and aluminum samples. 
These samples were stored in individual containers until each 
experiment, which eliminated the use of a glove bag. Each 
sample was exposed to laboratory air briefly while loading it 
into the plasma chamber. 

Several samples from each set were subjected to thermal 
desorption to determine the total activity.8 Set #1 samples 
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Table 141.IV:	 Sample loading conditions. Samples were stored under helium. Set #1 
samples were stored in the same container and removed using a glove bag; 
Set #2 samples were stored in separate containers.

Set Time (h)
DT 

 pressure 
 (Torr)

T:D 
 ratio

Storage 
time Metal

1 3 686.8 45% 3.5 yrs Stainless-steel 316

2 24 659.0 39% #36 days
Al, Cu, stainless-

steel 316
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contained +200 nCi, whereas Set #2 samples contained 700 to 
900 nCi, depending on the metal type. 

Each sample was suspended inside a 2-L vacuum chamber 
that was purged with a flowing stream of argon at a pressure 
of 8 Pa (Fig. 141.57). A Tonks–Langmuir plasma9 was ignited 
by passing a 13.56-MHz alternating current through a copper 
coil wrapped around the exterior of the glass vacuum chamber. 
Argon ions generated in the plasma were assumed to have a 
Maxwellian distribution with an average temperature of 298 K. 
These ions were accelerated toward the metal samples after 
crossing a sheath surrounding the sample to strike the surface 
with an energy of the order of 10 eV. The ion impact sputtered 
tritiated compounds from the surface. Tritium removed from the 
samples was monitored downstream of the vacuum chamber in 
real time by using an in-line tritium monitor (TM).10

The sample temperature was measured using an uncontami-
nated metal sample. The temperature increased by less than 
1°C during 2-s plasma exposures. All samples were assumed 
to remain at room temperature throughout the decontamina-
tion sequence.

Between each plasma exposure, the sample was kept under 
the argon flow for various dwell periods. A layer of water 

redeposited on the metal surfaces during these dwell periods 
within 0.5 s because the base pressure of the vacuum system 
was of the order of 1 Pa. 

The tritium diffusion rate in the three metals is low at room 
temperature. The mean distance that a triton will travel through 
the metal lattice is

	 ,x D t4 ) )= 	 (1)

where D is the bulk diffusion coefficient assumed to be constant 
during the plasma exposure time t. Using the best-fit values 
for solubility and diffusivity for each metal (discussed in the 
Appendix, p. 69), the maximum amount of activity from the 
bulk that could be released during a plasma exposure is cal-
culated by

	 ,A x SA S N) ) ) ) m= a 	 (2)

where SA is the surface area of the sample, S is the molar tritium 
concentration in the bulk at the end of the storage period, m is 
the decay constant for tritium, and Na is Avogadro’s number. 
The estimates are compared against the activity Adata removed 
during the first plasma exposure of each metal in Table 141.V 
and show that the triton contribution from the bulk to the total 
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Figure 141.57
Diagram of the plasma system. Two gas lines 
are necessary for operating the tritium monitor 
(TM). A humid purge line reduces the memory 
effect of tritium in the TM. An additional dry 
purge line reduces the residence time of gas in 
the TM. rf: radio frequency.

Table 141.V:	 Calculated maximum activities Acal that can be removed dur-
ing a single plasma exposure, assuming the surface and bulk 
metal concentrations are in equilibrium.

Metal GxH (nm) Acal (nCi) Adata (nCi)

Aluminum 7.97 3.1 21!6

Copper 1.04 0.4 31!6

Stainless-steel 316 0.06 0.5 52!6
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activity released in the first plasma exposure is 15%, 1%, and 
1% for aluminum, copper, and stainless steel, respectively.

These 2-s exposures provided a controlled method for selec-
tive removal of surface-bound tritium without any significant 
contribution from the bulk. Table 141.V indicates that for all 
metal samples, the maximum activity released from the bulk 
during a 2-s plasma exposure is expected to be small compared 
to the activity present on the surface and is below the resolu-
tion of the experiment. Triton contributions from the bulk to 
the total activity released from a sample during a 2-s exposure 
are neglected in the analysis that follows. 

Results
Tritium release from stainless-steel surfaces during a series 

of 2-s plasma exposures is shown in Fig. 141.58 on a log–log 
plot for both loading sets. The initial activity present on each 
surface determines the magnitude of the activity removed dur-
ing each exposure series. Set #2 samples, which are loaded for 
a longer time and stored for a shorter time, have more surface 
activity than samples from Set #1. The trend in the quantity of 
activity removed with each successive plasma exposure appears 
similar for both sets, even though the initial activity removed 
from each sample differs.

To compare the activity-removal trends for each sample, the 
dependence on the initial activity was removed by normalizing 
the data to the initial activity removed in each series of plasma 
exposures. This was done by dividing each data series by the 
initial activity removed. The normalized data are replotted 
in Fig. 141.59. These data indicate that the trend in activity 

removed in sequential exposures does not depend on either the 
loading conditions or the storage time. 

Figure 141.60 illustrates the dependence of the normalized 
amount removed on the dwell period between plasma shots. 
The dwell period between plasma exposures of stainless-steel 
samples was varied between 10 to 100 min for samples from the 
first loading set but was fixed at a constant 20 min for the sec-
ond set of samples. This plot compares the response from two 
samples for clarity; it is representative of all the other data sets. 
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Figure 141.59
Activity removed from stainless steel in sequential exposures. The data were 
normalized to the initial activity removed for samples charged with DT under 
different conditions.
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Figure 141.60
Dependence of activity removed from stainless-steel samples on variable 
dwell periods between plasma shots. A 20-min dwell period was used for the 
sample from Set #2 (red squares). The dwell period for the second sample 
(blue diamonds) varied between 18 and 44 min.

Figure 141.58
Activity removed from stainless-steel samples during a series of 2-s plas- 
ma exposures.
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Decreasing the dwell period from 100 min to 10 min had no 
effect on the dependence of the normalized amount of activity 
removed with successive plasma exposures.

Normalized activities removed by sequential 2-s plasma 
exposures from aluminum and copper surfaces are compared 
to stainless steel in Fig. 141.61. Within experimental error, the 
same trend is observed in both aluminum and copper as in 
stainless steel.
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Figure 141.61
Comparison of the dependence of normalized activity removed from alumi-
num, copper, and stainless-steel samples on sequential plasma exposures for 
samples from Set #2

Discussion
Tritium dissolves in metals by dissociating into atoms and 

then occupying interstitial locations, defect sites, and grain 
boundaries within the bulk metal.11,12 On the surface, tritium 
atoms isotopically exchange with protons present in adsorbed 
water layers. An illustration of the tritium-metal system is 
shown in Fig. 141.62. The metal-oxide layer, which forms 
between the hydroxyl layer and metal surface, has been omitted 
for simplicity. The hydroxyl groups bound to the bulk metal 
have spacing equal to the metal lattice parameter. This spacing 
arises because the oxygen atoms in the hydroxyl ion bind to a 
location directly on top of each metal center.13

The first layer of molecular water to adsorb is rigidly proton 
bonded to the hydroxyl layer.14 This layer is not removable by 
purging with a dry gas alone.15 Subsequent layers of adsorbed 
water become more mobile as the number of layers increases. 
The overall number of water layers on the metal surface is 
determined by an isotherm16–18 that correlates with the water 
vapor pressure present over the metal surface, the metal in ques-
tion, and the ambient temperature. The isotopic composition of 

these outer layers of water is not expected to depend strongly 
on the substrate metal. 

Short plasma exposures remove the tritium-rich water layers 
from the metal surface. Between plasma exposures, these water 
layers are quickly replaced by tritium-free water, as discussed 
above. During the dwell period, tritium is expected to migrate 
into the newly adsorbed water layers on the surface, driven by the 
tritium concentration gradient across the surface/bulk interface. 

Three potential mechanisms may account for the tritium 
released during a series of plasma exposures: 

1.	 The removable tritium inventory resides in the water/oxide 
layers and re-equilibrates within those layers during the 
dwell period.

2.	 Tritium migrates from the bulk into the surface layers at a 
constant rate.

3.	 The surface layers are replenished with tritium by Fickian 
diffusion from the bulk.

The predicted amount of activity removed in sequential 
plasma exposures based on each of these scenarios is compared 
against experimental data in Fig. 141.63.
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Illustration of the surface structure present on metals, including potential 
tritium locations within each media but excluding the native oxide layer 
between the base metal and the hydroxyl layer.
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If the entire tritium inventory released during the plasma-
exposure sequence resides in the water layer on the metal 
surface, the amount of activity removed during a sequence 
should follow the relation

	 ,R A 1i
i

0
1) )- f f= -^ h 	 (3)

where A0 is the initial surface activity, i is the plasma-exposure 
number, and f is the plasma-removal efficiency. The efficiency 
f represents the fraction of tritium removed during a plasma 
exposure and is assumed to be constant throughout a series of 
exposures. This activity removal rate grossly underpredicts the 
experimental data shown in Fig. 141.63 and suggests that there is 
a replenishment of tritons from the bulk during the dwell period. 

Including a constant rate of tritium migration from the 
bulk metal to the surface during the dwell period, the activ-
ity removed in the series of plasma exposures can be repre-
sented by

	 ,A A C1i i 1 ) - f= +- ^ h 	 (4)

	 ,r Ai i 1 ) f= - 	 (5)

where C is the amount of tritium migrating into the surface 
during a constant dwell period, Ai is the activity remaining 
after each plasma exposure, and ri is the activity removed dur-
ing exposure i. 

Figure 141.63 shows that this calculation also underpredicts 
the activity removed during an exposure sequence, albeit to a 
lesser extent than that predicted by Eq. (3). In addition, after the 
eighth exposure, the calculated activity removed approaches a 
limiting value—a behavior that is not observed experimentally. 

Figure 141.63 shows that the best fit to the data occurs for the 
third scenario, in which the surface is replenished with tritium 
by Fickian diffusion from the bulk. In this case, the quantity 
of activity removed during a plasma exposure is given by the 
residual surface activity and the quantity of activity that dif-
fused into the surface layer during the dwell period:

	 ,A A F SA t1i i 1 ) ) ) )- -f fD= - ^ h7 A 	 (6)

where Ai is the activity removed during exposure i, F is the dif-
fusion flux 2 2,c x t x2 2_ i9 C at the surface/bulk interface, SA is 
the sample surface area, Dt is the dwell period between plasma 
exposures, and f is the plasma-removal efficiency.

In this case the tritium migration rate to the surface was 
estimated by calculating the concentration profiles throughout 
the metal. These profiles were calculated assuming Fickian 
diffusion19 and take several factors into account:

1.	 There is a metallurgical bond between the surface layers 
and the bulk metal.

2.	 The rate at which the samples incorporate tritium during 
loading is also limited by diffusion into the metal. 

3.	 Tritium equilibrates within the bulk during the storage time 
between loading the samples and exposing the plasma.

4.	 Tritium-concentration profiles beneath the water layer 
develop in the bulk metal as the tritons are transferred from 
the bulk to the water layer.

Triton diffusion from the bulk to the water layer must cross 
the surface/bulk interface. Assuming that there is a metallurgi-
cal bond between the metal substrate and the water layer closest 
to the metal surface, the tritium concentrations on either side 
of the surface/bulk interface are related through the ratio of 
their respective solubility as shown in Eq. (7):

	 .C S

S
C S Csurface

bulk

surface
bulk bulk) )= = 	 (7)

Figure 141.63
The plot compares different triton-accumulation scenarios in the water layer 
on a Set #2 stainless-steel sample. All calculations assumed a plasma effi-
ciency of 65%. Error bars reflect the observed spread in the data.
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Simulating the model to predict the quantity of tritium 
removed involved three phases: sample loading, sample storage, 
and plasma exposures. The surface concentration was estimated 
using the tritium partial pressure over the metal samples assum-
ing it to be saturated and fixed for the duration of the loading 
phase. Plasma exposures were assumed to remove a constant 
amount of water from the surface. However, the activity of the 
surface water depended on the tritium concentration in the bulk 
at the surface/bulk interface. Finally, no tritium was assumed 
to be lost during the dwell period between plasma exposures 
or during sample storage.

Typical calculated tritium-concentration profiles imme-
diately following each exposure for a sequence of plasma 
exposures are shown in Fig. 141.64 on a semi-log plot. These 
particular profiles were calculated for an aluminum sample 
from Loading Set #2 (Table 141.VI). Only the profiles after 
plasma exposures 1, 3, 5, 7, and 9 are shown for clarity. Given 
the high diffusivity of aluminum at room temperature, the 

initial concentration profile in the bulk metal reached steady 
state during the storage period prior to the first plasma expo-
sure. During the 20-min dwell period between each plasma 
exposure, the concentration gradient in the bulk relaxed over 
time as tritons migrated to the surface. 

In the model, the sample recovers from each plasma 
exposure by repopulating the tritium-deficient water layer 
with tritons from the bulk near the interface, as illustrated in 
Fig. 141.65, in an effort to re-establish the surface concentra-
tion specified by Eq. (8). However, since the tritium migra-
tion rate is diffusion limited, the tritium concentration in the 
water layer cannot return to its original value within the dwell 
period. By the ninth exposure, the surface tritium concentra-
tion has dropped from its original value of 15.2 kmol T/m3 to 
0.6 kmol T/m3. The corresponding bulk concentration at the 

Table 141.VI:	 Lattice diffusivity and solubilities calculated from 
a collection of literature references. Values reported 
here are for 25°C.

Metal
Diffusivity 

(m2/s)
Solubility 

(mol T/m3/atm1/2)

Aluminum 7.95 # 10–12 0.044

Copper 1.32 # 10–13 0.220

Stainless-steel 3.76 # 10–16 2.020

Figure 141.64
Calculated tritium-concentration profiles in aluminum after plasma exposures 
1, 3, 5, 7, and 9. The initial profile prior to the first exposure is also shown.

Figure 141.65
Evolution of tritium-concentration profiles during the dwell period after 
plasma exposures (a) #1 and (b) #3. The insets show the increase in surface 
concentration during each dwell period.
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interface has dropped from 7.2 mmol T/m3 to 0.3 mmol T/m3, 
at which point the perturbed concentration depth profile extends 
+75% to the center of the sample. 

The diffusivity and solubility for each metal at 25°C are 
provided in Table 141.VI. These values represent the “best fit” 
computed from a compilation of literature references that are 
discussed in the Appendix (p. 69). 

As an aside, extrapolating the lattice solubility of copper from 
high-temperature data ($200°C) to room temperature underpre-
dicts the effective hydrogen solubility in copper. The effective 
solubility is dominated by the significant number of shallow 
traps, defects, and vacancies present in copper.20–22 Since the 
hydrogen binding energies in copper at defect sites and octahe-
dral sites are similar,23 the effective hydrogen diffusivity through 
copper at temperatures below 200°C does not deviate from the 
Arrhenius behavior extrapolated from higher temperatures.24

The model was fit to the data by varying both the plasma-
removal efficiency and the surface-to-bulk solubility ratio. The 
results of the fits for the three metals are shown in Table 141.VII. 
Published isotherms were used to determine the water-layer 
thickness, but the values reported here include an additional 
proton-bonded monolayer, as discussed above. A graphical 
comparison between the model predictions and data is provided 
in Fig. 141.63.

Table 141.VII:	 Solubilities for tritium in the water layer on metal 
surfaces as derived from model fits to experimental 
data. Surface thicknesses of the water layers were 
calculated from the water isotherms published for 
these metals. 

Metal
Surface 

thickness 
(nm)

Surface-layer 
solubility 

(kmol T/m3)

Plasma- 
removal 

efficiency

Aluminum 0.54 53!2.0 0.85!0.05

Copper 0.54 50!1.0 0.56!0.05

Stainless-steel 0.92 17.5!0.3 0.66!0.05

The surface solubilities for each metal reported in 
Table 141.VII were calculated from the bulk metal solubil-
ity and the solubility ratio provided by Eq. (8). The surface 
solubilities for all three metals are similar, as expected. 
Additionally, they are less than the absolute maximum, which 
is estimated to be .100 kmol/m3. The absolute maximum is 
calculated by counting the total number of protons on the 
surface for a given relative humidity:

	 .S S Ssurface bulk)= 	 (8)

Figure 141.66 shows the effect of varying the plasma-
removal efficiency from 0.60 to 0.70 while holding the solubility 
ratio constant in the diffusion model. In this figure, the model 
is compared against a representative data set for a stainless-
steel sample from Loading Set #2. The error bars reflect the 
observed spread in the data reported in Fig. 141.59 and do not 
include systematic errors in the data. This analysis suggests 
the removal efficiency is known to within !5%. Tritium is 
removed from aluminum surfaces with the highest efficiency, 
while removal from copper surfaces is the lowest. 
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Figure 141.66
Comparison of the normalized activity removed from a Set #2 stainless-steel 
sample with the model for various plasma efficiencies. Data are shown as 
square points. 

Conclusions
The experimental data show that low-pressure argon plasma 

is an effective tool in studying how tritium migrates from the 
bulk to the surface as tritium is removed from metal surfaces. 
Tritium is removed in decreasing quantities with successive 
plasma exposures, which suggests a depletion of the surface and 
near-surface tritium inventories. This trend in activity removed 
does not depend on dwell periods of less than 100 min, loading 
and storage conditions, or substrate metal. 

The output of the diffusion model presented here confirms 
previous findings that the water layers on a metal surface pro-
vide a huge storage capacity for tritium. The concentration ratio 
across the water layer/bulk metal interface is uniquely deter-
mined by the solubility ratio across this interface. Perturbing 
the surface concentrations of tritons by replacing a tritium-rich 
water layer with a tritium-free water layer induces the tritium-
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deficient water layer to “pump” tritium from the bulk to the 
surface in an effort to re-establish its previous equilibrium 
state. This process is driven by a concentration gradient that 
develops in the bulk because of the perturbation.

The model effectively describes triton transport into and out 
of stainless steel, aluminum, and oxygen-free, high-conductiv-
ity copper when these metals are exposed to a tritium partial 
pressure at room temperature:

1.	 The surface water layer rapidly saturates with tritium to 
values that are determined by the exposure conditions.

2.	 The bulk metal accepts tritium from the saturated tritium-
rich water layer on the surface at a rate determined by the 
diffusivity of the base metal.

3.	 The surface tritium concentration equilibrates with the bulk 
concentration to a unique value determined by the metal 
solubility for hydrogen.

4.	 Tritium transport from the bulk can be encouraged via lat-
tice diffusion or shallow traps by replacing the tritium-rich 
water layers on the surface with tritium-deficient water 
layers. This transport rate is determined by the diffusivity 
of the base metal.

Comparing the model predictions with data suggests that 
the tritium-concentration equilibration time constant within 
the water layers on the surface of these metals is significantly 
shorter than expected from the diffusivity in the bulk metal.

Appendix
The diffusivity and solubility have been measured for 

hydrogen isotopes in aluminum, copper, and stainless steel by 
a large number of investigators. Their data have been compiled 
in Tables 141.VIII-141.XIII below for each of the three met-
als of interest. The tables provide the pre-exponent, activation 
energy, and the temperature range over which the investiga-
tion was carried out. Additionally data have been plotted in 
Figs. 141.67-141.72 for each metal using the values in the tables 
in the following equation:

	 exp ,x T x R T

E
0 ) )

-=
a_ di n 	

where Ea is the activation energy in kJ/mol, x0 is the frequency 
factor in m2/s for diffusivity, and mol/m atm3 )  for solubility.

The “best-fit” values for diffusivity were determined by 
fitting the Arrhenius equation to the collection of data by 
varying the activation energy and frequency factor. The best-fit 
(average) values are presented in Tables 141.VIII–141.X. Best-fit 
curves using these values are plotted in Figs. 141.67–141.69. 

The best-fit values for solubility were determined by com-
puting the mean activation energy and frequency factors for 
each metal and are shown in Tables 141.XI–141.XIII. Best-fit 
curves using these values are plotted in Figs. 141.70–141.72. 
This approach yielded a better representation for the best-fit 
solubility curves for each metal than using a fitting routine as 
was done for determining the best-fit diffusivity values. 

Several of the references in this collection were not 
included when the best fits were calculated because the data 
did not follow the same trend established by the remaining 
collection. The omitted references are highlighted in the 
tables and relevant figures. Three references were excluded 
from the collection of diffusivity values in aluminum. Two of 
these datasets were several orders of magnitude smaller than 
the rest of the collection. The third data set used an activation 
energy that differed considerably from other investigators. 
The higher activation energy suggests that trapping may 
have played an important role in the samples used by these 
investigators when measuring the hydrogen diffusivities in 
stainless steel.

The collection of solubility measurements for the three 
metals showed considerably more spread than the diffusivity 
measurements and points to the sensitivity between hydrogen 
solubility and the actual character of the bulk metal. While this 
spread is significant, the reported values for stainless steel and 
copper follow a similar trend. Although the frequency factor 
varies from study to study, the reported activation energies are 
similar. All references collected for stainless steel and copper 
were used to determine the best-fit values. Published measure-
ments for hydrogen solubility in aluminum are considerably 
more sparse. Additionally, these studies use very different 
activation energies for hydrogen diffusion in aluminum. These 
best-fit values were computes with preference given to the 
most-recent studies. 

Reiter et al.,25 and more recently Causey et al.,20 reviewed the 
tritium interactions with metals for fusion applications. There is 
good agreement between the Causey’s best-fit datasets and the 
one presented here with exception to hydrogen diffusivities in 
copper and aluminum and the hydrogen solubility in aluminum. 
The differences are attributed to the size of the datasets used. 
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Figure 141.67
Collection of diffusivities for hydrogen isotopes 
in aluminum.

The hydrogen solubility values reported in Tables 141.XI- 
141.XIII below are calculated from measurements at elevated 
temperatures where hydrogen dissolution in the crystal lattice 
dominates. Contributions from vacancies, traps, and grain 
boundaries tend to be minor. Extrapolation from these tem-
peratures, typically above 150°C, to room temperature can 
underpredict the actual hydrogen solubility, particularly in 
metals with low lattice solubilities like copper where the bind-
ing energies at the trap sites are similar to the binding energy 

within the lattice.20,22,23 The effective hydrogen solubility 
in copper has been estimated to be of the order of 1000# the 
lattice solubility extrapolated from high temperatures to room 
temperature for the calculations used in this article. 

Two observations suggest that the extrapolation of the 
hydrogen solubility at copper lattice sites from higher temper-
atures to room temperature underpredicts the actual solubility 
at room temperature. First, using a value based solely on lat-
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Table 141.VIII:  Literature collection of diffusivities for aluminum.

Frequency factor 
(m2/s)

Activation energy 
(kJ/mol)

Temperature range 
(°C)

Author (year)

1.1 # 10–5 40.9 360 to 630 Eichenauer (1961)26

1.4 # 10–6 35.7 200 to 560 Furuyama (1986)27

1.75 # 10–8 16.2 30 to 600 Young (1998)12

12 140.0 400 to 530 Ransley (1955)28

2 # 10–6 50.2 570 to 630 Matsuo (1967)29

2.5 # 10–6 90.0 450 to 590 Papp (1977)30

4.58 # 10–6 37.0 300 to 640 Ichimura (1979)31

1.9 # 10–5 40.0 450 to 590 Papp (1981)32

1.30 # 10–3 67.0 375 to 450 Csanady (1981)33

1.01 # 10–5 47.7 450 to 625 Outlaw (1982)6

2.6 # 10–5 58.7 300 to 400 Hashimoto (1983)34

6.1 # 10–5 54.8 173 to 408 Saitoh (1994)35

9.2 # 10–5 55.25 12 to 55 Ishikawa (1986)36

2 # 10–8 16.0 — Causey (2009)20

1.45 # 10–6 30.0 — Average
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Figure 141.68
Collection of diffusivities for hydrogen 
isotopes in copper.

tice solubility suggests the total initial surface activity will be 
0.39 nCi for the exposure conditions discussed here. However, 
the actual activity removed during the first plasma exposure of 
a copper sample was tenfold higher, 31.4!0.6 nCi. Secondly 
the total tritium inventory within the copper estimated from 
lattice solubility underpredicts the amount released when the 
metal is heated to high temperatures. The total activity in the 
bulk was calculated by integrating the concentration profile 

Table 141.IX:  Literature collection of diffusivities for copper.

Frequency factor 
(m2/s)

Activation energy 
(kJ/mol)

Temperature range 
(°C)

Author (year)

2.26 # 10–7 29.3 227 to 927 Tanabe (1984)4

6.12 # 10–7 36.5 450 to 925 Katz (1971)37

6.6 # 10–7 37.4 470 to 1200 Reiter (1993)25

7.3 # 10–7 36.8 450 to 925 Katz (1971)37

6.2 # 10–7 37.8 430 to 640 Eichenauer (1965)38

6.8 # 10–6 47.3 250 to 500 Ransley (1955)28

1.06 # 10–6 38.5 200 to 440 Perkins (1973)39

1.13 # 10–6 38.9 450 to 925 Katz (1971)37

1.15 # 10–6 40.8 430 to 640 Eichenauer (1965)38

1.06 # 10–6 38.4 200 to 440 Guthrie (1974)5

1.1 # 10–6 38.5 270 to 650 Eichenauer (1960)40

8.2 # 10–8 23.3 230 to 830 Furuyama (1986)27

9.0 # 10–7 43.5 –13 to 727 Hagi (1986)41

2.74 # 10–4 56.8 26 to 49.5 Ishikawa (1985)24

1 # 10–6 38.5 — Causey (2009)20

7.9 # 10–7 38.6 — Average

resulting from the semi-infinite solution to the diffusion 
equation. This solution used a fixed, saturated concentration 
at the surface/bulk interface, the mean diffusivity, and the 
mean lattice solubility. Summing the calculated bulk and 
surface activities yielded 109 nCi, which is 8# lower than 
the measured total activity of 810 nCi. Hydrogen storage in 
defect sites in the copper bulk dominates the amount stored 
within the lattice.
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Table 141.X:  Literature collection of diffusivities for stainless-steel 316.

Frequency factor 
(m2/s)

Activation energy 
(kJ/mol)

Temperature range 
(°C)

Author (year)

1.8 # 10–6 52.7 25 to 222 Austin (1972)42

5.9 # 10–7 51.9 500 to 1200 Reiter (1993)25

6.32 # 10–7 47.8 227 to 927 Tanabe (1984)4

7.3 # 10–7 52.4 276 to 692 Grant (1988)43

4.2 # 10–6 64.0 330 to 580 Sugisaki (1985)44

1.74 # 10–6 52.8 300 to 600 Tanabe (1979)45

3.82 # 10–7 45.5 250 to 600 Forcey (1988)46

4.7 # 10–7 46.3 150 to 450 Hashimoto (1985)47

4.79 # 10–7 51.59 230 to 440 Li (1989)48

1.3 # 10–6 54.0 600 to 900 Kishimoto (1985)49

1.2 # 10–5 85.0 227 to 757 Dolinski (2000)50

4.7 # 10–7 54.0 200 to 400 Louthan (1975)51

2 # 10–7 49.3 — Causey (2009)20

7.2 # 10–7 52.9 — Average
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Figure 141.69
Collection of diffusivities for hydrogen isotopes 
in stainless steel.
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Table 141.XI:  Literature collection of solubilities for aluminum.

Frequency factor  
(mol/m3/atm1/2)

Activation energy  
(kJ/mol)

Temperature range 
(°C)

Author (year)

3954 27.4 400 to 630 Eichenauer (1968)52

4878 29.7 400 to 630 Eichenauer (1968)52

400 63.9 200 to 630 Ichimura (1979)31

111 58.2 400 to 600 Eichenauer (1960)40

7 17.3 465 to 620 Ransley (1948)53

15 39.7 — Causey (2009)20

4416 28.5 — Average
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Figure 141.71
Collection of solubilities for hydro-
gen isotopes in copper.

Table 141.XII:  Literature collection of solubilities for copper.

Frequency factor 
(mol/m3/atm1/2)

Activation energy 
(kJ/mol)

Temperature range 
(°C)

Author (year)

1674 40.0 430 to 635 Eichenauer (1965)38

1435 38.0 430 to 635 Eichenauer (1965)38

6116 31.2 227 to 927 Tanabe (1984)4

1657 54.7 600 to 1027 McLellan (1973)54

118 36.0 270 to 650 Eichenauer (1960)40

211 37.7 400 to 1000 Sieverts (1929)55

627 37.6 287 to 727 Hagi (1986)41

252 38.9 — Causey (2009)20

1691 39.3 — Average
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Table 141.XIII:  Literature collection of solubilities for stainless steel.

Frequency factor 
(mol/m3/atm1/2)

Activation energy 
(kJ/mol)

Temperature range 
(°C)

Author (year)

89 12.1 300 to 600 Tanabe (1979)45

763 15.7 227 to 927 Tanabe (1984)4

477 18.5 250 to 600 Forcey (1988)46

353 15.7 276 to 692 Grant (1988)43

62 10.2 703 to 903 Sugisaki (1984)56

103 14.5 150 to 450 Hashimoto (1985)47

820 12.5 230 to 440 Li (1989)48

719 12.5 600 to 900 Kishimoto (1985)49

26 5 277 to 757 Dolinski (2000)50

262 13.1 227 to 927 Reiter (1993)25

85 6.9 — Causey (2009)20

342 13.0 — Average
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