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Abst rac t  

The present work surveys recent literature on hydrogen isotope interactions with Be, SS and 
Inconels, Cu, C, and V, and alloys of Cu and V. The goals are (1) to provide input to the 
International Thermonuclear Experimental Reactor (ITER) team to help with tritium source 
term estimates for the Early Safety and Environmental Characterization Study and (2) to 
provide guidance for planning additional research that will be needed to fill gaps in the present 
materials database. 

Properties of diffusivity, solubility, permeability, chemical reactions, Soret effect, 
recombination coefficient, surface effects, trapping, porosity, layered structures, interfaces, 
and oxides are considered. Various materials data are tabulated, and a matrix display shows an 
assessment of the quality of the data available for each main property of each material. 
Recommendations are made for interim values of diffusivity and solubility to be used, pending 
further discussion by the ITER community. 

The following values of tritium diffusivity and solubility are recommended: 

For polycrystalline beryllium: 
D = 6.7~10-9 exp(-0.294 eV/kT) m2/s (Abramov et al. 1990) 
S = 0.0578 exp(-1.0 eV/kT) atom fraction/Pa112 (Swansiger 1986) 

For Be0 
D = 1.1 9 ~ 1 0 - ~  exp(-l.335 eV/kT) (Longhurst et al. 1994) 
S = 1.25~10-~ exp(+0.8 eV/kT) atom fraction/Pa1/2 (Longhurst et al. 1994) 

m2/s 

For SS 316L: 
D = 5 . 9 ~ 1 0 - ~  exp(-0.54 eV/kT) m2/s (Reiter et al. 1993) 
S = 5 . 8 ~ 1 0 - ~  exp(-0.14 eV/kT) atom fraction/Pa1/2 (Reiter et al. 1993) 

For lnconel 625: 
D = 2 . 2 ~ 1 0 - ~  exp(-0.60 eV/kT) m2/s (Reiter et al. 1993) 
S = 2.2~1 0-6 exp(-0.11 eV/kT) (Reiter et al. 1993) 

D = 6 . 6 ~ 1 0 - ~  exp(-0.387 eV/kT) m2/s (Reiter et al. 1993) 
S = 3.70~10-5 exp(-0.572 eV/kT) atom fraction/Pal/2 (Reiter et al. 1993) 

atom fraction/Pa112 

For copper: 

For copper alloys: 
At the present time, there are no diffusivity and solubility data available specifically for the 
copper alloy under consideration for use in ITER. However, in section 4 of this report, 
we provide data from experimental testing of copper with various alloying elements, 
including Cr and Ti. This information can be used as a guide to estimate the diffusivities and 
solubilities for the ITER-relevant alloy. 

For isotropic graphite: 
D = 9.3~1 0-5 exp(-2.8 eV/kT) 
S = 6 . 4 ~ 1 0 - ~  exp(0.20 eV/kT) 
However, it would be better to look up values for the specific type of graphite used. 

m2/s. (Causey 1989a and Wilson 1991) 
atomic fraction/atm1I2 (Causey 1989a and Atsumi 1988) 



For vanadium: 
D = 5.6~10-8 exp(-0.094 eV/kT) m2/s 
S = 2.1 xl0-6 exp(-0.334 eV/kT) atom fraction/Pal/2 

(Reiter et al. 1993) 
(Reiter et at. 1993) 

For vanadium alloys: 
At the present time, there are no diffusivity and solubility data available specifically for the 
vanadium alloy under consideration for use in ITER. However, in section 6 of this report, 
we provide data from experimental testing of vanadium with various alloying elements, 
including Cr and Ti. This information can be used as a guide to estimate the diffusivities and 
solubilities for the ITER-relevant alloy. 
D = 1 .14x10m8 exp(-0.110 eV/kT) m2/s (V-15Cr-5Ti) (Reiter et al. 1993) 
D = 3.10~10-7 exp(-0.218 eV/kT) m2/s (V-20Ti) (Reiter et al. 1993) 

Areas needing additional research are discussed. 

... 
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1. introduction 

The International Thermonuclear Experimental Reactor (ITER) will demonstrate ignition and 
sustained burn of a deuterium-tritium plasma. To ensure the safety of the workers and public, 
thorough safety analyses are being done in conjunction with the ITER design. One key safety 
issue is the magnitude of the radioactive isotope source terms, such as tritium, that might be 
mobilized and released during an accident. The goal of the present work is to survey the 
available data on tritium properties in candidate ITER plasma facing materials (PFM), to assess 
the adequacy of the present database for ITER needs, and to point out areas where more 
information is needed. Other materials used in the blanket, shield, and elsewhere are beyond the 
scope of this assessment. The available data, especially those on beryllium, will be used in the 
tritium source term estimate for the ITER Early Safety and Environmental Characterization 
Study (ESECS). 

The word hydrogen as used here includes protium, deuterium, and tritium. The candidate PFM 
considered here are beryllium, stainless steel and Inconel, copper alloy, graphite, and 
vanadium. 

The following properties of hydrogen in materials are considered relevant to estimation of the 
potential ITER tritium source term. 

hydrogen diffusivity 
hydrogen soh bility 
thermal gradient driven diffusion (Soret effect) 
surface effects 
surface recombination coefficient 
surface dissociation coefficient 
trap site characterization and density 
effect of trap sites on permeation and retention 
material porosity vs. ion energy, flux, fluence, and specimen temperature 
permeation in layered structures 
trapping and permeation at interfaces between materials 
hydrogen diffusivities and solubilities for oxides of these materials. 

For each material, the English language literature has been surveyed to determine how well each 
of these data needs is satisfied by currently available information. The literature was gathered 
in three ways: 

(1) Using material already in our files and working back through literature cited there. 

(2) Using a computerized literature search of words in titles, key words, and abstracts 
via seven abstracting services. For example, for beryllium we used the Boolean string 

(beryllium) + (hydrogen or deuterium or tritium) 
+ (permea' or trap' or diffus' or solub' or retent' or recomb-), 

where denotes any following character string. 
This search turned up several hundred titles for beryllium, from which about 80 
abstracts were chosen for inspection. 
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(3) We requested information from 47 scientists working in this field and received 
responses from about half of them enclosing about 130 articles. 

Nevertheless, it is likely that we are still missing some significant references, and we invite 
further information from interested readers. 

The present work deals primarily with experimental data. Theoretical models of some hydrogen 
properties in materials are given by Alefeld & Volkl (1978) and LBsser (1989). The effect of 
stress gradients (Gorsky Effect) on tritium transport in PFM is not assessed here, and it 
remains to be studied in the future. An excellent review of tritium properties in fusion reactor 
materials was given by Reiter, Forcey and Gervasini (1 993). 

There are three regimes of transport in materials (Brice and Doyle 1984) distinguished by the 
transport parameter 

where $ = penetrating implantation flux, krl = front surface recombination coefficient, R = 
implantation range, D1 = diffusion coefficient at front surface. The regimes are: 

W > 1 : diffusion limited throughout, nearly linear concentration profile. (called DD) 

$a c W e 1: recombination limited at front, diffusion limited at back surface; concentration 
approximately uniform. (called RD) Here a is the effective ratio of implant depth to wall 
thickness, and y is the effective ratio of inner and outer surface recornbination coefficients. 

W c p a  - 
(called RR) 

recombination limited on both surfaces, concentration peak near x = R. 

These regimes are illustrated in Figure 1.1 

Computer codes like PERI, DIFFUSE, and TMAP4 can be used to estimate tritium inventory and 
permeation losses in experiments such as INTOR, JET, TFTR, ITER, and DEMO. (for example, 
see Wienhold, Waelbroeck, and Winter 1982) 

Hydrogen release from a surface is often governed by the surface recombination coefficient kr. 
It is best to use experimental values of kr, when available, keeping mind that surface conditions 
may vary widely from a laboratory experiment to a fusion reactor. If experimental data are 
lacking, then theoretical models may be used. Baskes (1980) and Pick & Sonnenberg (1985) 
derived equations for that coefficient. Richards (1 988) critically reviewed those two models 
and found some difficulties with the Baskes model. The Pick and Sonnenberg model is 
recommended here. For high surface coverage, the more general Richards model should be used. 
In view of the great variability of surface conditions, an order of magnitude accuracy would be 
considered good. 

In applying the Pick and Sonnenberg model care must be taken with the value of Ec. Setting Ec = 
0 may lead to results that are inconsistent with experimental data, as in Bsrgeson et al 
(1986). An example of fitting an appropriate value of Ec is found in Nagasaki et al. (1992). 
Most of the data can be described by a pre-exponential - 1018 cm4/s and an activation energy 
2Es-2Ec, with 0.03 eV c Ec e 0.57 eV.(P. Andrew and M. A. Pick, private communication, 
1994) The majority of the data from uncleaned surfaces have 0.35 eV e Ec c 0.57 eV. The 
value Ec = 0 is applicable only if the surface is perfectly clean. 
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Figure 1.1. The transport classification curve of Brice and Doyle (1984) for the parameters of 
SS 304 in the INTOR reactor. 

Roberto and Behrisch (1 984) discussed possible synergistic effects on hydrogen behavior in 
materials caused by the simultaneous influences of reactive ions, surface modification, 
temperature, radiation damage, and external fields. 

The results of this work are: 

* a section on each of the five PFM materials, including an assessment of the sufficiency of the 
hydrogen behavior data. 

an overview of the database, including a matrix display indicating the quantity of data 
available for each material and property. 

an assessment of the database, and recommendations on how to fulfill the ITER data needs. 

Appendices A-E containing bibliographies of recent literature on each material. 
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2. Beryllium 

Hydrogen Transport 

Beryllium has a very close-spaced lattice, and the effective "solubility" of hydrogen in Be is 
very low. Most of the hydrogen retained must be trapped in lattice defects, by chemical traps, 
or in bubbles. Many phenomena affect hydrogen transport in beryllium: 

(1) Fabrication method (refined, cast, sintered, roiled, forged, plasma sprayed, ...) A wide 
variety of fabrication methods have been used in past experiments. Lattice defects produced by 
cold work are potential hydrogen trapping sites. 

(2) Single crystal or polycrystalline. Recent measurements with single crystal Be have found 
low diffusivities, and measurements with polycrystalline Be have found higher diffusivity. The 
difference may be due to rapid transport along grain boundaries. 

(3) Grain size. It takes hydrogen and helium longer to diffuse out of large grains to the grain 
boundary, where transport may be faster. 

(4) Annealing. Heat treatment affects hydrogen trapping site mobility and agglomeration. At 
low temperature hydrogen is trapped in lattice defects. At high temperatures it may be trapped 
more in helium bubbles, if significant helium is present. 

(5) Actual density and initial porosity. Hydrogen is less mobile in full density beryllium. 
Because the lattice spacing in Be is small, Be solubility and diffusivity in pure, fully-dense Be 
are low. Plasma-sprayed Be may have high porosity, permitting rapid transport of hydrogen. 

(6) Impurities in the Be and chemical trapping. One likely process is the formation of 
beryllium ditritoxide (Longhurst 1990): 

2Be0 + 2H + Be(OH)2 + Be + 0.704 eV/H. 

This reaction occurs with atomic hydrogen, but not with molecular hydrogen. Early 
measurements showing low diffusivities may have been dominated by the surface Be0 layer and 
trapping effects. No systematic study has been done of other impurity effects in Be or BeO, but 
they may be important. For example, Fowler (1977) found that 0.2% MgO in AI203 increased 
its tritium diffusivity by 4-5 orders of magnitude. 

(7) Irradiation by neutrons or ions. Ion bombardment and low-temperature neutron 
irradiation produce lattice defects that trap hydrogen. The impact of neutron irradiation at high 
temperatures is not yet well understood. Ion irradiation also induces surface-connected 
porosity to a depth about an order of magnitude greater than the theoretical mean ion range. 

(8) Helium introduced by injection or by transmutations. Some helium will be injected into 
ITER Be as energetic alpha particles produced by D-T fusion reactions and as energetic charge- 
exchange He neutrals. He and tritium will be produced by transmutations via the following 
reactions: 

gBe(n,2n)2a (1.85 MeV threshold) 
gBe(n,a) 6He 
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6He + 6Li + p 
6Li(n,t)4H e 

and 
Be (n, t) Li 

6Li(n,t)4He, 
(1 0.4 MeV threshold) 

and by interactions with lithium impurities present in the Be. The ratio of Hem produced is on 
the order of 17 in a thermal fission spectrum. At high temperatures interstitial helium gas 
migrates towards grain boundaries. The time for this process is related to the Be self-diffusion 
coefficient Ds = 5 . 2 ~ 1 0 - ~  exp(-1.63 eV/kT) m2/s. Times for self-diffusion to a grain 
boundary with radius 12 pm are 36 h (500 "C) and 0.68 h (650 "C). Thus, at higher 
temperatures helium could easily agglomerate into bubbles, creating hydrogen trapping sites, 
and interconnect along grain boundaries, providing rapid transport pathways. Such bubble 
agglomeration has been observed experimentally, and it is also associated with "breakaway 
swelling." In some cases large hydrogen releases were observed when helium bubbles or 
blisters burst. For one case, Longhurst (1990) estimated that about 90% of the hydrogen 
would be trapped as molecules in the He bubbles, with a few percent trapped chemically by BeO, 
and practically none in solution. 

(9) Surface conditions. The surface conditions affect the sticking probability, dissociation rate 
and recombination rate. Impurities on the surface affect hydrogen adsorption rates. For 
example, carbon assists hydrogen codeposition. A Be0 film is usually present, and it may 
dominate hydrogen uptake and retention in some cases. Surface conditions change during the 
course of an experiment. In some experiments the oxide layer grows faster than it is sputtered 
away by ion bombardment. 

As the specimen temperature is increased, several regimes of hydrogen release may be 
observed, based on current understanding. The early release may be from hydrogen bound in 
lattice defects and chemical traps near the surface. At low flow rates the release may be limited 
by a second-order recombination process at the surface. If a sweep gas contains hydrogen, the 
recombination may be a faster first-order process. For other cases the surface recombination 
rate may be high enough that diffusive flow from the bulk metal is the limiting process. The 
diffusion process would gradually vent hydrogen evicted from lattice defects and hydrogen 
generated by decomposition of Be(OH)2. Longhurst (1 990) provides information on how to 
distinguish the dominant mechanism limiting hydrogen release (diffusion, first-order 
recombination, or second-order recombination) from the time variation of the release rate. At 
higher temperatures, helium bubble agglomeration causes swelling. When the swelling reaches 
about 1 O%, bubble interconnection facilitates "breakaway" swelling and burst release of 
tr i t ium. 

D i f f u s i v i t y  

Diffuslvity is roughly proportional to the inverse square root of the hydrogen isotope mass. In 
view of the wide variation of the measured diffusion coefficients for hydrogen in Be, this work 
does not distinguish the different isotopes. Some representative data are listed in Table 2.1 and 
illustrated in Figure 1. 
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Table 2.1. Diffusivity of hydrogen isotopes in Be. D = Do exp(-Ed/kT). 

Reference Do, rn*/s 

Bentley 1963 3.6x10-* 

Ed, eV 

1.29 

Remarks 

Fit to Bentley values. 
Same as Pemsler data, 
but using D = x2/t 

Pemsler 1964 1.62~10-7 1.29 

Jones &Gibson 1967 2.95~1 0-1 0.191 

Longhurst 1 990 values consistent with Jones 1967 

Fit to Pemsler values 
Same as Bentley data, but 
using D = 4.5x2/t 

oxide film thickness not 
stated. Criticized 
data analysis by Pemsler 

analysis of Baldwin data 

Abrarnov 1990 6.7~10-9 
8x1 0-9 

0.294 
0.364 

99.8% Be 
99.0 Yo Be 

Boivin 1992 10-6 0.3 

Kerouack 1993 8 x10-8 0.32 

99.8% Be 
DTRLAS code fit to laser 
desorption data 

99.8% Be 
DTRLAS code fit to laser 
desorption data 

Baldwin 1993a 1.7~1 0-1  
1.6~1 0-1  
1.4~10-10 

0.084 
0.225 
0.274 

81 % dense, irradiated 
99% dense, irradiated 
100% dense, irradiated 

Wampler 1992/ 1 .lxlO-l 1.1 Wampler permeability 
Swansiger 1986 divided by Swansiger 

solubility 

Corrected values of Ed. 
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Figure 2.1. Diffusion coefficient of hydrogen in beryllium. (Note that Abramov 99% refers to 
purity, while Baldwin 99% refers to density.) 

The Bentley and Pemsler data are not well documented, so there is less confidence in them. For 
example, the thickness of the oxide film was not measured or accounted for. For many years the 
Jones and Gibson 1967 data were widely used. Abramov et al. (1990) measured the 
approximate thickness of the oxide layer and used a mathematical approximation to correct for 
its effects. The Abramov diffusivity has been the most widely used value recently. The 
Kerouack et al. (1993) and Boivin et al. (1992) measurements were done on very fast times 
scales (e 1 ms) by laser desorption of shallowly implanted deuterium. Kerouack et al. suggested 
the possibility of microcracks reducing the effective diffusion distance, so their estimates of 
diffusivity should be taken as upper limits. The Baldwin 99% and 100% Be data on irradiated 
Be intersect the Abramov 99.8% curve near 300 OC, but are about an order of magnitude lower 
than the Abramov curve at high temperatures. The diffusivity labeled "Wampler/Swansiger" 
was estimated from the quotient of the Wampler (1 992) permeability 

DS = ~ x I O - ~  exp(-2.1 eV/kT) atom fraction cm2/s atm1I2 
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divided by the Swansiger (1986) solubility 

S = 18 exp(-1.0 eV/kT) atom fraction/atm1/2. 

yielding D = 1 .lxlO-7 exp(-l.l eV/kT) cm /s. 

This value is recommended by Macaulay-Newcombe (personal communication) as a best 
estimate for bulk diffusivity of tritium in single-crystal Be. 

We recommend the data of Abramov et al. (1990) for unirradiated polycrystalline Be, and the 
data of Baldwin and Billone (1993) for irradiated polycrystalline Be. Longhurst et al. 1994 
show that the diffusivity values of Jones and Gibson can be reconciled with those of Abramov et 
al. accounting for trapping effects. 

Solub i l i ty  

Very high atomic densities of Be and Be0 make interstitial He and tritium energetically 
unfavorable, so diffusivities and solubilities are very low. Early attempts to measure 
solubility using gas-driven permeation were unreliable, due to the rate-limiting Be0 surface 
film. Pemsler and Rapperport (1964) implanted 7.5 MeV protons into Be and observed 
agglomeration of implanted hydrogen into bubbles, instead of dissolution in the lattice. They 
determined a hydrogen "solubility limit" c 0.83 ppm in the temperature range 350-1 050 O C ,  
but this information cannot be converted into a solubility coefficient relating to equilibrium 
with external gas pressure. 

The Jones and Gibson (1967a) solubility data are shown as the six triangles in Figure 2.2. 
Their lowest temperature datum (at 287 OC) in their Table 1 appears to be inconsistent with 
their Figure 7, and saturation was not achieved in that sample. They only used one sample 
thickness (0.79 mm) and did not take precautions to remove the oxide film or to measure its 
thickness. 
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Figure 2.2. Solubility of hydrogen in beryllium as a function of temperature. 

The amount of deuterium present in experiments by Liu (1979) was about 100 times that 
expected using Pemsler solubility. The authors hypothesized that deuterium in tiny bubbles 
may explain the apparent increased solubility. 

Shapovalov and Dukel'skii (1988) measured the solubility of Be from 673 to 1473 K. For the 
alpha phase they found linear variation of S with pl/* and an Arrhenius relation with T: 

(673 to 1473 K) S = 5 . 6 ~ 1 0 - ~  exp (-0.17 eV/kT) atom fraction/atm1/* 
= 1.76~1 O-' exp(-0.17 eV/kT) atom fraction/Pal/2 

This equation is shown as a solid line in Figure 2.2. 
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A solubility measurement is valid only if variations of the sample thickness and charging time 
do not make significant changes in the measured values. Swansiger (1986) used sample 
thicknesses from 0.05 to 0.3 mm, and charging times from 2 to 18 days. He also used acid to 
remove the Be0 film prior to measuring solubility. His solubility data, indicated by circles in 
Figure 2, should be considered more accurate than the earlier data of Jones and Gibson. 
Solubility measurements at 440-510 "C showed an endothermic heat of solution about 1 eV. At 
T e 350 "C (lOOO/T > 1.6) the Swansiger data have an exothermic slope, presumed to be caused 
by trapping. Data of Macaulay-Newcombe (1992) are also shown in Figure 2. 

A fit to the Swansiger high-temperature data (T > 440 "C) gives the equation (Wilson 1990) 

S = 18.4 exp(-1.0 eV/kT) atom fraction/atm1l2 
= 0.0578 exp(-1 .O eV/kT) atom fraction/Pai/2 
= 7 . 1 4 ~ 1 0 ~ ~  exp(-1 .O eV/kT) a t ~ m s / m ~ - P a l / ~  

(T > 440 "C) 

We recommend the use of this equation for solubility. Baldwin's tritium release data and 
Swansiger's 440-500 "C solubility data both can be interpreted as showing a 78 kJ/rnole 
(0.81 ev) activation energy (Longhurst 1991). Be0 is hygroscopic, and BeOoHeO may 
interchange with Be(OH)2. The difference between this 0.81 eV and the 0.70 eV given above in 
item (6) under "Hydrogen Transport" (p.5), may be due to different chemical bonding 
configurations (Be0-OH2 and OH-Be-OH). The discrepancy with the Shapovalov-Dukelskii 
1998 data is not yet understood and needs further study. 

Wampler (1992) studied single crystal Be and concluded that the oxidized Be surface did not 
limit the deuterium release, and that permeability in Be is much lower than previously 
published values. 

Thermal-Gradient-Driven Dif fusion (Soret effect) 

The Soret effect is transport driven by a temperature gradient. The particle flux including both 
ordinary diffusion and thermal-gradient-driven diffusion may be written 

J = -D[ Vn + (nQ*/RT2)VT] 

where D = diffusion coefficient, n = concentration of solute, Q* = heat of transport, R = 
universal gas constant, and T = temperature. No data on Q' for beryllium have been found, but 
this transport process could be significant in plasma facing components under high heat fluxes. 

Oxide layer effects 

E. Abramov et al. (1990) measured diffusion coefficients in Be foils with Be0 layers about 2.1 
nrn thick. By using multilayer diffusion theory, they were able to eliminate the effects of the 
oxide layer mathematically in solving for the diffusion coefficient in Be metal. 

Causey et al. (1990) studied plasma driven permeation in the Tritium Plasma Experiment 
(plasma 99% D, 1% T) with bombarding energies of 100-200 eV, fluence - 2x1020 /crn2 
onto 99.8% Be hot rolled foils, 0.0505, 0.127, and 0.254 mm thick at T = 673, 723, 773, 
and 823 K. No permeation was seen below 673 K. There were Be0 layers 0.9 pm thick on the 
upstream side (with some carbide present) and 0.4 pm thick on the downstream side of the Be 
foil. Most of the hydrogen may have been trapped in the rear oxide layer (0.2%). 
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Hsu et al. (1990) studied a Penning discharge plasma interaction with a Be disc cathode, 
implanting hydrogen atoms. Initial Penning discharge plasmas had an oxide film on the 
beryllium cathode providing good secondary electron emission, and the bias voltage required to 
sustain the discharge was 300 V. After several runs, the oxide film was removed by 
sputtering. The resulting cleaner metal surface had a lower secondary emission coefficient, and 
the required bias voltage increased to 1000 V. With the oxide film the gas release vs. time was 
proportional to 1-03, and with a clean beryllium surface, proportional to t-l. The DIFFUSE 
code modeled the release using the Jones (1967) diffusivity. Gas release was not diffusion 
limited. 

From analysis of the JET tokamak limiter it was found that Be segregates through the Be0 layer 
and provides a fresh Be surface to trap oxygen from the plasma.(Martinelli et al. 1992) 
Langley (1979) implanted 2.5 keV deuterons into polycrystalline Be specimens at 298 K with 
fluences up to lOZ3 /m2. The oxide layer thickness increased linearly with deuterium fluence. 
Be probably diffused by radiation enhanced diffusion from the bulk through the Be0 surface 
layer and combined with oxygen to produce more Be0 at a rate faster than sputtering losses. 
Blistering was studied for implanted He, but not observed for D implantation. 

Macaulay-Newcombe et al. (1991) implanted 90 keV D3+ at 298 K to fluences - 1020 /m2 in 
nominally-99%-pure Be specimens and measured deuterium retention by 3He-D nuclear 
reaction analysis. They also pre-implanted some samples with 30 keV 4He+ ions to a fluence of 
loz1 /m2 to produce additional trapping sites. Comparison of data with theoretical models 
showed that oxide layer effects were significant. The oxide layer thickness grew from 2-10 nm 
before implantation to 10-20 nm after implantation, due to water vapor in the vacuum system. 
The temperature of the deuterium release peak increased with oxide layer thickness. 

Moller et al. (1985) implanted monoenergetic deuterons at 0.06 - 10 keV/atom into 
polycrystalline Be samples at 293 - 920 K, monitored the deuterium emission, and measured 
the deuterium retained in the specimens by nuclear reaction analysis. Thermal desorption 
spectra showed two release stages. The surface Be0 layer was - 20 monolayers thick, in spite 
of very low residual gas pressure. The fluence where saturation occurred was - 4x1021 /m*, 
with lower saturation fluences at lower beam energies or larger beam incidence angles relative 
to the normal. At high temperatures (> 920 K) very little deuterium stayed in the beryllium. 

Scherzer et al. (1979) implanted Be0 layers on Be with 5 keV deuterons and measured the 
retained deuterium by nuclear reaction analysis with 3He ions. The maximum detrapping yields 
were 17 DPHe and 0.8 D/H. The authors concluded that the observed radiation detrapping was 
caused by electronic excitation, rather than by nuclear collision cascades. Deuterium diffusion 
in Be0 films was much more rapid at high D concentrations. Radiation enhanced diffusion may 
have contributed to the deuterium depth profile being much wider than the implantation range. 

Early attempts to measure solubility using gas-driven permeation failed due to the rate- 
limiting Be0 surface film. (Swansiger 1986) 

Other Surface Effects 

Surface effects are known to influence adsorption, desorption, dissociation, recombination, and 
sticking probability. Pick and Sonnenberg (1985) gave a general theory of hydrogen 
interaction with metal surfaces, including a discussion of previous treatments by Waelbroeck 
and by Livshits. For a perfectly clean surface, H and Hz should interact in the same way. For 
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contaminated surfaces, the sticking probably of He can be reduced many orders of magnitude, 
and a dissociation activation energy barrier arises. This barrier reduces the front surface 
recombination coefficient, increasing the concentration and permeation rate for a given incident 
ion or atom flux. 

BergsIiker at aL(l990) used surface probes exposed to plasma to study tokamak scrape-off 
layer plasma, pumping of deuterium, and deuterium co-deposition with carbon and Be. 
Beryllium seemed to enhance deuterium co-deposition with carbon. 

Carbon on the surface greatly increased deuterium surface coverage. (Macaulay-Newcombe et 
al. 1994) 

Deuteron bombardment of Be may create a hygroscopic surface reminiscent of bombarded Al2O3. 
There was little isotopic exchange between H20 and D at the surface. (Liu 1979) 

V. Lossev and J. Kuppers (1 992) studied adsorption and desorption of gas atoms at 1600 K on 
clean, well-defined, single-crystal Be surfaces at 320-450 K. Desorption followed second 
order kinetics with activation energies of 59 kJ/mol (oxygen on surface) and 84 kJ/mol (clean 
Be surface). At high surface coverages desorption approached first-order kinetics. Adsorption 
of H2 on Be was endothermic, and Be-hydride formation was not observed. The saturation 
surface coverage was about 0.5. Outgassing was apparently not limited by diffusion or 
desorption. 

In the area of surfaces, ion-channeling analysis has yielded information on the lattice positions 
of chemisorbed hydrogen on a variety of metals. Additionally, ion-implantation experiments 
have quantified surface-limited uptake and release for bare, chemisorbed, and oxidized metal 
surfaces. (Myers et al. 1989) 

R. Sartori et al. (1990) compared the deuterium release after each JET tokamak discharge with 
the deuterium used for fueling to infer the amount held up in the walls. The amount of 
deuterium released after a non-disruptive discharge was essentially independent of the 
discharge history. Fueling requirements and gas releases increased after the transition from C 
to Be coatings. Be walls provided faster gas pumping and higher fractional gas release (80%) 
than C walls (40%) between shots. The fractional recovery of tritium was about half that of 
deuterium. Surface effects dominated the gas releases. 

K. Touhouche and B. Terreault (1994) implanted Be foils with 1.5 keV deuterons at T = 293- 
983 K to fluences up to 1 . 2 ~ 1 0 ~ ~  atoms/m2, which greatly exceeds the saturation fluence 
(1.8~1 021 atoms/m2, D/Be =30%). They found blisters in saturated samples even at the 
highest temperatures, but no blisters were seen at deuterium atom fractions c 20%. In samples 
with grain growth, blisters decorated grain boundaries and interconnected with each other. 
Blisters coalesced at higher temperatures, and their diameters increased. Release kinetics were 
modeled by the equation dC/dt = - vo C exp(-EB/kT) where vo = 1013 /s and EB = 3 eV. 

H. Verbeek and W. Eckstein (1974) implanted monoenergetic H+, D+, and He+ ions into SS, Mo, 
and Be at 15 and 150 keV. The observed blistering in Be at D and He fluences above 2x1 021 
/m2. 

Some samples were deliberately corroded, to determine the effect of surface contamination on He 
release.(Zakaria 1993) Those samples had an additional broad thermal desorption peak above 
950 K, indicating that the increased surface oxide layer contained additional trapping sites that 
delay helium release. Similar effects could be expected for hydrogen. 
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Surface recombination coefficient and dissociation coefficient 

Anderl et aL(l992) implanted 3 keV D3+ ions at fluences up to 1.9~1024 D/m2 into samples 
of hot-pressed powder metallurgy 99.6 % pure Be and of hot-rolled, cast 99.96% pure Be. 
Using a conventional diffusion-limited flow analysis, they estimated the permeating fraction 
would be about 0.005 to 0.01, but the maximum permeation flux was 3 . 7 ~ 1 0 - ~  of the 
implantation flux. Using Fowler diffusivity in Be0 and the measured 4 nm oxide film thickness 
on the downstream side, they estimated a concentration - 
film, and found that the concentration in the metallic Be was = 4x1 023 D/m3 at the interface 
and practically uniform throughout the metal. The recombination coefficient at the interface 
was found to be kr = 1 0-30 m3/s, which is within the range predicted by the Baskes model and 
by the D/2kr measurements of Hsu et aL(l990) and of Andrew et aL(l992). 

D/m3 in the downstream oxide 

R. A. Causey and K. L. Wilson (1993) used the DIFFUSE code to model ITER components with 
Abramov diffusivity and Swansiger solubility values. They assumed 1.8 eV traps with 0.001 
fraction in bulk, 0.01 fraction near surface. For the recombination coefficient they used three 
values: optimistic Baskes (surface coefficient = l ) ,  conservative Baskes (0.001), and 
intermediate empirical value "best estimate" derived from Andrew's value of D/kr. The 
resulting first wall tritium inventories were: optimistic = 30 g; pessimistic = 0.9 kg with 
about 1 kg/day permeation. Similar estimates for divertor and limiter. The total end-of-life 
ITER tritium inventory was between 1 and 4.4 kg, depending upon recombination and trapping 
assumptions. 

J. Ehrenberg et al. (1990) derived effective D and kr from plasma discharge data and found 
D/kr = lo2'  - lo2* m2, which is larger than expected from existing data. They considered 
both diffusion-dominated and recombination-dominated regimes in their equations. From the 
data it was not clear which regime is dominant. 

From their Penning discharge studies with a Be cathode Hsu et at. (1990) inferred a ratio D/kr - l o l a  /m2, which is much smaller than found for JET data by Ehrenberg (1990). The 
difference may be due to oxide layer effects. 

Saibene et al. (1990) found D/2kr - 6 to 2x1020 m2 at T = 373 to 553 K, with an activation 
energy of 0.26M.1 eV for deuterium. This parameter was input to the PER1 code to simulate 
deuterium flows, assuming that bulk diffusion in Be and surface recombination are the dominant 
processes. The deuterium fluxes from plasma facing components were simulated accurately by 
this technique. 

Lossev and Kuppers (1993) observed desorption at about 450 K from clean Be surfaces with an 
activation energy of 20 kcal/mol, and at around 320 K from oxygen-covered Be surfaces, with 
an activation energy of 14 kcal/mol. 

Andrew, Peacock, and Pick (1992b) inferred the value of D/2kr from data of Hsu (1990) and 
compared three theoretical models. The DIFFUSE code used by Hsu assumes the Baskes model of 
kr and gives incorrect results. In some experiments it is easier to determine the value of the 
ratio D/2kr than it is to measure either D or kr directly. The PER1 code, which adjusts the 
value of kr, gives Wo sets of results for D/2kr that agree with the data: a "high" and "low" 
D/2kr case. The low case 
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D/2kr = 2.3~1020 exp(-0.08 eV/kT) m-2 

appears to be correct, but the high case cannot be ruled out. Further data are needed to clarify 
the role of diffusion from the implantation zone to the surface, which may be enhanced by 
porosity. When the Abramov 99.8% Be diffusivity is used with this equation, the 
recombination coefficient is found to be 

kr = 1.46~1 0-29 exp(-0.214 eV/kT) molecules-m4/atom2-s. 

We recommend using this value. Using a heat-transfer analogy M. C. Billone, C. C. tin, and D. L. 
Baldwin (1 991) extracted a tritium release rate from Baldwin data. Surface recombination 
coefficients vary over 8 orders of magnitude, and are sensitive to surface conditions.(M. C. 
Billone, et al. 1994) 

Trap si te characterization and effects 

Baldwin et al. (1989) irradiated 98.26% Be rods (1.7% BeO) at T e 348 K to a fast fluence - 
5x1022 n/cm2, producing 24,000 appm (He) and many trapping sites. 
They performed thermal desorption measurements at 573 to 973 K (100 K increments) in 
flowing H2-doped He and measured residual tritium afterwards during melting. The data had 
good reproducibility. A large-burst tritium release occurred at 884 K during grain-boundary 
bubble coalescence. 

Federici et al. (1994) modeled tritium permeation through Be and C. Traps produced by 
neutron irradiation were assumed to grow to a saturation level of about 1000 ppm (1.8 eV) at a 
characteristic damage level of 0.035 dpa (Wampler model). Near-surface traps induced by DT 
bombardment were assumed to be 1.8 eV, 0.01 atomic fraction. The presence of traps 
lengthened the breakthrough time and increased the inventory, but the equilibrium permeation 
rate stayed about the same as without trapping. Thermal annealing of lattice defects would be 
expected at T = 1500 K. The charge exchange neutral flux would be - 1 023 atoms/m2s. 
Neutron-induced traps increased the tritium inventory by about 20-30%. If Be is held at 473 
K for several days, the unbound tritium is released. An oxide layer of 0.5 monolayers decreases 
the H surface recombination rate by about two orders of magnitude. 

KBroack et al. (1993b) implanted proton beams at 0.5 - 5 keV at T = 293 K to a concentration 
of 2-20% in 99.4% pure Be, with an equivalent Be0 surface film thickness of 1.4 nm. Then 
they applied a 3 J/cm* pulsed ruby laser beam to desorb hydrogen from the Be surface. They 
modeled concentration profiles and hydrogen emission with the computer code DTRLAS and found 
that a two-trap model (Low-fluence trapping at 1.7 eV, high-fluence, at 1 .O eV) gave a better 
fit to the data than a diffusion-limited model. A second-order detrapping model gave better 
results than a first-order model. The hydrogen apparently migrated directly to the surface 
after detrappi ng . 
Myers et al. (1 989) described studies of trapping by vacancies, vacancy-solute complexes, He 
bubbles, and oxide precipitates, together with phase-changing reactions such as hydride 
formation, hydrogen-bubble precipitation, and hydrogen reduction of precipitated oxides. From 
experimental data, mechanisms, binding enthalpies, microstructures, and local atomic 
configurations have been deduced. An analytical treatment of trapping kinetics gave 
quantitative trapping rates for arbitrary trap volume fraction and arbitrary spatial correlation 
between traps. (This review article does not have data specifically on beryllium, but it 
provides valuable information on general processes and experimental methods.) 
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Wampler (1992) implanted samples with 2x1Ol9 D/m2 at 60 keV and generated additional 
trap sites by implanting 15 keV He+ and 10 keV H+ ions at 4x1 020 /m2 fluences. The measured 
depth profiles showed that the TRIM code predictions underestimated the D profile widths at 13- 
40 keV. At low concentrations deuterium was trapped at lattice damage sites, and it was 
thermally detrapped around 450 "C. The energy barrier for detrapping was about 2.3 eV, as 
estimated from transport simulations. At high concentrations D precipitated into gas bubbles. 
Release of D from the bubbles occurred by permeation from high-pressure D2 gas inside the 
bubbles through the Be lattice to the surface. The Be0 surface layer did not limit the D release. 
The permeability of D through Be was found to be about 2x105 D/(cm s atm"2) at 600 O C ,  

seven orders of magnitude smaller than the value calculated from published solubility data 
(Swansiger) and diffusivity data (Abramov). 

Zakaria et al. (1993) implanted hot isostatic pressed 99.5% pure Be foils at 293 K with 30 
keV He to fluences up to 1021 He/m*. Linear ramp thermal desorption measurements up to 
1073 K were done to study helium trapping mechanisms. (Helium trapping is important to 
tritium retention, because tritium may be trapped in helium bubbles.) Ramp rates above 3 
Wmin tended to wash out some of the peaks. Some samples were corroded, to determine the 
effect of surface contamination on He release. Those samples had an additional broad desorption 
peak above 950 K, indicating that the increased surface oxide layer contained additional 
trapping sites that delayed helium release. The threshold temperature for helium release 
decreased from 955 K at 1020 He/m2 to 650 K at 1021 He/m2, because trapping sites became 
filled. A detrapping energy of 2.95 eV was ascribed to a He-vacancy dissociation mechanism. At 
higher fluences a detrapping energy of 2.3 eV was associated with larger He-vacancy clusters. 
At 1073 K less than 65% of the implanted He was released, indicating the presence of deeper 
traps. 

According to R. Macaulay-Newcombe (private communication, 1994) changes in the trapping 
energy observed by Zakaria with post-implantation room temperature "annealing" indicate that 
a high chemical potential (due to a high damage level or to high helium concentration) can 
enhance diffusivity. The traps may have been changing in nature, or helium may have been 
diffusing from one trap to another. Recent unpublished data show that simply polishing the face 
of a Be sample before helium implantation can delay the desorption peak in thermal ramping 
experiments by 200 K. Perhaps the Bielby layer (surface region damaged by polishing) may 
be trapping He, reducing the effective diffusivity (see Anderl et al., 1992). Or perhaps there 
were microcracks in the unpolished sample surface from the buffing done by the vendor. 
Polishing might remove the microcracks, increasing the effective distance over which diffusion 
occurs. 

For H/Be concentrations e 14% the trapping energy was 1.7 eV, with diffusion an order of 
magnitude faster than anticipated from previous work.(Terreault 1994) For H/Be > 14%, the 
trapping energy is 1 .O-1.2 eV, with explosive release occurring sometimes. 

Porosity vs. ion energy, flux, fluence, and specimen temperature 

R. A. Anderl et al. (1992) implanted 3 keV D3+ ions with fluences up to 1 . 9 ~ 1 0 ~ ~  D/m2 into 
samples of hot-pressed powder metallurgy 99.6 Yo pure Be and of hot-rolled, cast 99.96% 
pure Be. Maximum permeation flux was only 3 . 7 ~ 1 0 - ~  of implantation flux. They attributed 
the low permeation flux to bubbles, voids, and extensive surface-connected porosity in the 
irradiated samples. Most of the implanted deuterium leaked out the front face of the samples. 
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Increasing porosity facilitates tritium release and may reduce swelling, but is poor for thermal 
performance and ductility. (Billone 1993) 

Ross and Terreault (1 990) implanted deuterons into 99.5% pure, hot-rolled, polished Be 
specimens, used elastic recoil detection to determine the deuteron ranges and variances, and fit 
an equation of the form R = Ro E". The BABOUM code predictions were fairly close to these 
results, but the TRIM code and the Anderson-Ziegler compilation yielded ranges that were much 
too short. Similar data were obtained for C and Si. The authors hypothesized that enhanced 
penetration of the deuterons may have been due to microstructural effects, such as crystallinity 
and porosity. 

Permeation in layered structures 

Here "layered structures" refers to layers of different metals, such as Be, Cu, and stainless 
steel. No data were found for permeation through such layered materials. 

Transport along grain boundaries 

Be0 coatings could be good tritium barriers if the Be0 integrity could be maintained and rapid 
grain-boundary transport could be avoided.(Fowler et al. 1977) 

Baldwin et aL(l989) studied neutron-irradiated Be samples with fast neutrons to a fluence - 
5 ~ 1 0 ~ ~  n/cm2, generating about 24,000 appm (He). Thermal desorption spectra at 573 to 
973 K (100 K increments) in flowing He-doped He showed a large-burst tritium release at 
884 K, during grain-boundary bubble coalescence. 

Very high atomic densities of Be and Be0 make interstitial He and tritium energetically 
unfavorable, so diffusivities and solubilities are very low. Short-circuit grain-boundary 
diffusion may account for the rapid diffusion observed in polycrystalline specimens. 
(Maienschein 1988, Billone et al. 1994; Macaulay-Newcombe 1994) 

Dalle Donne et al. (1993b) extended the ANFIBE code to describe effects of helium bubbles and 
Be0 on tritium trapping. The equations described tritium concentrations in dynamical solution, 
in intragranular bubbles, at grain boundaries, and in chemical traps. They compared code 
predictions with tritium release vs. time and temperature data of Baldwin. Below 450 "C 
chemical trapping appeared to be dominant, and above 450 "C trapping by helium bubbles 
appeared to be dominant. During simulated EC ITER accident at 700 "C for 6 hours, only 5% of 
tritium was released. 

No evidence of hydrogen agglomeration was seen at the end of bombardment, but after annealing 
agglomerates were observed, especially at grain boundaries, believed to be hydrogen-filled 
bubbles.(Pemsler and Rapperport 1964) 

In samples with grain growth, blisters decorated grain boundaries and interconnected with each 
other. Blisters coalesced at higher temperatures, and their diameters increased. Release 
kinetics were modeled by the equation dC/dt = - vo C exp(-Eg/kT) where vo = 1013 /s and Eg 
= 3 eV.(Touhouche and Terreault 1994) 

Trapping and permeation at interfaces between materials 
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No data were found in this area, except for those described above relating to oxide layer effects. 

Hydrogen dif fusivi t ies and solubil it ies for oxides 

Fowler (1 977) irradiated single crystal (99.95% pure), sintered, and powder Be0 specimens. 
Neutron irradiation of a lithium surface layer generated energetic tritons that penetrated into 
the samples up to a concentration of 0.1 wppm H. Tritium emission was measured during post- 
irradiation heating at 500-1 200 "C (bulk specimens) and 200-700 "C (powder specimens). 
Diffusion coefficients were inferred from tritium release vs. time. The release appeared to be 
diffusion-limited, not trapping-limited. Values for Be0 are: 

single crystal 1.1 1 E-4 2.28 
sintered 7.OE-5 2.10 
powder 3.17E-15 0.724 
best fit all data 1.3E-10 1.36 

Do(m2/s) Ed(eV) 

Previous results for powders were much lower, but previous single crystal results were 
consistent with these data of Fowler. In other experiments 0.2% MgO in alumina increased its 
tritium diffusivity by 4-5 orders of magnitude. An impurity study is desirable to determine 
whether similar impurity effects might occur in BeO. 

The following paragraphs are from information provided by R. Macaulay-Newcombe (private 
communication, 1994): 

Macaulay-Newcombe and Thomson (1 994) found that deuterium diffusivity in Be0 was 
consistent with Fowler values. They estimated the solubility of deuterium in Be0 to be 

S = 1 . 4 ~ 1  0-1 exp(0.8 eV/kT) atom fraction/Pal/* 
= l o1  exp(0.8 eV/kT) atoms/m3- ~ a l / 2 .  

They suggested that the solubility is linked to the formation of hydroxide bonds, because the 
activation energy is close to the hydroxide formation energy. 

Palmer et al. (1964) irradiated Be0 powders with fission neutrons and derived a diffusivity D 
= 7x1 0-1 exp(-1.05 eV/kT) m%. At their high fluences the induced helium would have 
provided trapping sites for the tritium, lowering the effective diffusivity. 

Behrisch et al. (1980) implanted D into Be0 thermally grown on single crystals of Be. The 
fluences were very high, nearing saturation at 0.24-0.34 D/BeO. From nuclear reaction depth 
profiling they found that the distribution was much deeper than predicted with the diffusivity of 
Fowler et al. They attributed this to enhanced diffusion of the deuterium during irradiation. 

Scherzer et al. (1979) found that the ion beam used for reaction analysis detrapped deuterium, 
with detrapping rates up to 17 D per incident 790 keV 3He+ ion. They attributed the detrapping 
to ionization effects, rather than displacement effects. They noted that the effective diffusivity 
of D in Be0 appeared to increase at high concentrations. 

Thus, ionization and defects can enhance tritium diffusion in ceramics by factors as high as lo4. 
Trapping can reduce the diffusion rate. Careful measurements are needed to determine the 
circumstances in which these effects might be important. 
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From analysis of INEL data Longhurst et al. 1994 derived the following values 

D = 1.19~10'9 exp(-1.335 eV/kT) m2/s (Longhurst et ai. 1994) 

S = 1.25~10-1 exp(+0.8 eV/kT) atom fraction/Pa1/2 (Longhurst et al. 1994) 

We recommend use of these values. This solubility equation is almost identical to the Macaulay- 
Newcombe 1994 equation shown above. This diffusivity equation has an activation energy 
comparable to the Fowler "best fit" value, and a magnitude about a factor of ten higher than the 
Fowler values, but within the uncertainty range of his data. 

Assessment 

Although there are many orders of magnitude difference among the diffusivity datasets, it is 
possible that many of them are correct for the conditions of their experiments. Isotopic effects 
(differences between H, D, and T) are minor, scaling as the square root of the mass ratio. Many 
conditions need to be considered: 

single-crystal or polycrystalline 
large-grain or small-grain 
percent of theoretical density and porosity 
cold-work and annealing history 
irradiated or unirradiated 
helium content 
oxide content 
significant other impurities 
surface smooth, rough, or porous. 

We recommend the following equations for various cases: 

single crystal D = l . l ~ l O - ~ ~  exp (-1.1 eV/kT) m2/s (Wampler / Swansiger) 

polycrystal1 i ne D = 6 . 7 ~ 1 0 ' ~  exp (-0.294 eV/kT) m2/s (Abramov et al. 1990) 

For irradiated polycrystalline Be the values of Baldwin & Billone 1993 should be considered. 

Here we recommend the solubility values of Swansiger : 

S = 0.0578 exp(-1.0 eV/kT) atom fraction/Pa1/2 (Swansiger 1986) 

More study is needed to reconcile these values with those derived by other authors, such as 
Shapovalov and Dukelskii. 

An experiment is needed to measure the heat of transport of hydrogen in beryllium. Then we can 
assess whether the Soret effect is likely to be significant in ITER operating conditions. 

Surface effects are clearly significant in determining tritium uptake, trapping, and release. 
The ubiquitous oxide layer affects diffusivity, solubility, recombination, and trapping. The 
effects of lattice damage by neutrons at high temperatures (> 500 C) in possibly producing 
trapping sites need to be clarified by experimental data. Does the lattice damage anneal out 
rapidly? Porosity induced by ion bombardment has been shown to have profound effects on 
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tritium permeation and release. Such porosity could aid the re-release of tritium to the plasma 
and greatly reduce its inventory and permeation to the coolant. It might even be worthwhile to 
manufacture the beryllium tiles with built-in porosity, at the expense of somewhat reduced 
thermal conductivity. How much porosity is generated as a function of ion energy, fluence, and 
Be temperature? Would the porosity be maintained under intense heat loads? How does the 
porosity affect the thermal conductivity? How would the porosity affect the interaction of Be 
with steam during an accident and the mobilization of BeO? Surface-effects questions need to be 
addressed by experiments that expose beryllium tiles to ITER-like plasmas, such as PISCES and 
the Tritium Plasma Experiment. 

Some experiments have operated in regimes where surface recombination is a significant 
rate-limiting process, and some, in regimes where recombination is not a significant transport 
limitation. 

Lattice damage produced by ion beams and neutrons at low temperatures results in effective 
hydrogen trapping sites. Data are lacking on trap sites produced by neutron irradiation at 
high temperatures. Helium bubbles tend to decorate grain boundaries, and they are very 
effective traps for hydrogen molecules. 

More computer modeling is needed, and the models need to be validated by experimental data, in 
order to be able to predict tritium inventory and release in ITER. Needed input parameters 
include trap energies, trap site densities vs. irradiation fluence and temperature, impurity 
concentrations and effects, helium bubble development, heat of transport (Soret effect), 
trapping escape frequencies, and flow phenomena along grain boundaries. The codes DIFFUSE, 
PERI, DTRLAS, and TMAP4 have had some successes in modeling hydrogen permeation through 
multilayered structures, and they have helped interpret and clarify complex experimental 
phenomena. The ANFIBE code is providing valuable insight into helium migration and bubble 
phenomena. These one-dimensional codes do not adequately handle cases with cracked oxide 
films, porosity, or transport along grain boundaries, which are 2-D or 3-D effects. We need 
either a 2-D code or a clever modifications of l - D  codes. For example, an attempt has begun to 
model beryllium porosity effects using a modified input to the one-dimensional TMAP4 
(Longhurst 1994). 

Hydrogen diffusivity and solubility in Be0 data are sparse. The variation from powder to 
sintered Be0 is orders of magnitude. These data need to be clarified, confirmed, and extended. 
For interim use we recommend the following values: 

D = 1.1 9 ~ 1 O - ~  exp(-1.335 eV/kT) m2/s (Longhurst et al. 1994) 

S = 1 . 2 5 ~ 1 0 - ~ ~  exp(+0.8 eV/kT) atom fraction/Pa1I2 (Longhurst et al. 1994) 

In summary, the database on beryllium is inadequate to make accurate predictions of tritium 
permeation and inventory in ITER plasma facing materials. 

No parameter can be predicted with confidence better than a factor of three. 
Most parameters have orders of magnitude uncertainty. 
Some parameters have no data at all for the temperature and fluence range of interest. 

Unless a vigorous experimental and computational program on beryllium/hydrogen interactions 
is undertaken, predictions of the ITER and DEMO tritium source terms will have orders of 
magnitude uncertainty. 
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3. Stainless Steels and lnconels 

Reviews of hydrogen interactions with stainless steels (SS) have been given by Wilson (1 979), 
Waelbroeck, Wienhold, and Winter (1982), Riehm (1986), and Dickson (1990). This 
discussion of stainless steels also applies to austenitic nickel-based alloys, such as Inconels. 

Stainless steel and lnconel are endothermic occluders: Hydrogen atoms have higher potential 
energy in the metal than when bound together as gas phase molecules. This results in low bulk 
concentrations, typically e 100 appm. To reach such concentrations the hydrogen should be 
incident as atoms or ions, not as molecules. Atoms in the metal must overcome a recombination 
barrier at the surface before leaving. The recombination coefficient kr is very sensitive to the 
surface impurity coverage; kr generally decreases with increasing impurity coverage. 
(Andrew and Pick 1994) 

Tritium may exist in four chemical states: 
(1) chemically bound, such as CH3T in graphite. This is not seen much in Be or SS. 
(2) molecularly trapped, such as HT, HTO, or T2 in voids or bubbles. 
(3) trapped in an atomic state, especially at low temperature. 
(4) localized in a special part, such as by a reactive minor constituent. For example, the Ti in 
SS 321 makes it hold much more tritium than SS 316. (Saeki, 1992) 

Hydrogen at grain boundaries in SS is in atomic form. Permeation rates are lower for 
austenitic steels than for ferritic steels, partly because of a higher activation energy for 
diffusion, usually attributed to the higher atomic concentration of the fcc austenitic structure. 
Other high-temperature alloys with austenitic structures, such as lnconels and Hastelloys, have 
similar permeabilities. A variety of surface coatings have been considered to retard hydrogen 
permeation through stainless steels, including oxidation of the surface layer and addition of 
low-permeability materials, such as aluminum, Si, BN, and Sn. Aluminum oxide has very low 
permeability, but it tends to crack when coated on stainless steel, because of its different 
coefficient of thermal expansion. A 30 nm AI layer could in principle retard permeation by a 
factor of lo5, but in practice the attainable factor has been limited to less than 1000. (Dickson 
1990) 

Tanabe et al. (1984) made Arrhenius plots of D, S, and P for many alloys. They discussed the 
"Compensation effect", which refers to the proportionality of log(P) to Ep, and log(D) 
proportional to Ed for many alloys. They gave a table of D, S, and P values for many alloys, and 
a graph of activation energy vs. Cr content. 

D i f f u s i v i t y  

Some representative diffusivity values are listed in Table 3.1. A variety of methods have been 
used in obtaining these data, including time-lag, thermal desorption, and steady-state 
permeation. For example, Grant, Cummings, and Blackburn (1 987) used periodic modulation 
of driving pressure (by bellows variation of chamber volume) at 0.1-10 mHz, &lo% 
amplitude, to derive diffusion parameters, so that the result was independent of fluctuations in 
the steady state flux. 

Katsuta and Furukawa 1981 studied the isotope effect and found 
classical square root of the mass ratio. For example, at 600 "C 
Shan 1991 also observed departure from the classical ratio. 

values generally less than the 
DH/DD = 1.16, instead of 1.41. 
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Deformation of SS 304 produced stress-induced a' martensite, which enhanced the effective 
hydrogen diffusivity: 
Annealed: D = 7.69~1 0-3 exp(-0.552 eV/kT) cm%, 
Deformed: D = 4.94~10'~ exp(-0.414 eV/kT) cm% (Perng & Altstetter 1986) 

Table 3.1. Hydrogen diffusivity in various alloys. 

Material- 

SS 304 H 
SS 304 H 
SS 304 H 
SS 304 H 
SS 304 H 
SS 304 D 
SS 304 D 
SS 304 D 
SS 304, etc. D 
SS 304,316 D,T 
SS 304,316 D,T 
SS 304 T 
SS 304 T 
SS 304 T 
SS 304,316 T 

SS 316L H 
SS 316L H 
SS 316-STI H 
SS 316L D 
SS 316 T 
SS 316L T 
SS 316L T 

lnconel 750 H 
Nimonic 80A H 
Hastelloy X H 
lnconel 600 H 

Temperature - CI.eVmk Source 
600-1  000 
81 2-1 190 
373-873 
663-780 
373-623  
273-873  
-300-400 
81 2-1  190 
400-71 4 
298-500 
500-1 173 
373-573  
298-498 
373-473  
298-495  

0.569 0.012 
0.540 0.00996 
0.563 0.0272 
0.526 0.0032 
0.552 0.00769 
0.642 0.18 
0.61 0.12 
0.521 0.00661 
0.56 0.0034 
0.53 0.0024 
0.61 6 0.01 7 
0.588 .0124 
0.606 0.018 
.059 0.0072 
0.63 0.011 

600-900  0.61 9 0.0299 
873-1  173 0.56 0.013 
423-723 0.48 0.0047 
600-900  0.602 0.01 74 
603-853 0.663 0.042 
600-900 0.600 0.0141 
500-873 0.157 2 .3~10-6  

873-1  173 0.55 0.016 
873-1  173 0.55 0.014 
873-1 173 0.45 0.0049 
873-1 173 0.44 0.0049 

Grant et al. 1987 
Katsuta et al. 1981 
cited by Katsuta et al. 1981 
Namba, Yamawaki & Kanno 1984 
Perng & Altstetter 1986 
Braun et al. 1980 
Wilson & Baskes 1978 
Katsuta et al. 1981 
cited by Langley 1984 
cited by Langley 1984 
cited by Langley 1984 
cited by Katsuta et ai. 1981 
cited by Katsuta et al. 1981 
cited by Langley 1984 
cited by Langley 1984 

Reiter et al. 1985 
Kishimoto et al. 1985 
Hashimoto & Kino 1985 
Reiter et al. 1985 
Sugisaki et al. 1985 
Reiter et al. 1985 
Shan et al. 1991 

Kishimoto et al. 1985 
Kishimoto et al. 1985 
Kishimoto et al. 1985 
Kishimoto et al. 1985 

Causey and Stack 1984 found that, "Gamma irradiation will have little or no effect on the 
diffusion of tritium in SS components of an operating fusion reactor. It may retard the release 
of tritium from components disposed of as nuclear waste by the creation of traps in the oxide 
layer." Doyle and Brice 1987 found that enhancement of permeation by ion bombardment was e 
100% per dpdday, maybe zero. 

Causey, Steck, and Van Namen (1985) measured the following values for Prime Candidate 
Alloy: 
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D = 0.46 exp(-.71 eV/kT) cm2/s 
S = 1.85~1023 exp(-0.109 eV/kT) atoms/m3 Pa1/* 

They found a correlation between chrome content and activation energy for solubility: alloys 
with higher Cr content had higher Es. 

Polosukhin et ai. 1992 found that the diffusivity of stainless steels increased by a factor of 2-3 
during neutron/gamma irradiation at a fast neutron flux of 1.8~10’ 4/cm2s. The activation 
energy decreased. The increase of diffusivity was greatest at lower temperatures. 
unirradiated: Do = 8.4 x ~ O - ~  cm2/s, Ed = 0.713 eV 
during irradiation: Ed = 0.267 ev. Do = 7.07~1 0-4 cm2/s, 

For general use with stainless steels and lnconels the composite values of Reiter et a1 (1993) 
are recommended: 

SS 316L: 

D = 5.9~10’3 exp(-0.54 eV/kT) 
S = 58x1 O-s exp(-0.14 eV/kT) atom fraction/Pa1/2 

cm2/s 

For lnconel 625: 

D = 0.022 exp(-0.60 eV/kT) 
S = 2.2~1 0-6 exp(-0.11 eV/kT) 

cm2/s 
atom fraction/Pal/2 

Permeabi l i ty  

According to Le Claire, austenitic stainless steel permeabilities are insensitive to composition 
variations, and the equation 

P = 0.0233 exp(-0.681 eV/kT) cc(STP)/cm s atm1j2 

fits all clean-surface stainless steel results within about k50%. For lnconels 600, 617, and 
625 with clean surfaces the equation 

P = 0.057 exp(-0.694 eV/kT) cc(STP)/cm s atm1/2 . 

has accuracy better than k50%. (LeClaire 1983 and 1984). Many similar permeability values 
are found in the references listed below. Oxide layers greatly impede permeation. 

S o l u b i l i t y  

Solubility can be computed from the ratio of permeability to diffusivity: S = P/D. 
It can also be measured directly, by measuring the uptake during soaking in hydrogen for a time 
long enough to come to equilibrium. The solubility may be represented by the equation 

S = So exp(-Es/kT) 

where Es = heat of solution. 

A few equations for solubility are given in Table 3.2. 
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Table 3.2. Solubility data from various experiments. 

Source 

SS 316 + T 7 0 3 - 9 0 3  
SS 304 + H 
SS 304 + D 

873-1  1 7 3  
873-1  173 

SS + H not stated 

0.106 0.194 mol(T2)/m3 Pall2 Sugisaki et al. 1984 
0.148 0.228 mol(H2)/m3 Pall2 Katsuta et al.1981 
0.165 0.245 mol(H2)/m3 Pa”2 Katsuta et a1.1981 
0.11 0.201 mol(H2)/m3 Pal l2 Langley 1984 

There is a wide range of heats of solution for hydrogen isotopes in stainless steels in the 
literature: 0.106, 0.121, 0.148, 0.155, 0.165, 0.186, 0.191, 0.211, 0.269, and 0.288 eV. 
The large difference may be partly due to variations in alloy compositions. (Sugisaki et ai. 
1984)  

Soret Effect 

For stainless steels the heat of transport Q’ = -0.065 eV. (Baskes 1982) For negative Q* (as 
for stainless steels) diffusion is to the hotter region, so the Soret effect may reduce permeation 
through the fusion reactor walls.(Brice & Doyle 1984; Langley 1984) This account should be 
taken into account when estimating permeation losses from fusion reactors. 

Recombination Coefficient 

According to Wilson (1981) measurements of kr vary with 100Ofl as predicted by Baskes, 
with various sticking coefficients a. The values of kr are sensitive to the ion energy 
distribution and to the surface conditions, such as oxygen concentration. At higher metal 
temperatures, the traps are thermally depopulated, and recombination may become the rate- 
limiting process. 

In studying SS 304 at 401-1055 K Bsrgeson et at. (1986) derived kr from re-emission data 
and from permeation data. Their graph of kr vs. 10OOfl appeared to be consistent with the 
Baskes model. (Their comparison with the Pick and Sonnenberg model used Ec = 0, which is not 
correct for a dirty surface.) A dirty surface had apparent kr values that are 100-lo4 times 
lower than predicted for a clean surface. Varying pressures of H2 and H20 did not affect scatter 
of data. 

A few values of kr used by various researchers are given below: 

kr = 5 .4~1  0-1 exp(-0.1262 eV/kT) molecules cm4/atom2s Braun 1990 

kr = 3.2~1 0-1 exp(-0.582 eV/kT) molecules cm4/atom% 

kr = 1 . 5 ~ 1 0 - ~ ~  exp(-1.0 eV/kt) cm4/s 

Reiter 1991 

Doyle & Brice 1987 

kr fl.3~1 0-1 exp(-.81 eVikT) cm4/s electropolished surface Myers & Wampler 1982 

2 4  



kr =9.6x10-** exp(-0.34 eV/kT) cm4/s ion sputtered surface Myers & Wampler 1982 

There was a big difference between the clean electropolished surface results of Myers & 
Wampler and their results for a sputtered surface. 

Winter et al. 1982 developed a probe with a 0.05 mm thick pure Fe membrane to measure 
hydrogen atom flux to the walls of a plasma device. They found that in some cases particle 
bombardment decreased the permeation flux, which was probably associated with an increase of 
krl on upstream side by bombardment cleaning or texturing of the surface. 

Measurements of deuterium surface concentration are possible sources of error in kr, including 
near-surface trap sites produced by ion bombardment and oxides. (Braun 1980) 

Surface Effects 

Yamawaki et al. 1987 sputter cleaned a 50 pm SS 304 foil, measured the surface 
contamination measured by Auger Electron Scattering, implanted with 3 keV deuterons, and 
measured the permeation. They found a good correlation of permeation rate with 0 and Si 
impurity concentrations, but not with N or P impurities. 

The values of kr found by Yamawaki et al. 1989 were somewhat closer to predictions of Pick and 
Sonnenberg equation than those of the Baskes equation. As the surface oxygen concentration was 
increased from 0 to 20%, kr1 decreased from 10-16 to 10-18 cm4/s as shown in Figure 3.1. 
This was represented approximately by 

kr kro exP(-qci) 
where q = -0.21 for oxygen on 304 SS, and Cj is the impurity (oxygen) concentration, 
percent. The impurity presence increased 2Ec, the activation energy of hydrogen 
chemisorption. 

Permeation is strongly& influenced by surface roughness. Mechanical polishing reduced the 
permeation rate by a factor of four from the as-machined condition, and electropolishing, by a 
factor of twelve. Surface oxidation also tends to make the underlying metal surface smoother. 
Cold working increases the hydrogen solubility at low temperatures, but has little effect above 
300 "C. (Dickson 1990) 
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Figure 3.1 . Variation of upstream surface recombination coefficient k,l with oxygen surface 
contamination fraction Co measured by Yarnawaki et ai. 1989. 

2 6  



Stone 1981 reviewed surface coating techniques and effectiveness. Gaseous additives to H2 
(ethylene, ethane, S02, CS2, CO, CO2) reduced its permeation rates by factors of 10-50. 
probably by interfering with surface recombination of hydrogen atoms. Stone tested many 
sample surface preparation techniques and coatings, and listed the resulting permeabilities. 

Surette and McElroy (1 988) measured the effectiveness of surface swipes for removal of 
adsorbed tritium and found that the average removal per swipe, one day apart, was 9.6% of 
remaining tritium. Much was collected as HTO, although the exposure had been to T2. 

Hirabayashi and Saeki (1984) exposed samples to 13.3 kPa of tritium for 7 days at 298 K. 
About 1Ol9 HTO molecules/m2 became weakly bound on surface. This corresponds to the 
number of active sites for adsorption on the surface of transition metals. The tightly bound 
tritium is about 10 70 of this amount. 

Hirabayashi, Saeki, and Tachikawa (1 986) found that gamma irradiation increased the amount 
of tritium adsorbed from 1 .7x1Ol6 atoms/m2 (no dose) to 4x1Ol6 atoms/m2 at a dose of 100 
kGy. Passivation of a surface by oxidation in air at 423-773 K for 6-24 h reduced the tritium 
adsorption by from 8 . 3 ~ 1 0 ~ 8  (no passivation) down to about 4 ~ 1 0 ~ 8  /m2. (Hirabayashi et al. 
1 9 8 9 )  

Johnson (1989) defined a thickness Lx = D/2k,ce above which flow becomes limited by bulk 
diffusion, instead of recombination. For an ion sputtered SS 316 surface this thickness is 600 
nm, and for an electropolished surface, 80 pm. The parameter Lx is related to the parameter W 
defined in conjunction with Figure 3. 

Electron impact on H 2  at or near the surface can dissociate the He and increase permeation 
rates. A positive bias on a sample increased the hydrogen permeation rate. (Kim et ai. 1992; 
Okamoto et al. 1988) 

Swansiger and Bastasz (1979) found that oxide films 4-15 nm thick on SS reduced 
permeabilities by 2-3 orders of magnitude. The upstream surface effects were rate-limiting 
(determined by comparison with Pd coatings on some samples). Oxides had high activation 
energies, up to 0.9 eV. 

Oxygen increases the ratio D/20kr, while carbon decreases it. Vacancy loops caused by ion 
bombardment may provide easier paths for tritium transport to the metal surface. Surface 
defects may catalyze recornbination of H. Hydrogen atoms may also be ejected by incident 
particles. (Sharapov et al. 1986) 

Aitchison et a1 (1993) found that exposure to 0.2 Torr of oxygen reduced deuterium permeation 
through initially clean 403 SS by two orders of magnitude. 

Trap Site Characterization and Effects 

Wilson (1 979) reviewed hydrogen trapping studies and cited several previous reviews that are 
not cited here. The trapped fraction of the incident ion beam starts out near one, but falls to 
zero after the fluence exceeds some saturation value. The saturation fluence decreases with 
increasing steel temperature. Surface blistering is observed only at low temperatures and high 
fluences. Above room temperature hydrogen diffusion prevents accumulation of hydrogen in 
blisters. The data are fit by a model with Ed = 0.6 eV and a trapping depth - 0.3 eV. At T > 500 
K hydrogen rapidly diffuses out of stainless steels, due to thermal detrapping. Hydrogen 
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trapping in nickel alloys, such as Inconels, is similar to that in stainless steels, with an even 
lower trapped fraction of the implanted ion beam at room temperature. 

Table 3.3 summarizes some observations of trapping energies induced in stainless steel 
samples. 

In a comparison of trapping in various materials Wilson and Pontau (1979b) implanted 
deuterons at 3.3 keV/atom to a standard fluence of 1@2/m2, then observed emission during 
thermal ramp desorption at 1.2 Ws to 875 K. Depth profiles were measured by nuclear 
reaction analysis. lnconel 625 retained an order of magnitude less deuterium than stainless 
steel 304 at 300 K, about a factor of two less at 450 K. This may be related to the high 
diffusivity of hydrogen in nickel. 

Wilson (1 981) reviewed hydrogen recycling from the walls of plasma experiments. 

First deuterium was implanted, then it was replaced by implanting protium. Gas retained in the 
target by ion bombardment was well represented by a model having two exponential functions 
representing trapping sites. The maximum fluence was 1 .5x1022 m-2. The two cross sections 
probably represented trapping sites with different locations or energies. For stainless steel 01 
had a peak of 0.7~1 O-20 m2 at 200 eV and 02 about 5x1 0-22 m2 at 400 eV. Several possible 
mechanisms were discussed, but none was clearly indicated by the data. (Abbas 1992) 

Deuterium implanted at 1-14 keV and 150 K reached saturation at 0.5-3~10*~/m~, depending 
on energy. Replacement of D by H and vice-versa was represented by a 2-exponential-function 
equation, limited by detrapping. 01 (RD+ARD) and a2(RD+ARD) were roughly independent of 
energy. Both types of traps were probably distributed 'unifoimly with depth. 
1 9 7 8 )  

(Blewer et al. 

A trap activation model related trap site creation to irradiation damage by ions and neutrons. 
The trap density 

The trap binding energy from 1 keV D injection was about 0.3 eV; and from He injection - 0.5 
eV; expected release at 300-500 K. There may also have been deeper traps at > 0.9 eV with 
lower concentrations - 1 O-4. (Brice 1982) 

NT = y NF/ (~+  y NF/N~) - y NF - 2 . 5 ~ 1 0 ~ ~  = 25 appm. 
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Table 3.3. Trapping induced in stainless steel specimens. 

D 1 - 5  100  0.8 
0.89 

9 0 vacancies Yoshida 1988-89 
160 impurity 
2 2 0 dislocations 
300 clusters 

D 7.3 6 0.30 0.01 7 SS 304 Scherzer 1986 
0.32 0.025 SS 316 Scherzer 1986 

D 1 5 0  0.64 150 SS 304 Thomas 1980 

D 1 100  0.29 1 380 SS316 Wilson 1978 
1 0  100  0.26 2 340 SS316 Wilson 1978 

3He+ 300 1 0  
andD 1 100 0.34 0.25 460 SS 316 Wilson 1978 

D 6 0.1 < 1  
0.3 

Wilson 1981 
, 

D 3.3 100 0.9 near-surface SS 304 Wilson 1979 
0.5-06 bulk SS 304 Wilson 1979 

D 2 1 0  0.8 2 Pontau 1982 

3He+ 8 1 1 .o 0.33 SS 304LN Pontau 1982 
andD 2 300 

3He+ 8 1 0  1.05 0.75 SS 304LN Pontau 1982 
andD 2 300  

3He+ 100 1 1.07 0.1 SS 304LN Pontau 1982 
andD 2 300 

3He+ 100 1 0  1.07 0.4 SS 304LN Pontau 1982 
andD 2 300 

3He+ 750 6 0.42 He traps SS 304 Myers 1983 
&4He 1 5  4 0.22 vacancies 
& D  1 5  1 
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Poros i ty  

The oxide surface was covered with many pores about 0.5 pm diameter, especially along the 
grain boundaries of the oxide. These pores were preserved at the same positions even after the 
specimen surface was etched down to the oxide-substrate boundary, revealing that the pores 
penetrated through the whole oxide film. (Namba, Yamawaki, and Kanno 1984) 

Permeation in layered structures 

Coatings of Au, W, A1203, or Si 10 pm thick could in principle reduce permeation by many 
orders of magnitude.(Baskes 1982) 
orders of magnitude, but they have not achieved their potential in practice. Cracks permit 
hydrogen penetration. Alloys with a few % AI have been tried, since AI203 has low 
permeability. With Fe-20Cr-5A1, initial reduction was three orders of magnitude. Thermal 
cycling destroyed the barrier, but reoxidation restored it. Aluminum coatings are not as 
effective as AI in the bulk at producing lasting protection. Including 0.3% of Y helped stabilize 
the alumina film. Use of a low-solubility coating downstream has also been tried. (Kerst and 
Swansiger 1984) 

Oxide films could potentially reduce permeation by many 

Films were applied by chemical vapor deposition. The measured permeability of deuterium 
through SS 316L was reduced by five orders of magnitude after application of TiN and Tic films 
2.5 pm thick. The resulting permeability was 
P = 3.3~10-9 exp(-0.811 eV/kT) mol/(rn s MPal’2) with the barrier film present. (Shan 
et al. 1992) 

Hirabayashi et al. (1990 and 1991) found that a coating of Cr on the surface of SS 316 reduced 
its tritium adsorption by a factor of 2-2.5, and an order of magnitude reduction of tritium 
sorption could be attained by a diffusion-coated surface from bath containing Cr, NH&I, and 
Al2O3. 

Riehm (1990) found that NiAlx layers grown on Ni are good permeation barriers. Such 
barriers might also be attainable on SS. 

Transport along grain boundaries 

Calder et al. 1973 measured tritium concentration profiles to study grain boundary diffusion. 
The models of Fisher, Whipple, and Suzuoka predict b = 1, 4/3, and 6/5, respectively, in the 
depth profile equation C(y) = Co exp(-Ayb). A least squares fit gave b = 1.07 * 0.23, which 
could fit any of those theories. The results for Fisher and Suzuoka models, respectively are: Do 
= 0.697 and 0.517 m2/s, Ed = 0.45 and 0.43 eV. These results differ by about 35%. The 
diffusivity is about 8 orders of magnitude greater than bulk diffusion coefficient. 

Grain-boundary diffusivity - 10-l0 to 
diffusivity. Abraham et al. 1978 wrote the differential equation for grain-boundary diffusion 
and solved it numerically using measured values of average grain size and boundary width. They 
mapped tritium concentrations with autoradiographs. The experimentally measured diffusion 
was less rapid than predicted by the grainboundary diffusion model. This may have been due to 
grain surface barriers to tritium transport out of the grains, or to lower solubility in the grain 
boundary. 

m2/s, which is much faster than ordinary 
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J. Yao and J. R. Cahoon [Acta Metall. Mater. 39 (1991) 1191 found that in Nickel (and 
therefore possibly in SS too) the grain boundaries do not act as a diffusion pipe for low 
concentrations of hydrogen; however, the grain boundary diffusion coefficient increased at large 
concentrations of hydrogen. Their paper on page 11 1 of the same journal describes the theory 
of grain boundary diffusion. 

Trapping and permeation at interfaces between materials 

Other than the information above on oxide films ("surface effects") and grain-boundary 
transport, no data were found. 

Hydrogen Diffusivit ies and Solubilities in Oxides 

Oxide films on SS had very low diffusivities. 
For a-Fe2Og D = 0.18 to 6.6xlO-lS cm%. 
For Cr2O3 D = 9 . 2 ~ 1 0 ' ~ ~  cm2/s. 
The temperature of these measurements was not stated, so it was probably room 
temperature.(Piggott and Siarkowski 1972) 

Grant, Cummings and Blackburn (1 989) developed a mathematical model of hydrogen transport 
through oxide-coated metals and present permeation data. For SS 304 

DS = 1.4~10-11 exp(-0.66 eV/kT) mol/m-s-Pa. (600-900 K) 

Solubility data were not found. 

Assess men t 

Many plasma experiments operate in the RD trapping regime, with upstream flow limited by 
surface recombination and downstream flow limited by diffusion, with trapping significant. 
Diffusivity, recombination coefficients, and trap site parameters are all needed to predict 
permeation rates and inventories. 

Permeation rates and diffusivities of hydrogen in stainless steels can typically be calculated 
within factor about a factor of two at temperatures of 500-900 K, and the values are not 
sensitive to the type of stainless steel. This is much better than the situation for beryllium. 
There is considerable disparity in the literature on the heat of solution Es for stainless steels. 
This value is needed as an input to the equation for the recombination coefficient. 

For general use with stainless steels and lnconels the values of Reiter et al (1993) are 
recommended: 
SS 316L: 
D = 5.9~10-3 exp(-0.54 eV/kT) 
S = 58x1 0-6 exp(-0.14 eV/kT) atom fraction/Pa' I2 
For lnconel 625: 
D = 0.022 exp(-0.60 eV/kT) 
S = 2.2~10-6 exp(-0.11 eV/kT) 

cm2/s 

cm2/s 
atom fraction/Pal/* 
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The work of Yamawaki et al. (Figure 5 above) helps to quantify the variation of kr with surface 
impurity content. 

Surface coatings and oxide layers have achieved permeation reduction factors of 100-1000 in 
most cases, with one experiment (Shan et al. 1992) reporting five orders of magnitude. 
Durable tritium barriers need to be developed and verified under conditions of radiation damage 
and thermal cycling. 

Several experiments have characterized the trap sites produced in stainless steels by cold work, 
ion bombardment, and impurities. The dependence of trap energy and concentration on 
bombardment species, energy, fluence, and temperature is beginning to be understood, but not 
yet complete. 

The gradual replacement of one hydrogen isotope with another in the walls of a plasma 
experiment chamber is fairly well represented by present models. 

One experiment reported porosity of the surface oxide layer. More information on possible 
porosity generation and effects is needed. Porosity is undesirable in layers that are supposed to 
act as tritium barriers, but desirable in the plasma-facing surface to permit rapid release of 
implanted tritium. 

A few studies have shown that grain-boundary diffusion of tritium can occur in stainless steels 
at very rapid rates. More work is needed to clarify the conditions under which grain-boundary 
diffusion might occur in large tokamaks, such as ITER. 

Only one study was found of hydrogen diffusivity in the oxides on stainless steel, and none of 
hydrogen solubility in the oxides. 

Although the tritium diffusivity and permeability in stainless steels are fairly well 
characterized, most of the other parameters are not so well known. We recommend that an 
international committee be appointed to assess the situation for stainless steel use in ITER, to 
assign "best values" where feasible, and to recommend definitive experiments as needed to 
clarify various processes and parameters. 
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4. Copper And Copper Alloys 

Introduct ion 

Copper and copper alloys are materials being considered for substrate applications in fusion 
devices. The primary reason for this stems from their high thermal conductivity. In this 
application, the plasma-facing component would comprise a suitable plasma-facing material 
(beryllium, carbon, etc.) bonded to a copper substrate or backing that provides structural 
integrity. To maintain acceptable temperatures of the plasma-facing material, the copper would 
be actively cooled. 

One aspect of the evaluation of these materials for use in fusion application concerns the 
material properties for hydrogen transport and retention. Some plasma-facing components will 
be exposed to high fluxes of hydrogenic (deuterium, tritium) species with the potential for 
building up significant inventories of these species or transporting them through to the coolant 
stream. Quantitative estimates of the tritium retained in plasma-facing compounds and that 
released to coolant streams are required to support safety and environmental analyses for ITER. 

In this document, we provide an up-to-date summary and evaluation of the hydrogen transport 
and retention properties for copper and copper alloys. This information was gleaned from 
technical reports, journal articles, review papers, and reference books that have been 
published primarily in the past 20-30 years. The presentation of this information is arranged 
according to the following topics: (1) diffusivity, (2) solubility, (3) permeability, (4) 
effects of impurities and alloying elements, (5) trapping at structural defects, (6) surface 
effects, and (7) multiple-layered materials. 

The following references provide an excellent background to the phenomena and material 
properties important to understanding hydrogen transport and retention in materials. Two 
classic references for general properties of hydrogen in materials are the two monographs 
edited by Alefeld and Volkl (Alefeld 1978a, 1978b). A more recent summary of hydrogen 
isotope permeability in materials is the report by Steward (Steward 1983). A detailed 
presentation of theoretical aspects of hydrogen diffusion in materials is the work of Fukai and 
Sugimoto (Fukai 1985). Usser has published a recent handbook that focuses on tritium and 
3He in materials (Lasser 1989). Issues regarding ion-beam studies of hydrogen-metal 
interactions are reviewed by Meyers et al. (Meyers 1989). From the perspective of fusion 
technology development, the following references contain information of importance to 
understanding hydrogen interactions with materials. Maroni and Van Deventer present, in some 
detail, material considerations in tritium handling systems (Maroni 1979). In a data 
compendium for plasma surface interactions, Wilson addresses hydrogen and helium trapping in 
materials (Wilson 1984). A formalism for evaluating steady-state hydrogen (tritium) 
inventory, recycle, and permeation in plasma-facing materials has been described in detail by 
Doyle and Brice (Doyle 1985). Additional information is tabulated in the reference by Souers 
(Souers 1985). All of these references served as important guides to the compilation and 
assessment of the information provided in the following sections. 

Hydrogen Diffusivity in Copper 

This section summarizes hydrogen diffusivity information for pure copper. The diffusivities 
have in general been obtained from two different measurement approaches: (1) equilibrium- 
saturation of hot, spherical or cylindrical specimens exposed to hydrogen gas at a known 
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pressure followed by degassing of the specimens and measurements of the release rates for 
hydrogen, (2) measurements of the hydrogen permeability through a hot membrane that is 
exposed to hydrogen gas pressure or a hydrogen ion beam on one side of the membrane. Although 
both of the approaches are sensitive to surface oxide and bulk trapping effects that could 
compromise the measurements, precautions were taken in many studies to reduce these effects. 
Copper in many forms has been studied: single-crystal spheres and cylinders, and 
polycrystalline cylinders, spheres, and foils or membranes. In general the material was of 
very high purity. 

We provide in Table 4.1 a summary of the relevant hydrogen diffusivity data for pure copper in 
terms of the pre-exponential, Do ,and the diffusion activation energy, E,, for a standard 
Arrhenius expression. Both of the earlier data referenced, Eichenauer 1957 and Katz 

Table 4.1. Diffusivity data for hydrogen in copper 

Temperature 

BixumL 
ED 
0 Reference 

Eichenauer 1957 

Katz 1971 

lsotoDe 
700-920 H 1 .l E-06 0.40 

720-1 200 H 
D 
T 

(11.31 - 0.40)E-7 
(7.30 - 1.05)E-7 
(6.12 - 0.51)E-7 

0.403 f 0.003 
0.382 f 0.10 
0.378 f 0.006 

Perkins 1973 

Tanabe 1987 

470-71 0 

290-1 070 

H 10.6E-07 0.40 

D 8.2E-08 0.24 

Eichenauer 1957: Electrolytic Cu spheres,equilibrium absorption/thermal degas measurements. 

Katz 1971: High purity single crystal spheres, equilibrium absorption/thermal degas 
measurements. 

Perkins 1973: OFHC polycrystalline copper membrane, gas-driven permeation measurement. 

Tanabe 1987: High purity polycrystalline membrane, ion-beam permeation measurement. 

1971, were obtained from absorption/degas experiments for high purity copper spheres. Katz 
et al. used single-crystal material, whereas Eichenauer and Pebler used electrolytically- 
refined copper. Because both of these experiments were done at high temperatures, the 
influence from any bulk trapping phenomena was minimized. In contrast, the data reported in 
the table for Perkins 1973 was obtained from gas-driven permeation experiments using 
polycrystalline, oxygen-free high purity (OFHC) copper membranes (Perkins 1972). There 
is excellent agreement in the diffusivity data for these three experimental studies. In Table 1 
we also identify more recent diffusivity data obtained by Tanabe et al. from a deuterium ion- 
beam driven permeation experiments for polycrystalline copper membranes (Tanabe 1987). 
The lower diffusivity and activation energy values in this work could be due to modification of 
the specimen surface or bulk by the 30-keV D+ ions bombarding the specimen. A similar 
reduction in the diffusivity values was observed by Anderl et al. in ion-beam permeation 
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experiments for OFHC copper (Anderl 1990). In that work, permeation transients were 
measured for 3-keV D3+ implantation of copper specimens at 640K and 720K. Simulation 
calculations were made to fit the measured permeation transients, with the results that the 
required diffusivity values were about one half those computed using the parameters determined 
by Katz 1971 for deuterium. 

Hydrogen Solubility in Copper 

Measurements of the solubility of hydrogen in copper have been made using one approach or 
variations of that approach. The method entails the following: (1) gas absorption: charging of a 
heated specimen to equilibrium saturation by exposing the specimen to a known pressure of 
hydrogen gas, (2) gas desorption (degassing): measuring the total quantity of hydrogen released 
from the hot specimen in a vacuum environment. Most measurements were done with large 
specimens at high temperatures to minimize the influence of surface adsorption and of bulk 
trapping effects on the solubility determination. 
A summary of the relevant solubility data is given in Table 4.2. The table indicates the 
temperature range over which the measurements were made and the various gas pressures used. 
Often the experimenters used a range of pressures to verify that the quantities of released gas 
measured corresponded to solution in the metal according to Sieverts law, namely that the 
concentration was proportional to the square root of the gas pressure. The solubility data are 
given as parameters of an Arrhenius experience for which So is the solubility pre-exponential 
and E, is the enthalpy of solution. 

Table 4.2. Solubility data for hydrogen in copper 

Reference 

Eichenauer 1957 

Eichenauer 1965 

Thomas 1967 

McLellan 1973 

Wampler 1976 

Temperature 

Ranae (K) 

700-920 

700-920 

770-1 320 

870- 1300 

770-1 070 

SO ES Pressure 

B ~ Q W ~ M P ~ ~ ~ A ~ ~  lev) 

0.08 4.29 E23 0.37 

0.01 -0.1 5.24E23 0.39 

0.1 1.94E24 0.51 

0.1 3.1 OE24 0.57 

0.1 -9  1.07E24 0.44 

Eichenauer 1957: 

Eichenauer 1965: 

Electrolytic copper spheres, equilibrium absorption/thermal degas. 

Single crystal cylinders, equilibrium absorption/thermal degas. 

Thomas 1967: Poly crystalline copper cylinders, absorptionMherma1 degas. 

McLellan 1973: 

Wampler 1976: 

MARZ grade cylinders, equilibrium absorption/thermal degas. 

Single crystal cylinders, equilibrium absorption/thermal degas. 
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Minor variations of the absorptiotvdegas method were used in the work identified in the table. 
In the works of Eichenauer 1957 and Eichenauer 1965, the specimen was maintained at high 
temperatures between the gas exposure time and the gas desorption measurements. During this 
transition time the experiment chamber was quickly evacuated and subsequently isolated so that 
the pressure rise during degassing could be measured. Hence these experiments required 
corrections to be made to account for hydrogen lost from the sample during the evacuation step. 
However, the experimenters could obtain both diffusivity and solubility information from their 
approach. in contrast, the experiments of Thomas 1967, McLellan 1973, and Wampler 1976 
included a fast thermal quench of the specimens after the gas absorption step. This was then 
followed by the vacuum hot extraction of the gases in the specimen. Hence, losses of the 
hydrogen from the specimen during the transition from charging to degas were minimized. 

More recently Swansiger 1 988 conducted experiments to extend the measured solubility data 
base to lower temperatures. These experiments were done with a high pressure tritium 
solubility apparatus that was used to charge a specimen with tritium and quickly quench it to 
liquid nitrogen temperature. Tritium solubilities were determined by two different methods: 
(1) acid dissolution followed by liquid scintillation counting, and (2) vacuum fusion followed 
by 3He analysis using mass spectrometry. Valid bulk solubility data were obtained using the 
acid dissolution techniques only after tritium in the surface oxide layer was removed by acid 
dissolution. Measurements at 473K, 625K, and 673K were consistent with the extrapolation of 
McLellan's high temperature data that covered the temperature range 870K to 1300K. 

Hydrogen Permeability through Copper 

Steady-state flow of hydrogen through materials is often represented by its permeability for 
the material. As discussed in Steward 1983 and Perkins 1973, the permeability is the product 
of the diffusivity and solubility. Measurements of permeability are often obtained in 
permeation experiments for membrane samples. In such experiments one side of the membrane 
is exposed to hydrogen gas at a known pressure and the steady-state rate at which it permeates 
through the opposite surface is measured. For diatomic gases, the permeability, P, is given by: 

where Js is the steady-state flow through a specimen with area A and thickness d and the gas 
pressure is p1 on the upstream side of the specimen and p2 on the downstream side. Usually p2 
is considered to be zero. Similar to diffusivity and solubility, permeability is also represented 
by an Arrhenius expression with a prefactor Po and an activation energy E where P 

In Table 4.3 we present relevant Permeability data for hydrogen through copper. With the 
exception of the data for Eichenauer et al., all other permeability data shown were determined 
from gas-driven permeation experiments for membrane samples. The permeability values 
reported for the Eichenauer experiments correspond to calculations of the permeabilities based 
on diffusivities and solubilities that were determined in the experiments. All of the data show a 
good consistency between the permeability activation energies but significant variation in the 
permeability pre-exponentials. The data from Caskey 1976 corresponds to the fit of an 
Arrhenius expression to a large set of permeability data that were measured for several grades 
of commercial copper specimens with varying oxygen contents. The lower permeability pre- 
exponential could be due to surface oxides in the samples. Steward suggests that the values of 
Gorman 1962 and Perkins 1973 probably represent the best values for hydrogen permeability 
in pure copper. 
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Table 4.3. Permeability data for hydrogen in copper 

Reference 

Eichenauer 1957 

Eichenauer 1965 

Gorman 1962 

Belyakov 1968 

Perkins 1973 

Caskey 1976 

Eichenauer 1957: 

Eichenauer 1965: 

Gorman 1962: 

Belyakov 1968: 

Perkins 1973: 

Caskey 1976: 

Temperature 

l3aMmL 

700-920 

700-900 

620-970 

800-1 000 

470-71 0 

370-720 

Pressure 

Ranaeal 

0.013-0.1 

0.1 

0.OOOB-0.1 3 

100-500 

l.sQua 

H 

H 
D 

H 

H 

H 

D 

EP Permeability 

/H/m _ _  s 

4.9E17 0.77 

6.3E18 0.82 
3.8E18 0.83 

7.1 E17 0.78 

2.OE18 0.87 

1.01 E l  8 0.80 

7.OE16 0.74 

Electrolytically refined Cu sphere. 

Single crystal Cu cylinder. 

Polycrystalline membrane. 

Polycrystalline membrane. 

Polycrystalline membrane. 

Poly crystalline membrane. 

Effects of Impurities and Alloying Elements 

The presence of impurities and alloying elements can have 8 significant effect on hydrogen 
transport and retention in materials and on material properties. As discussed in detail by West 
in Alefeld 1978b. impurities can contribute to hydrogen trapping in a material. For example, 
interstitial 0, N, and C are known to trap hydrogen with trap energies of a few tenths of an eV. 
Similarly, alloying elements that are hybrid formers can serve as chemical trap sites for 
hydrogen. In general, indications of such trapping are a reduction in the hydrogen diffusivity 
for the material relative to the diffusivity in the pure host material, although the permeability 
may not be altered. In other words, the presence of impurities and alloying elements may 
significantly alter permeation transients but not change steady-state permeation rates. In 
addition, several varieties of hydrogen embrittlement of materials have been observed to be 
related to the strong attractive interaction between diffusing hydrogen and oxide inclusions or 
oxygen in solution (Caskey 1976). 
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This section deals with the impact of impurities and alloying elements on hydrogen transport in 
copper. A detailed study of the influences of oxygen on hydrogen transport in copper has been 
reported by Caskey 1976. Wampler 1976b has also investigated the influence of impurities on 
hydrogen transport. The influence of alloying elements on hydrogen transport in copper has 
been studied by a number of workers including the following: Belyakov 1968, Begeal 1978, 
Mitchell 1982a, and Mitchell 1982b. Relevant information from these papers in summarized 
in the following paragraphs. 

Caskey 1976 investigated the influences of oxygen on hydrogen transport in copper by means of 
both solubility measurements and permeability/diffusivity measurements for many different 
types and commercial grades of copper. Types of copper studied (with oxygen levels indicated) 
included the following: high purity copper (1 ppm), OFHC and BD copper (10 ppm), low- and 
high- phosphorous copper (100 ppm), and ETP copper (200-400 ppm). The solubility 
measurements were made by exposing different cylindrical specimens at elevated temperatures 
(450K and 535K) to tritium gas at 69 MPa or 0.1 MPa. Tritium concentrations in the exposed 
rods were measured by liquid scintillation counting of solutions obtained by acid dissolution of 
the specimens. For the samples exposed to 69 MPa of T2, the whole rod was dissolved. Rods 
exposed at 0.1 MPa were incrementally dissolved so that tritium concentration profiles in the 
specimens could by determined. The results of these measurements indicated that the average 
bulk tritium contents correlated with the nominal oxygen content and that the highest purity 
copper tested (-1 ppm 0) had a tritium content that corresponded to a value predicted using the 
solubility data by McLellan 1973. Caskey concluded that the lowest solubilities measured 
corresponded to lattice solubility and the additional tritium contents were associated with 
trapping at oxygen impurities. The concentration profile measurements indicated that a 
uniform bulk tritium concentration was not achieved during the exposure time for specimens 
with highest oxygen impurity levels. Based on a trapping analysis, Caskey concluded that the 
oxygen impurity interacted with and trapped diffusing tritium, thus causing the effective 
diffusivity to be smaller than that due to lattice diffusivity alone. Permeability and diffusivity 
measurements were made for membrane specimens exposed to deuterium gas. Measured 
permeabilities were a little less than previous measurements over the same temperature range 
(see Table 3). Permeation transients were not reproducible. However, the evolution 
transients following termination of steady-state permeation, were quite reproducible. These 
features are an indication of oxide films on the specimen surface and/or reactions of permeating 
hydrogen with dissolved oxygen or oxide inclusions. Deuterium diffusivities derived from the 
evolution transients were below extrapolations of published diffusivities obtained for high 
purity, single crystal material. 

Wampler 1976b evaluated resistivity changes in copper specimens that were subjected to 
isochronal annealing measurements. By analyzing measurements for both pure copper and 
copper with impurities, Wampler and coworkers determined that hydrogen could trap at 
interstitial impurities. They determined a trap binding energy of 0.1 2 eV for hydrogen binding 
to impurities. 

The work of Belyakov 1968 used the gas-driven permeation technique to measure 
permeabilities and diffusivities for pure copper and copper with alloying elements over the 
temperature range 880K to 1000K. Membrane specimens included the following: (1) pure 
copper, (2) oxidized and restored copper, (3) various bronzes [Ca/Sn/P, Cu/Be, Cu/Si/Mn, 
Cu/AI/Fe], (4) Cu + 1.5 wt 7'0 Si, and (5) Cu + 3 wt Yo Si. A significant reduction in hydrogen 
permeabilities, relative to that for pure copper, was observed for alloys including Sn, Be, Si, 
and AI. The authors concluded that the permeability reduction was due to the formation of thin 
(30 angstrom) oxides of the alloying elements on the upstream surface. The magnitude of the 
permeability reduction was related to the thermodynamic stability of the oxide of the alloying 
element, Le., A1203 film on the Cu/AI/Fe alloy resulted in a permeability reduction of 1/100 
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whereas that for Si02 on Cu/SiMn resulted in a reduction of 116 and that for Be0 on Cu/Be 
resulted in a reduction of 1/3. Arrhenius curve fits to the permeability data indicated that the 
activation energy changed little (0.87 to 0.8 eV), whereas the pre-exponential varied by 
orders of magnitude. These changes in the hydrogen permeability for the alloys is indicative of 
the presence of the oxide films. 

More recently (Begeal 1978), hydrogen and deuterium gas-driven permeation measurements 
were made for many copper alloy membranes in the temperature range 550K to 830K. 
Permeability measurements, made as a function of the gas pressure ranging from 0.01 MPa to 
0.1 MPa, indicated quite different response for the alloys. The first class of alloys included the 
following: Cu + 5% Sn, Cu + 2.3% Si, Cu + 0.15% Zr, 
Cu + 4% Sn + 4% Pb + 4% Zr, Cu + 3% Si, and Cu + 7% AI + 2% Fe. 

For these alloys, the permeability curves manifested an Arrhenius behavior with little change 
in permeability activation energy but some reduction in the pre-exponential terms ( the 
authors concluded that this material had bulk metal permeation behavior). At 573K, the 
deuterium permeability was reduced by factors of 2.0, 2.7, 4.5, 5.3, 5.9, and 7.0, 
respectively. Only the alloys containing Si and Zr had permeabilities varying slightly from the 
classical POa5 dependence. For the copper alloy containing 0.15 wt % Zr, the pressure 
dependence "n" ranged from 0.57 to 0.62, and the Arrhenius parameters for hydrogen 
permeation were determined to be 0.83 eV for the activation energy and 
3.8~1017 H/(m s Pan) for the pre-exponential. When n = 0.5, permeation is limited by 
diffusion. When n = 1, permeation is surface limited. For 0.5 c n c 1, both bulk diffusion and 
surface effects play roles in determining the permeation rate. It is possible to work out both 
the bulk permeability and the effective recombination coefficient of both surfaces. (See 
Waelbroeck 1982 in App. B). 

The second class of alloys (Begeal 1978) was the copper/gold braze alloy group that also 
exhibited bulk metal permeation behavior with a trend of decreasing permeability (increasing 
activation energies for permeation) with increasing gold content. For the last class of 
materials, including Cu + 2% Be and Cu + 7% AI + 2% Si, the observed permeation 
measurements did not exhibit bulk metal permeation behavior. In fact, the permeability was 
controlled by surface oxide layers. For the CuBe alloy, the permeability at 690K was 1/250 
that for pure copper. Similarly, for CuAISi, the permeability reduction was 1/1000 at 730K. 
The authors postulated that the mechanism for oxide growth was high-temperature reduction of 
nearby less stable oxides, simultaneous with oxidation of the active metal Be or AI by trace 
amounts of water in the hydrogen. 

Mitchell 1982a has reported an extensive study of the influence of Er, Ti, Zr, and Cr elements 
on hydrogen permeation properties of copper alloys containing these elements. The following 
alloys were studied: Cu +2% Er, Cu + 4% Ti, Cu + 4% Zr, and Cu + 1% Cr. Deuterium gas- 
driven permeation measurements were made for specimens at temperatures ranging from 573K 
to 973K. Both permeabilities and effective diffusivities were obtained by fitting the measured 
permeation transient data. For the Cu-Er and Cu-Zr specimens, the measured permeabilities 
were essentially identical to those for pure copper. However in both cases the derived 
diffusivities were between 10 and 100 times smaller than for those in pure copper over the 
temperature range 973K to 573K. In addition, the permeabilities and diffusivities did not 
change as the gas pressure was varied from 1.33 kPa to 133 kPa. Hence surface effects did not 
seem to affect deuterium transport through these materials. Rather the permeation was 
indicative of that which is influenced by bulk trapping. Assuming that the Er and Zr alloying 
elements were chemical trap sites, analysis of the effective diffusivities yielded 0.88 eV and 
0.83 eV as estimates of the trap binding energies for Er and Zr, respectively. Here, the trap 
binding energy corresponds to (ET+ED) where ED is the activation energy for normal lattice 
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deuterium diffusivity and ET is the energy of the diffusing species in the traps relative to that in 
the normal lattice. For these analyses, the trap density was set equal to the atom density of the 
alloying element and the assumption was made that each site could trap one deuterium atom. 

In contrast to the above permeation measurements for Cu-Er and Cu-Zr, the measured 
deuterium permeabilities and diff usivities for Cu-Ti and Cu-Cr indicated that surface oxide 
films were significant for these two materials. In both cases, the measured permeabilities were 
less than those for pure copper and they manifested some dependence on driving gas pressure, 
although the variation was greater for Cu-Ti than for Cu-Cr. Measured deuterium diffusivities 
for Cu-Ti were much less than those for pure Cu, but those for Cu-Cr did not deviate as much 
from pure Cu values. However, in both cases, the diffusivities were highly sensitive to the 
driving gas pressure. The authors concluded: surface-oxide effects were important in both 
cases, bulk trapping was significant in the case of Cu-Ti, and bulk trapping was not significant 
for Cu-Cr. Assuming a trap density equal to the atom density for Ti, and one deuterium atom 
trapped per site, a trap energy of 0.75 eV was estimated for Ti in Cu. 

In work related to that above, Mitchell 1982b, reported deuterium permeability and 
diffusivities obtained from gas-driven permeation experiments for membrane samples 
including: Cu+ 0.88% Er, Cu+O.O42%Er, Cu+3.6%Zr and Cu+ 6.40%Ti. The results of these 
measurements were similar to those reported earlier. Additional thermodesorption 
measurements were made for these specimens. These measurements determined average 
deuterium-to-dopant atomic ratios for various temperatures and exposure times for a 
deuterium gas pressure of 100 kPa. For the Er and Ti doped alloys, deuterium-to-dopant ratios 
varied from 0.1 to greater than 2, dependent on the exposure time. For the Zr doped material, 
the deuterium-to-dopant ratio was much smaller, ranging from 0.007 to about 0.04 for 
comparable exposure conditions. 

Trapping at Structural Defects 

Hydrogen transport and retention in materials is strongly influenced by trapping at structural 
defects like vacancies, interstitials, vacancy clusters, voids, dislocations, microscopic gas 
bubbles, etc., (see Ch 8. Trapping of Hydrogen in Metals by Ch. A. West, Alefeld 1978b). A 
methodology for treating trapping in materials and brief summaries of trapping information in 
fusion-relevant materials is found in the article by Wilson 1984. A detailed treatment of 
trapping as it relates to ionkolid interactions has been published by Meyers 1989. 

In the following paragraphs we summarize the relevant information in the literature as it 
relates to trapping in copper and copper alloys for fusion applications. All engineered materials 
have intrinsic defects like dislocations and grain boundaries that are due to processing and 
fabrication techniques. Caskey 1973 has investigated hydrogen transport and trapping in cold- 
rolled copper. Grain-boundary diffusion has been studied by Maienschein 1983 and 1988 and 
by Robinson 1960 . Precipitation of hydrogen into microscopic bubbles in copper has been 
studied by Wampler 1976 and by Johnson 1977 and 1978. Defect trapping in ion-implanted 
copper has been investigated in detail by Wilson 1987 and by Besenbacher 1984. Wilson 1987 
provides a comprehensive bibliography of additional papers dealing with hydrogen trapping in 
hydrogen-implanted copper. The influence of neutron-induced radiation damage on hydrogen 
transport and trapping in copper has been studied by Yamakawa 1992 and Shimornura 1992. 
Relevant information on hydrogen trapping, as gleaned from these references, follows. 

Information on grain-boundary diffusion of hydrogen has been obtained from experiments with 
copper specimens at low temperatures. Robinson 1960 studied diffusion in deuterium- 
implanted copper specimens at temperatures ranging from 230K to 293K. Specimens included 
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high purity polycrystalline copper (99.999%), single crystal copper from the melt of the high 
purity material, and OFHC grade copper. Diffusion in the specimens was studied by counting 
neutrons from the D(d,r~)~He reaction. Lower diffusion coefficients were obtained from 
experiments with the single crystal material than from experiments with high-purity 
polycrystalline material. The authors concluded that grain-boundary diffusion with an 
activation energy of 0.12 eVlatom was responsible for the higher diffusivity in the high purity 
polycrystalline copper. 

Maienschein 1985 and 1988 used a tritium gas-driven permeation approach to measure the 
permeabilities of tritium in various grades of copper at relatively low temperatures (323K, 
373K, and 443K). In the earlier work, specimens of unannealed polycrystalline high purity 
copper (99.999%) with palladium coated surfaces were used. Measured permeabilities at 
373K and 443K with these specimens were in reasonable agreement with the works of others, 
although the permeability activation energy of 0.67 eV was somewhat less. Both annealed and 
single crystal specimens were studied in the latter work for which measurements at 323K and 
373K were made. A notable increase in grain size resulted for the annealed specimen. 
Measured permeabilities of the annealed specimen were 1/10 that for the unannealed material. 
At 323K, the permeability for the annealed copper was the same as that for the single crystal 
specimen, whereas at 373K, the permeability for the single crystal material was slightly lower 
than that for the unannealed specimen. The authors concluded that the permeability reduction 
with annealing and its compatibility with single crystal data implied that, at the low 
temperature, hydrogen transport took place along the grain boundaries. A permeability 
characterized by an activation energy of 0.56 eV and a pre-exponential of 1.7E14 H/ m s Pas5 
was determined by this work. 

Resistivity measurements and optical and electron microscopy investigations were made by 
Wampler 1976 to study precipitation and trapping of hydrogen in copper. The resistivity 
investigation entailed hydrogen loading of high purity single crystal specimens at temperatures 
between 873K and 1273K followed by a fast quench to 123K and subsequent isochronal and 
isothermal resistivity annealing measurements. These measurements indicated that 
supersaturated solutions of hydrogen in copper return to thermodynamic equilibrium either by 
diffusion through the surface or by precipitation into microscopic bubbles within the metal at 
temperatures between 273K and 323K. The activation energy for migration of hydrogen to the 
bubbles was determined to be 0.45 eV, the activation energy of the diffusion coefficient obtained 
from high temperature diffusivity measurements. Optical and electron microscopic analyses 
were made for both single crystal and polycrystalline samples loaded with hydrogen at elevated 
temperatures and quenched to ambient temperature(293K) and annealed at that temperature for 
several hours. Measurements on the single crystal samples showed that hydrogen bubbles (0.2 
to 0.4 micrometers diameter) precipitated near dense dislocation tangles and were often 
associated with arrays of prismatic dislocation loops ejected from the bubble. Single crystal 
samples with smaller dislocation densities had smaller numbers of hydrogen bubbles. 
Micrographs for the polycrystalline samples indicated that hydrogen bubbles nucleated 
preferentially along grain boundaries that produce strong local distortion of the lattice. These 
measurements provided direct evidence of the following: (1) supersaturated solutions of 
hydrogen in copper precipitate irreversibly into gas bubbles at 293K, (2) bubble nucleation is 
enhanced by the presence of grain boundaries and dislocations (dissolved gas atoms are attracted 
by the strain field of the dislocation causing an increase in gas atom concentration in the 
neighborhood of the dislocation and preferential nucleation of bubbles at the dislocation). 

Studies of deuterium bubble nucleation and coalescence in ion-implanted copper leading to 
surface blistering have been made by Johnson 1977, 1978. In this work, polycrystalline, high 
purity copper (99.999%) specimens were annealed at 1200K and subsequently implanted with 
200-keV D+ ions. Specimen temperature was 350K. Surface blisters (4 micrometer 
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diameter) were observed to form at a critical dose of 7x1018D/cm2 . Typical D:Cu loadings at 
the critical dose for blistering were determined to be about 1 at?!. 

Trapping of ion-implanted deuterium at lattice defects has been investigated using ion-beam 
analysis techniques (Besenbacher 1984). MARZ-grade single crystals of copper at 25K and 
110K were implanted with deuterium at 15 keV. The implanted deuterium depth distribution 
was profiled using the D(3He,p) 4He reaction and ion-channeling measurements were made to 
determine the sites of implanted deuterium. Deuterium release measurements were made 
during linear-ramp-annealing of implanted specimens from 25K to 350K to determine binding 
enthalpies for trapped deuterium. These studies revealed that two types of traps were 
operative, one at 0.42 eV and a second at 0.22 eV. A comparison of the experimental results to 
effective medium theory calculations revealed that the 0.42-eV trap was associated with 
monovacancies or small vacancy clusters, whereas the 0.22-eV trap was associated with self- 
interstitials. These energies are referenced to the energy of solution sites for deuterium in the 
material. The ion-channeling studies showed that deuterium trapped to vacancies is delocalized 
with maximum probability between the vacancy and the octahedral site (the normal location for 
hydrogen in FCC metals is octahedral). The reported value of 0.42 eV for binding to vacancies is 
inconsistent with that found by Lengeler 1978 using positron-annihilation techniques. 

Measurements of hydrogen isotope retention and release from copper under ion bombardment 
have been reported by Wilson 1987. Both nuclear reaction analyses and thermal desorption 
spectroscopy (TDS) were used to investigate deuterium trapping in the near-surface regions of 
MARZ-grade copper that were implanted at 300K with 10-keV D3+ ions to fluences 

approaching 1 E23 D/m2 . Far less than 1% of the implanted deuterium was retained in the 
specimen at this temperature and fluence. TDS measurements indicated that the retained 
deuterium was trapped at sites characterized by two different binding energies. DIFFUSE 
calculations that considered a 0.5-eV trap with a concentration of 0.5 appm and a 0.93-eV trap 
with a concentration of 25 at parts /1E9 yielded an approximate fit to the TDS data. 

Void formation and the role played by gas atoms in void formation has been reported by 
Yamakawa 1992 for neutron-irradiated copper and copper/aluminum alloys. These 
experiments were done using high purity polycrystalline copper and copper alloyed with 
1 at Yo AI and with 5 at % AI. The specimens were given different treatment prior to 
irradiation, namely: (1) no treatment, (2) vacuum-melted, degassed and resolidified, (3) 
melted with an argon atmosphere and then resolidified. Specimens were irradiated under three 
different conditions: (1) 603K to a fluence of 5.2E24 n/m2 , (2) 663K to a fluence of 3E25 
n/m2 and (3) 693K to a fluence of 1.3E26 n/m2 . Following the irradiation, the specimens 
were characterized using electron microscopy. The authors reported the following 
observations: (1 ) vacuum-meltedldegassed material had reduced void densities (1 / lo) 
compared to as-received material, however void size was larger in the vacuum-melted 
material; (2) argon-melted CU/AI alloy had more voids than vacuum-melted; (3) there was a 
reduced number of voids in the Cu/AI alloy when compared to pure copper; and (4) voids and 
dislocation line segments were always observed in irradiated copper, and dislocation density 
increased with fluence. Based on these observations the authors concluded: (1) the addition of AI 
suppresses void formation, (2) for non-degassed material, the residual gases in the material 
were major contributors to void formation, (3) for degassed material, the hydrogen and helium 
generated as transmutation products were instrumental in void formation. 

Recently, Shimomura 1992 presented the results of molecular dynamics/embedded atom 
calculations to elucidate an understanding of the role gas atoms play in void nucleation for ion- 
and neutron- irradiated copper. Experimentally Shimomura and colleagues had observed that, 
for ion-and neutron-irradiated copper at 0.4 to 0.5 the melting point Tm , voids nucleated at 
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vacancy clusters that trap gas atoms such as H and He. For neutron-irradiated copper at 570K, 
stacking fault tetrahedral (SFT) were observed, whereas if the irradiation temperature was 
670K, voids were observed in pure copper. Based on the modeling and computational 
investigation, the following was observed: (1) octahedral 6-vacancy voids can be formed 
during ion- or neutron- irradiation at temperatures lower than 0.4 Tm, (2) for low 
temperatures this void can relax to a stable SfT and not grow to a large void, (3) if the void 
traps a hydrogen atom, it will not relax to the SFT but become a nucleus for void growth. The 
authors concluded that hydrogen-stabilized 6- and 7- vacancy clusters can serve as void 
nucleation sites for void growth in ion- and neutron- irradiated materials. 

Surface Effects 

Surface effects play a major role in controlling uptake and release of hydrogen from materials. 
In many early studies of gas-driven permeation, surface conditions, especially the presence of 
oxide layers, presented barriers to uptake of hydrogen. As we presented in an earlier section, 
the presence of such oxide layers resulted in significant reductions in hydrogen permeability. 
In recent years, hydrogen/material interaction studies have been done using energetically 
implanted hydrogen and neutral atomic hydrogen fluxes. Because in both of these cases, the 
molecular dissociation step is bypassed at the vacuumhnetal interface, uptake, permeation and 
release of the hydrogen can manifest a different behavior than that for gas-driven permeation. 
For example, in some studies permeation was enhanced over that expected because oxide films or 
chemical contaminants on the upstream surface inhibited molecular recombination and release 
from that surface with a consequent increase in permeation through the material. Many models 
have been developed over the years to describe the key processes contributing to hydrogen 
permeation through metals. A recent publication by Andrew 1992 provides a good overview of 
these models and the operative processes at the vacuumlsurface and surface/bulk interfaces. 

In this section we summarize recent studies that have been made to determine the molecular 
recombination coefficient, Kr, that relates the outgoing flux from a material directly to the bulk 
hydrogen concentration just below the surface. As is customary for second order release 
processes, the outgoing flux, J, is expressed by 

J = 2  Q Krc2 , 

where o is a surface roughness factor, Kr is the molecular recombination coefficient and c is 
the bulk metal hydrogen concentration near the surface (Andrew 1992, and references 
therein). The factor o is an empirical factor to account for imperfect surfaces, Le., surfaces 
that may have chemical impurities occupying surface sites or surfaces whose available area for 
adsorption/desorption is larger than the geometric area. The review includes results from 
experiments with plasma ions (Wilson 1987), with accelerator produced ions (Nagasaki 
1992a and 1992b, and Anderl 1990) and with gas molecules and neutral atom fluxes (Haasz 
1989, Andrew 1991 a). 

The results reported by Wilson 1987 were obtained from permeation experiments using 100- 
eV deuterium plasma ions (lE20 D/m2-s) incident on MARZ-grade copper specimens at 
temperatures ranging from 570K to 830K. The samples were annealed at 823K prior to the 
experiments. Measured permeation rates were compared to predicted values using the DIFFUSE 
code with deuterium diffusivities and solubilities from Eichenauer 1957, and the Baskes' 
formulation for the recombination coefficient. A molecular sticking coefficient of 0.1 was 
required to fit the data. The recombination rate constant derived from this work was essentially 
constant at a value 6.7E-26 m4/s over the temperature range of the experiment. A constant 
recombination value with temperature is not surprising because in the Baskes' formulation, the 
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temperature dependence is proportional to exp[(Es-Ed)/kTl and, for copper, E, is nearly equal 
to Ed. An Auger spectrometer was used in this work to determine that the upstream surface did 
have carbon contamination, (~0.5 monolayers), but the authors suggest this has little impact on 
permeation. 

Anderl (1 990) measured permeation rates through polycrystalline copper specimens at 
temperatures of 638K and 723K for an incident 3-keV D3+ ion beam with a flux of 5E19 

D/m2s. Initially, values of Kr were derived from the steady-state permeation values, assuming 
recombination-limited flow upstream and diffusion-limited flow to the downstream surface. 
Subsequently, TMAP4 simulation calculations were made to fit the measured permeation 
transients, with Kr and D as adjustable parameters. This analysis yielded recombination 

coefficients of 3E-24 m4/s and 6E-25 m4/s for sputter-cleaned copper at 723K and 638K, 
respectively. These authors determined that sputter cleaning of the upstream copper surface 
resulted in an enhancement of the molecular recombination coefficient by factors of 6-8 over 
that of the downstream surface. 

In two papers, Nagasaki 1992a and 1992b report on their efforts to determine the molecular 
recornbination coefficient for copper. lon-beam driven permeation experiments were conducted 
for high purity polycrystalline copper specimens using a 5-keV, D3+ ion beam with fluxes 

varied from 0.2E19 D/m2s to 1 .OEl9 D/m2s. Specimen temperatures ranged from 350K to 
77OK. The backside surface of the specimen was sputter cleaned with an argon ion beam. Values 
for the molecular recombination coefficients were derived from the permeation data for 
temperatures between 520K and 770K, a region for which the permeation was recombination- 
limited upstream and diff usion-limited downstream. The analysis was based on the generalized 
formulation of Doyle 1985. In order to fit the data, the authors required the upstream 
recombination coefficient to be a factor of 7 larger than the downstream surface recombination 
coefficient. The derived recombination coefficients exhibited a trend with temperatures that 
could be fit either with the recombination expression of Pick 1985 or with an Arrhenius 
expression. For the temperature range 520K to 770K, these expressions are, respectively, 

K1 (m4/s) = 3.62E-26 (T)-0-5 exp (0.39 eV/kT) 

K1(m4/s) = 8.71E-28 exp (0.41 eV/kT). 
and 

In the recombination coefficient expression of Pick 1985, the energy term in the exponent is 
2(Es - Ec), where E, is the solution enthalpy and E, is the activation energy for 
chemisorption. Applying this to the above data, the work of Nagasaki would suggest a 
chemisorption barrier of about 0.2eV, assuming that E, = 0.4 eV. The temperature variation 
in the recombination coefficient is in marked contrast to values determined by Wilson 1987 and 
Haasz 1989, both of which are constant with temperature and much lower. 
Copper surface effects on permeation were investigated by Haasz 1989 using both hydrogen gas 
and atomic hydrogen-driven permeation experiments. The specimen used in this work was a 
copper-iron composite membrane with 32 micrometer of OFHC copper and 95 micrometers of 
high purity iron. Molecular fluxes were varied from 2.7E22 to 7.3E25 H2/m2-s. Specimen 
temperatures were varied from 570K to 780K. From the diffusion-limited permeation data for 
H2, the H permeability for Cu was determined to be 2.OE16 exp (-0.64 eV/kT)H/m s Pa0.5. 
Hydrogen recombination coefficients for Cu were derived from both surface-limited molecular 
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hydrogen permeation data and from the diff usion-limited atomic permeation data. Both 
approaches determined that 

(okrS2)CU = 9.3E19 exp (-0.68 eV/kT) H2/m2s Pa. 

The authors used literature solubility data from Tanabe 1984 to derive values of (Kr = okr) 

from the above expression. This analysis yielded a value of Kr of about 8E-27 m4/s, nearly 
independent of temperature. The authors noted that K, obtained from experiments with thermal 
energy incident particles were consistently lower than values obtained from experiments using 
ion implantation. The reason for this could be due to impurities present on the surfaces in the 
molecular and atomic hydrogen experiments. In the above experiment, the copper surface was 
characterized with an Auger spectrometer to be: 76% Cu, 7% 0, 5% S, 5% C, 3% Ca, 2% Mn, 
and 2% Sb. Such impurities could be sputter-removed in experiments with energetic ions, 
resulted in higher recombination coefficients. 

In experiments with copper-coated iron films, Andrew 1992 has investigated the role of Cu 
surface effects on hydrogen permeation. Experiments were conducted with both hydrogen 
molecules to l o 4  H2/m2-s) and with specimen temperatures ranging from 300K to 
600K. These experiments determined that the copper layer had no effect on the diffusion- 
limited permeation for the composite membrane but it did reduce the surface-limited rate and it 
affected the temperature dependence. Air exposure of the copper resulted in a further reduction 
in the surface-limited permeation. Atomic hydrogen-driven permeation experiments for the 
composite Cu - Fe membrane indicated that the presence of Cu led to a reduction in the value of 
2okrS2 with an increase in the activation energy, as compared to experiments for uncoated Fe 
membranes. These results determined an activation energy of 0.22 eWmolecule (0.1 1 
eVlatom) for the Cu surface (for the sticking probability of H 2  on Cu), a result that is 
consistent with activation barriers for absorption as determined from surface physics 
experiments. 

M u It i p le-  layered Mater ia Is 

A limited number of experiments have been done to investigate the hydrogen permeation 
properties of bilayer materials. In this section, the results of permeation measurements on 
Cu-Ni, Cu-Fe, Cu-Pd, and Cu-W composite membranes will be summarized. 

Hydrogen gas, pressure-driven permeation experiments for Cu-Ni and Cu-Fe membranes have 
been reported by Tanabe 1986. These experiments were done using electrodeposited copper on 
substrates of high purity Ni and Fe. The gas pressure was varied from 1 O3 to 1 O5 Pa and the 
specimen temperature was varied from 500K to 1000K. Both permeation transient and steady- 
state permeation rates were measured. These results were compared to a theoretical 
description of the permeation process in duplex metal membranes that is based on the following 
assumptions: (1) hydrogen permeation is rate-limited by the bulk diffusion in the metal 
layers, (2) hydrogen solution in the metal is proportional to the square root of the hydrogen 
pressure, and (3) the hydrogen potential across the interface is continuous. For the Cu-Ni 
membrane experiments, the authors determined that the observed permeation behavior 
(transient and steady-state) was consistent with the theoretical prescription. However, for 
the Cu-Fe membrane experiments, the observed steady-state permeation was consistent with 
theory, but the transient permeation was not. The authors suggested that for Cu-Fe, surface 
effects at the Cu/Fe interface or bulk trapping in the Fe could have accounted for this 

4 5  



discrepancy. It was noted by the authors that Cu and Ni are mutually soluble but Cu and Fe are 
not. Hence, it is reasonable to expect an interfacial barrier for the Cu-Fe membrane. 

Hydrogen permeation measurements through bilayer copper-iron membranes have been 
reported by Haasz 1989. A brief description of these experiments is given in the earlier 
section on surface effects. These experiments were done to determine some of the bulk and 
surface properties of copper and iron. Surface properties obtained for copper were discussed 
earlier. In general, the interpretation of the measured permeation rates followed the 
conventional approach to describing permeation in multiple-layered membranes (see the paper 
for details). The authors did not observe any permeation behavior that was different from the 
classical theoretical description. Hence, we conclude that the interface between the Cu and Fe 
was not a significant controller of the permeation behavior of these duplex membranes. 

Andrew and coworkers have reported hydrogen permeation measurements through copper- 
coated membranes of Fe and Pd, (Andrew 1991 a, 1991 b). Key results from these experiments 
primarily concerned the influence of Cu surface effects on the duplex membrane permeation 
behavior as discussed earlier. 

Permeation experiments on tungsten-coated copper specimens have been reported by Anderl 
1990. The specimen used in these experiments was a 500-micrometer, high purity copper rod 
with a 0.5 micrometer sputter-deposited tungsten coating. lon-driven permeation 
measurements were done using a 3 keV D3+ ion beam with a flux density of 4.6E19 D/m2-s. 
The specimen temperature was 723K. TMAP4 calculations were done to simulate the observed 
permeation data. In order to achieve a good comparison between the measured and calculated 
data, the authors used recombination coefficients derived from experiments on pure tungsten 
and pure copper, literature values for the diffusivities, and with hydrogen solubility in 
tungsten increased substantially over that predicted using the tungsten solubility data from 
Wilson 1984. The authors suggested that an interfacial barrier between the copper and the 
tungsten coating could account for the observed permeation behavior. 

Assessment 

At the present time, there are no diffusivity and solubility data available specifically for the 
copper alloy under consideration for use in ITER. However in this section , we provide data 
from experimental testing of copper with various alloying elements, including Cr and Ti. This 
information can be used as a guide to estimate the diffusivities and solubilities for the ITER- 
relevant alloy. 

For working values, we recommend the composite diffusivity and solubility values given by 
Reiter et al. (1993) 

D = 6 . 6 ~ 1 0 - ~  exp(-0.387 eV/kT) m*/s 470 to 1200 K 
S = 3.70~10-5 exp(-0.572 eV/kT) atom fraction/Pa' '2 
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5. Graphite 

Hydrogen transport  

Brice (1983) fit TRIM code results with an equation for implanted H concentration vs. depth at 
various H ion temperatures of 50 to 3200 eV, with and without H saturation, in C and TIC. The 
approach to saturation was modeled with the local mixing model vs. fluence and temperature. 
The isotopic exchange process (such as T bombardment of a wall saturated with D) was also 
modeled. 

Wilson and Hsu (1987) provided a general review of hydrogen in graphite, including the 
following topics: 

saturation of the surface layer 
diffusion on internal porosity 
transgranular diffusion and trapping 
lattice structure after irradiation 
particle control in tokamaks 
isotope changeover 
tritium behavior models and inventory estimates. 

Langley (1987) reviewed hydrogen transport in graphite. Each carbon atom has four valence 
electrons: three sigma electrons forming strong covalent bonds, and one loosely bound pi 
electron that can bind hydrogen with an energy of about 4.3 eV. Natural and pyrolytic graphite 
are anisotropic, 2.26 g/cm2, with very low porosity. Artificial graphite has crystallite sizes 
from 1-300 micrometers, crystallites formed into randomly oriented grains, isotropy, and 
large open porosity. Implanted ions saturate a surface layer at H/C - 0.5. The transition to an 
amorphous state occurs at 1 dpa (450 K) to about 30 dpa (700 K). The saturation level 
decreases from 0.5 (low temperatures) to about 0.1 (773 K). Below 973 K hydrogen 
transport is dominated by surface diffusion in the pores, and at higher temperatures, transport 
is dominated by diffusion within grains. Above 1473 K dissociation of H2 into H is rapid. The 
diffusion coefficient is DO = 0.93 cm*/s, E(j = 2.8 eV. A typical trap concentration is - 20 
aPPm. 

According to Causey (1989a) there are four processes by which tritium can be retained in 
graphite : 
(1) saturation of the implant area. Since the implant area is thin, this process does not confine 

a substantial inventory of tritium. Saturation to T/C - 0.6 could result in about 3x101 
T/cm2, or about 0.3 g for TFTR. The implanted tritium is removed by high-temperature 
anneal at 1200 K. 

(2) co-deposition with carbon on surfaces. 
(3) absorption on internal porosity. 
(4) transgranular diffusion with trapping. 

Mdller (1989) described four types of graphite: 
highly oriented pyrolytic graphite (HOPG), 

* pyrolytic graphite, 
*amorphous glassy carbon (a-C:H) films containing H/C - 0.5, and 

isostatically compressed graphites. 
HOPG samples become amorphous at about 1 dpa damage (at 373 K). The extended local mixing 
model does not adequately account for wall inventory transients, saturated depth profiles, 
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asymmetry of reemission transients during proton-deuteron switch-over experiments, and 
ion-induced reemission. Mdller proposed a model involving molecular recombination in the 
bulk graphite, and was able to fii some data with the model equations. However, the model 
calculations of retained % vs. temperature during anneal using only one trap binding energy fell 
off too steeply. 

Wilson et al (1991) reviewed hydrogen transport phenomena in C, Mo, W, and Be, including 
mathematical models for transport. About 30 eV is typical for the production of Frenkel pairs, 
and a binding energy of 2.7 eV is taken as a threshold for C-D bond breaking by nuclear knock- 
off (the formation of D interstitials). One model (Brice et al.) assumed trap binding energies of 
2.9 and 3.6 eV for low and high damage states, with a maximum trap concentration of 0.44 traps 
per carbon atom, and gave a good fit to isotope exchange data after adjustment of empirical 
parameters. A "gas sputtering "model (Braun and Emmoth) assuming temperature dependent 
cross sections for ion induced detrapping also fit experimental data, but it would not predict the 
linear increase of trapped inventory at low fluences that has been observed. Another model 
(Wampler and Myers) considered retrapping of detrapped H atoms and estimated a 
characteristic length of 1.5 nm for the retrapping process, which was ascribed to atomic 
collisions rather than electronic energy loss. Langley's model accounted for recombinative 
release of H atoms removed from traps by irradiation effects. The MOller and Schener model, 
in which recombination occurred in the bulk, followed by rapid molecular diffusion to the 
surface, has been successful at predicting some experimental phenomena, such as density 
behavior in tokamaks. A recent model by Brice assumes a high activation energy for 
recombination, which leads to a high solute concentration, and a low trapping energy -0.1 eV. 
The actual solute fraction is not yet clear. A high-flux experiment (-lO1g/cm2s) could test 
whether the saturation concentration increases or decreases with incident flux, which would 
help to distinguish between the Moller & Scherzer model and the Brice model. 

D i f f u s i v i t y  

Elleman (1978) measured pyrolytic carbon DO = 330 cm2/s, Ed = 4.27 eV. 

The hydrogen in amorphous carbon/hydrogen (a-C:H) films is chemically bound and very 
immobile, with diffusivity D e 

Sixteen experimental data sets (Do and Ed) were considered by Ashida and Watanabe (1991). 
The "compensation effect" refers to the approximately linear relationship of log(D0) with Ed, as 
illustrated in their Figure 2. They assumed three diffusion channels in graphite: Da along the 
a-axis, DC along the c-axis, and Db along the grain boundary. The activation energies were 
taken from experimental values, and the pre-exponential factors were chosen to fit the data and 
cornpensation effect. An equation (their Eq. 5) is given for the effective diffusion coefficient in 
terms of Da, Db, Dc, and the path lengths for these processes. From experimental data they 
estimate Ea = 25 kcal/mol, Eb = 60 kcal/mol, and Ec = 93 kcal/rnol. The effective Arrhenius 
plot is not a straight line, but a combination of line segments in different temperature ranges. 
The significance of the three diffusion channels depends upon their effective path lengths la, lb, 
and IC. By varying these parameters, several curves of D vs. lOOO/T are obtained that match 
various experimental data sets. This equation could help to predict diffusivity in graphite, 
given sufficient information about the grain geometry. 

Diffusivity was decreased by neutron irradiation, but restored above 0.3 dpa.(Atsumi 1992) 
H saturation concentration in graphite at (lOOO/T) c 1.5 is described by the equation: 

m2/s at 453 K. (Federici and Wu 1993) 

H/C = 0.0004 exp(4050/T). (Baskes 1984) 
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Bulk tritium retention is proportional to the square root of the incident atom flux. 

Causey (1979) found that for laminar PyC Do = 330 cm%, Ed = 4.27 eV. Values were also 
given for Sic and Si-doped C. Addition of H2 to the sweep gas resulted in a different value of D. 
The presence of Si increased the value of D. The surface had pores extending about 25 
micrometers in, so the release measurements gave an effective diffusion coefficient, rather than 
a true bulk value. It appeared that diffusion was governed by chemical bonding between H and C 
atoms. PyC had a permeability much lower than refractory metals, so it could be an excellent 
tritium barrier, if durable fabrication techniques could be developed. 

Kechkhuashvili et al. (1990) measured the diffusivity of tritium in reactor graphite using 
isothermal anneals at temperatures from 500-1100 C. The results were 

D(500 OC) = 6.2~10'16 cm2/s 
D(700 OC) = 4.8~10-15 cm2/s 

~ ( 1 1 0 0  OC) = 2.1~10-13 cm2/s. 
D(900 "C) = 3 . 3 ~ 1 0 - l ~  cm2/s 

Kushita et al. (1991) implanted tritium in graphite pseudo-monocrystals and observed its 
motion with an electron imaging camera. They deduced a diffusion coefficient of 2x1 0-1 
ern% at T > 1775 K. They concluded that tritium implanted in graphite with large crystal 
grains may be retained even after heating to 1975 K for prolonged periods, in contrast to 
release from small grains at lower temperatures. 

Lamarche et al. (1986) derived a simple mathematical model of the hydrogen isotope ratio in a 
tokamak discharge and compared it with TFTR data taken during changeover from D to H or from 
H to D. Isotopic exchange was very slow during discharges where the graphite limiter did not 
get very hot. Interpore diffusion in the 15% porous graphite with activation energy 0.15 eV 
was hypothesized to account for the observed transport rates. 

Langley (1987) found that the total hydrogen retained was about 50 times that in the surface 
saturation layer. Retention was greater at higher incident fluxes. Using the DIFFUSE code 
Causey estimated 17 ppm traps at 4.3 eV, and grain surface diffusion coefficient Do = 1.2 
cm*/s, Ed = 0.9 ev. 

Morita et al (1989) measured depth profiles of implanted hydrogen in isotropic graphite at 
various times, temperatures, and fluences, and deduced model parameters. Implanted hydrogen 
is mobile even at room temperature until it is trapped. The effective diffusion coefficient was 
inferred to be DO = 9.2~10-14 cm2/s, Ed = 0.20 eV at T = 473-873 K. 

Watanabe, Ashida, and Sonobe (1990) provide a table of diffusion coefficients for T, D, and H in 
graphite, shown here as Table 5.1. There is a nearly linear relation between In(D0) and Ed, 
called the "compensation effect." 
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Table 5.1. Diffusion coefficients of hydrogen isotopes in graphites, from Watanabe et at. 
( 1  990).  

T 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 
H 
D 
T 

330 
0.001 1 
0.0240 
8280 
1.69 
0 .0  0823 
0.00248 
2.78E-8 
3.06E-8 
4.19E-10 
1.02E-11 
3.61 E - 1 1  
1 .oo 
1-00 
1 .oo 

4.26 
2.32 
2.77 
3.77 
2.60 
2.70 
2.58 
1.09 
1.71 
1.48 
1.08 
1.05 
2.64 
2.60 
2.71 

Reiter et al. (1993) tabulated diffusivity and solubility for many types of graphite, as shown in 
Table 5.2 
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Table 5.2. Diffusivity and solubility parameters for various types of graphite. From Reiter 
et al (1993). 

Type Do Ed so ES Temp. Range 
m2/s CN atom fraction/Pal/2 e~ K 

A-3  0.828 3.77 1073-1  173  

AL-2-400 2.40E-6 2.78 973-1  673 

H - 1  8.23E-7 2.71 973-1  273 

H - 2  2.48E-7 2.69 973-1  273 

G-32 2.78E-12 1.09 973-1  273 

Papyex 0.0330 4.27 1333-1  673 

Isograph-88 1.69E-4 2.60 773-1  173 
(Toyo Tanso) 2.OE-7 -0.1 97 11 23 -1  323 

ETP-10 2.1 OE-16 0.443 
( I  bide n) 

460 -1  327 

IG-11 OU 3.61 E-15 1.05 973-1  173 
(Toyo Tanso) 5.OE-7 -0.1 89 973-1  273 

HOPG 3.06E-12 1.66 973-1  273 

PG-A 4.19E-14 1.48 
(Nippon Carbon) 

YPD 1.02E-15 1.08 
(Toyo Tanso) 

pocoAXF5Q 
(POCO Graphite) 

IG-43OU 
(Toyo Tanso) 

ISO-630U 
(Toyo Tanso) 

ISO-880U 
(Toyo Tanso) 

973 -1  273 

973-1  273 

1.7E-7 -0.223 973-1  273 

1.06E-7 -0.207 11 70 -1  340 

5.8E-7 0.083 1220-1  340 

7.OE-7 -0.1 14  970-1  340 

ISO-2202u 1.25E-8 -0.254 11  20-1  340 
(Toyo Tanso) 
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Some of these tritium diffusivities are illustrated in Figure 5.1. 

Saeki (1 983) studied variation of diffusivity with neutron irradiation damage at fluences of 
1.7x1021/cm2 (thermal) and 1.9x1019/cm2 (E > 2 MeV). Interstitial C atoms interfere 
with H diffusion between basal planes. A table of diffusivity values was given. 

Saeki (1985) found that the degree of anisotropy of pyrolytic graphite strongly influences the 
tritium diffusion rate. Tritium diffuses primarily between basal planes. The release 
temperature, the activation energy, and the amount of tritium retained were higher in the 
anisotropic graphites, and the diffusion coefficients were much lower. Anisotropic (average of 
specimens H-1 and H-2): 
= 1.09 eV, Do = 2 . 7 8 ~ 1 0 - ~  cm2/s. 

= 2.64 eV, Do = 0.0045 cm%. Isotropic (specimen G-32): Ed 

Saeki and Masaki (1989) found that the release rate of tritium from graphite powders was 
enhanced by addition of H2 to the He atmosphere. Diffusion appeared to be the dominant process, 
but surface effects, such as interactions of H2 with bound T atoms, were also important. The 
activation energy for diffusion was not affected by the presence of H2 in the atmosphere. 

' 
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Figure 5.1. Tritium diffusivities in various types and grades of graphite. From Reiter et ai 
( 1  9 9 3 )  
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Tanabe (1991) directed a low-energy deuterium atom beam onto a graphite target and observed 
D retention. The retention grew proportional to t1l2 and was not saturated at fluences of 
3x1 021/m2 Retention decreased with increasing temperature and was below the detection 
threshold at 1400 K. Implantation by a 1.5 keV D+ ion beam yielded two orders of magnitude 
higher retention than the low-energy D atom beam. The second order rate coefficient and 
diffusion coefficient were estimated. 

The rate limiting process in previous estimates of the "diffusion coefficient in graphite" was not 
likely to be diffusion, so those results may overestimate D at high T and underestimate D at low 
T. 

Do = 2 . 1 ~ 1 0 ' ~  m2/s, Ed = 0.445 eV. 

The "diffusivity" values determined in the past by the adsorption-desorption method do not seem 
to be controlled by diffusion, so they should not be relied upon.(Tanabe 1994) 

Atsumi et al (1987) measured D for deuterium in isotropic graphite and found 
D = 1.69 exp(-2.60 eV/kT) cm2/s. 

Bulk diffusivity appears to be enhanced by the present of H in the sweep gas, perhaps due to 
isotope exchange. Many different activation energies for diffusion have been reported, ranging 
from 0.45 eV for hydrogen-saturated graphite, 1.1 eV for isotropic graphite, 2.7 eV for highly 
oriented graphite, up to 4.3 eV for laminar pyrolytic carbon. The "best value" of D 
recommended by Wilson et al (1991) and by Causey (1989a) is: 
D = 0.93 exp(-2.8 eV/kT) cm2/s 

P e r m e a t i o n  

According to Yamawaki and Namba (1991) the permeation rate of hydrogen through graphite is 

J = (4P/9xo) ( 2 / ~  M R 'T) 1 12 kp R p b/ k* 

where P = gas pressure, xo = membrane thickness, M = gas molecular weight, T = temperature, 
R' = gas constant, kp = porosity, Rp = "medium pore radius", k2 = tortuosity, and f3 = a factor 
to show the effect of pore size distribution. 

Yamawaki (1 987, 1991) found linear pressure dependence of permeability down to 0.01 Pa. 

Solubi l i ty  and retention 

Chiu (1992) observed mixing of implanted H and D to form HD molecules in various types of 
graphite. Pre-damaging the sample with 10 keV He+ bombardment enhanced the mixing. The 
amount of mixing did not depend upon the degree of overlap of the ion implantation vs. depth 
profiles. This is contrary to the hypothesis of subsurface molecule formation, and lends 
credence to the atomic diffusion model. 

Thermal variation in the graphite causes effects that are significant for inventory 
estimation.(Brereton 1991) With short exposure times, large grain size and low 
temperatures will minimize tritium inventory. If the design uses small grain size, then high 
temperatures will reduce the inventory. Co-deposition can produce inventories of 50-1 00 
kg(T)/(burn-year). About 1 kg may be held up in tokamak graphite dust. Tritium in bulk 
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graphite is vulnerable only if the temperature is raised to about 1500 K for a long time. 
Codeposited tritium (near the surface) is weakly held, and released rapidly as HTO during 
exposure to air at 300 C. 

Elleman (1978) measured pyrolytic carbon SO = 2.6~1015 atom~/g-atm0.~~,  Es = -1.44 eV, 
1 100-1 500 "C. 

Langley (1987) ran a hydrogen glow discharge in a graphite cathode inside a sealed bell jar. 
The hydrogen pressure gradually decreased during the discharge, and the hydrogen retained in 
the graphite increased linearly with time, without saturation up to a concentration of almost 
10l7/cm2. The implanted hydrogen was immobile at temperatures below 1000 K until 
saturation was reached. 

Graphite was irradiated at fluences up to 54x1024 n/m2 (>1 MeV). H solubility was 
measured at 850 to 1050 C.(Atsumi 1992) The apparent activation energy for diffusion is 
185 kJ/mol, close to the activation energy for hydrogen recombination of 184 kJ/mol, so 
dissociation and recornbination may dominate transport. Activation energies of 251 kJ/mol 
estimated from thermal desorption measurements may have an additional detrapping component. 
Inward migration should show a different activation energy than outward migration. After 
neutron irradiation to 2xlO24/m2, the H solubility increases by a factor of 20-60 over that 
of unirradiated graphite. Solubility saturates at the 0.3 dpa damage level. The H/C 
concentration ratio is proportional to the square root of the pressure. 

The solubility of D in PyC is SO = 5 . 1 ~ 1 0 - ~  DE, Es = 1.44 eV.(Causey 1979) Solubility is 
proportional to the square root of the pressure. 

Causey (1987) estimated the inventory for CIT of 3 g (T) in the bulk graphite and 10 g (T) in 
redeposited carbon films. Tritium retention variations among different graphites and 
composites were a factor of 4. 

Co-deposition can contain an atom fraction T/C - O.G.(Causey 1989a) The tritium is released 
by annealing at 1200 K. By deposition of multiple layers, the trapped deuterium has reached 
1 O1 /cm2 in experiments, and thicker depositions are possible. The in-vessel inventory 
predicted for TFTR was 2.1 g, and for CIT, 13 g, mostly in co-deposited layers. 

Causey (1 990) compared saturated implantation layers with co-deposited layers. Tritium 
fraction remaining vs. temperature curves for the two types of layers are similar both in 
vacuum and in air. Both required T > 1000 K anneal to release tritium in vacuum, and both 
released tritium to air at 600 K, probably due to isotopic exchange with H in water vapor. The 
saturated layer is amorphous, with a variety of bonding sites. During irradiation the saturated 
layer crystallite size decreased from 100 nm to 0.5 nm. A loss of vacuum accident in a fusion 
reactor could result in prompt release of much of the co-deposited and saturated layer tritium. 

Coad (1989) measured deuterium retained in JET walls after various campaigns, with areal 
densities up to 1022/m2. During 1987 about 40% of the fuel gas was retained in the walls, 
mostly in co-deposited carbon layers. During venting to air, much of this could be released, so 
precautions will be needed to prevent release of substantial amounts of tritium to the reactor 
hall. 

Tritium is retained in the saturated implantation layer, in the co-deposited film with C, in 
graphite pores, and in bulk trapping.(Federici et al. 1994) 
saturated layer is small (a few grams). The tritium in the co-deposited layer would be about 

For ITER the tritium in the 
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0.13 gram per 1000 s of operation, which could grow to a large inventory if the layer were not 
periodically removed. The tritium in the graphite pores is estimated to be a few grams. The 
tritium inventory in bulk graphite neutron-damage traps could be as high as 2000 appm at 
saturation, which would be excessive. In one estimate the tritium inventory reached 2x1023 
Tlm2, of which about half was from the co-deposited layer. For a surface area of - 1000 m2, 
this inventory would be about 1 kg of tritium in the graphite. 

Sawicki et al. (1989) implanted specimens of JET graphite limiter tiles at 293 K with DT+ and 
HT+ ions at 10-50 keV at fluences up to 3x1016/cm2. Depth profiling with nuclear reaction 
analysis showed that the profiles did not change during outgassing. Tritium release peaked at 
1100-1400 K, with 95% release at 1600 K. This is indicative of single-step detrapping 
(molecule formation in the bulk) followed by rapid diffusion and release of the molecule. 

Schemer et ai. (1976) measured the depth profiles at 300-800 K of deuterium implanted into 
basal oriented pyrolytic graphite. The observed profiles do not coincide with range or damage 
profiles, but are a combination of them. The profiles broaden at high temperatures. Trapping 
increases almost linearly up to saturation. The saturation value decreases with increasing 
temperature 

Scherzer et al. (1989) implanted deuterium implanted at 300 eV into graphite, then bombarded 
it with protons at 6, 12, and 20 keV at temperatures of 93 to 573 K. There appeared to be two 
release mechanisms, relating to detrapping by bombarding ions (high temperatures) and to 
achievement of hydrogen saturation (low temperatures). 

Schemer et ai. (1990) first implanted 6 keV D+ to saturation, then implanted 3 keV D+. 
Subsequent bombardment with 6 keV D+ produced recycling coefficients R > 1. Hydrogen is 
trapped near the end of its range. When the incident ion energy changes, the recycling 
coefficient of a tokamak wall will change, causing the inventory to increase or decrease. 

Shirasu et al. (1991) measured the solubility of H and D in isotropic graphites IG 11OU and 
POCO AXFdQ at p e 20 kPa, T = 973-1273 K. The data obeyed Sievert's Law, and dissolution 
was exothermic. The solubility constants for D are 
IG 110U: SO = 3.38~10-7 atom fraction/Pal/2 Es = -0.226 eV 
POCO AXF-5Q: SO = 1 .52~10-~  atom fraction/Pal/2 Es = -0.236 eV. 

Some solubility data were already given along with diffusivity data in Table 5.2. Additional data 
are listed in Table 5.3. Solubility in a highly oriented graphite was much lower than in these 
isotropic graphites. Some of the solubility data are illustrated in Figure 5.2. 
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Table 5.3. Solubility constant for hydrogen in graphites, from Shirasu et at. (1993) 

Type of sb Es Temperature Range 
Graphite atom fraction/Pal/2 &I " C  

IG 11OU 
POCO AXF-5Q 
IS0 880U 
IS0 880U 
EK98 
EK98 

5.04E-7 
1.67E-7 
1.37E-7 
9 -24 E -9 
4.1 3E-7 
9.24E-9 

-0.1 89 
-0.223 
-0.228 
-0.499 
-0.140 
-0.493 

700-1 000 
700-1 000 
700-900  
900-1 000 
700-800  
800-1 000 

Stangeby et al. (1984) trapped sub-eV atomic H and D in pyrolytic and papyex graphite. The 
trapped fluences were about an order of magnitude lower than those obtained with 50 eV D+ ion 
implantation. The deuterium penetrates deeper into the papyex than into the pyrolytic graphite. 

Strehlow (1985) measured tritium uptake in various graphites at 448-1023 K at p(T2) = 
0.14 Pa or p(T2O) = 0.04 Pa for several hours. The sorption capacity was a function of the 
BET surface area, because porosity facilitated tritium transport to the interior of the 
specimens. A few mg of tritium were sorbed per kg of graphite in specimens with low surface 
area (- 1 m2/g). 

Since hydrogen easily permeates through sintered graphite, all crystallites are exposed to the 
hydrogen gas.(Tanabe 1994) The degree of graphitization G (0 c G e 1) is related to the grain 
size and porosity, so measurements of the apparent "solubility" should be judged with regard to 
the value of G at which the measurements were taken. Such measurements indicate decreasing 
"solubility" with increasing values of G. The "true" solubility is probably the limit as G + 1, 
which is lower solubility than past measurements. Gaseous hydrogen bonding to C would lose 
4.3 eV to break the H-H bond and gain 4 eV in bonding to C, for a net energy of -0.3 eV, which is 
consistent with the apparent heat of solution. Hydrogen molecules may also accumulate in 
lenticular openings between the basal planes of graphite, increasing the apparent solubility at 
low temperatures. The "solubility" reported in past literature is probably due to trapping 
effects, and not the "true" value. 

A limit of 2 g releasable tritium was set for the Burning Plasma Experiment (BPX). (Ulrickson 
1992) Tritium trapped in bulk graphite was not considered vulnerable to release during an 
accident. The worst case scenario assumed 0.25 T/C at 350 "C in the codeposited C layer, which 
would accumulate 2 grams after about 35 shots. The expected case would reach the 2 g limit 
after 132-264 shots. Periodic helium/oxygen glow discharge cleaning was planned to remove 
the codeposited carbon film, with a removal rate - 0.1 nm/s. Controlled air exposure to the 
torus at 350 O C could also be used to remove carbon films from areas not reached by glow 
discharge cleaning. 
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Figure 5.2 Tritium solubilities in various types and grades of graphite. From Reiter et al. 
(1 993) .  
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Wampler et al. (1990) studied several types of graphite, with lattice damage produced by 6 
MeV C+ ions or by neutrons. A model was developed to relate tritium retention to lattice 
damage. The retained tritium mass may be estimated conservatively from 

where a = 1.25~10-7 /appm, m = graphite mass, and c = concentration of retained tritium 
given by 

cs = saturation concentration of traps, d = damage (dpa), and ds = saturation damage (dpa). 
For graphites H4512, POCO, and Graphnol N3M e = 450 appm and ds = 0.035 dpa. For the 
highly oriented pyrolytic graphite (HOPG) cs = 80 appm. The actual value of tritium retention 
is likely to be lower than predicted by these equations, because 
(1) tritium may not penetrate the entire bulk of the graphite; 
(2) tritium uptake may be slower than the deuterium gas uptake measured here; and 
(3) the tokamak tile operating temperature may be higher than this experiment temperature. 

T = acm 

c = cs [ 1 - exp(-d/ds) ] 

There are fewer solubility data than diffusivity data sets, but still a wide spread of values, with 
energies of solution from -0.2 eV to -1.45 eV.(Wilson et al, 1991) Wilson et al (1991) and 
Causey (1989a) recommend the following as a "best value" for solubility: 

S = 6.44~10-5 exp(0.2eVjkT) atom fraction / atml12. 

Chemical reactions 

Braganza (1978) bombarded graphite targets with D+ ions at 5-30 keV, and measured gas re- 
emission. A methane production rate equation was derived and compared with data. Methane 
production was maximum at 750-850 K. The cross section for ion-induced re-emission 
decreased from 3x10-17 cm2 (at 3 keV) to 6x10-19 cm* (at 30 keV). First-order thermal 
desorption fit the data better than second order. lon-induced release was important in methane 
product ion. 

Methane production is maximum at 500-600 "C.(Braun 1984) 

Hirooka et al (1990) studied graphites containing 1-30% boron with plasma bombardment at 
473-1873 K. The boron reduced erosion and hydrocarbon production. A boron concentration of 
10% reduced the deuterium inventory by about an order of magnitude above 1273 K, perhaps 
due to boron occupying trapping sites or deactivating unsaturated bonds. A 10% boron 
concentration hindered air oxidation almost completely at 1073 K, and reduces steam oxidation 
by a factor of 1-3 at 1373-1623 K. The critical heat flux to induce cracking was about the 
same as for pure graphite. 

Hirooka et a1 (1991) found that erosion rates were reduced by addition of boron to graphite. 
Deuterium retention was maximum at about 600 K, where boron increased the deuterium 
retention in the graphite by up to a factor of two at high boron concentration (90% by weight). 
Boron increased oxidation resistance. 

Roth and Bohdansky (1987) coated a 20 nm layer of 136 onto 12C substrate. During ion 
implantation CH4 was formed from 13C only by ions with ranges less than 20 nrn. Therefore, 
the methane was formed at the end of the ion ranges. Release of the CD4 is diffusion-limited. 
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Vietzke et al. (1987) measured chemical erosion yields from amorphous carbon films. Atomic 
hydrogen produced CH3 radicals, QHx, and C3Hx with a ratio of 1 : 3/4 : 1/2. The total 
erosion yield was about 0.02 eroded carbon atoms per incident H atom. Hydrogen ion impact 
yielded mainly CH4, with smaller amounts of other hydrocarbons, and a total erosion yield of 
about 0.08 C/H. 

Vietzke and Philipps (1987) reviewed surface modifications of amorphous graphite films due to 
impact of H atoms and ions. The threshold for lattice damage by D was 50 eV. Electrical 
resistance increased by 8 orders of magnitude at high fluences of 3 keV deuterons. Thermal 
conductivity changes were not measured. The physical sputtering yield was similar to that of 
pure graphite. Atomic deuterium predominantly formed CD3, while energetic deuterium ions 
predominantly formed CD4. 

Vietzke et al. (1989) studied interaction of H atoms with graphite damaged and loaded by 
previous ion bombardment. The erosion yields were an order of magnitude higher than for pure 
graphite. The increased reactivity was believed to be related to dangling bonds produced by 
prior irradiation . 

Thermal gradient driven diffusion (Soret effect) 

No information on the Soret effect in graphite was found. 

Surface effects 

Seven basic processes occur in co-deposition of H and C (Federici and Wu 1993): 
(1) adsorption of incident H and H2 
(2) implantation of energetic H+ ions and cx neutrals 
(3) detrapping due to ion-induced desorption 
(4) C-H bond formation by chemisorption or by co-deposition 
(5) thermal desorption of H and H2 
(6) bulk diffusion 
(7) erosion (physical sputtering, chemical sputtering, thermal sublimation, radiation 
enhanced sublimation). This study neglected chemisorption and bulk diffusion and incorporated 
model equations for the other processes. Three hydrogen states were modeled: implanted, 
adsorbed, and chemically bonded by co-deposition. The H/C ratio in co-deposited films was 
about 0.38 (at 373 K substrate temperature), 0.03 (873 K) and 0.04 (1173 K). 
Experimental data on walls samples from tokamaks indicated that films grew linearly with time. 
At 300 K the H deposition rate can be as high as 1020 H/m2s. Annealing in vacuum at T > 1073 
K or in air at T > 623 K was required to release all the hydrogen in the co-deposited layer. A 
helium glow discharge was ineffective at removing the co-deposited film unless substantial 
oxygen (- 10%) was added to the plasma. 

Ashida et al. (1982-1992) studied chemical bonding of implanted D with C atoms, and found 
that C-D and C2-D bonds were produced. Some methane was also produced above 500 "C. The 
reaction probabilities for production of CO were .008 (200 "C) and 0.022 (900 "C). For 
production of C02 the probabilities were 0.0004 (200 "C) and 0.0008 (900 "C). Radiation 
damage enhanced the reactivity of C with 0. At 525 OC the CH4 yield was 0.07 CHq/ion incident, 
decreasing to 0.01 at 350 "C. Impurities like Fe can catalyze oxidation of C.(Ashida 1985) 
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In an analysis of JET graphite limiters Bergsaker (1987) found hydrogen to depth of 1-5 
micrometers. H was co-deposited with carbon to a concentration of 1022/m2. 

Fernandez (1 992) found that addition of boron to graphite increased the thermal desorption 
rate of D2 and decreased the emission of deuterocarbons. 

Franconi (1 990) impregnated graphite with Sic and irradiated it with deuterons in PISCES-A 
at 573-1 273 K. With pure CL5890PT isographite the deuterium concentration was 
1.2x1022D/cm2, but with Sic in the graphite, the concentration dropped to 2x1021 D/cm2. 

Franzen (1992) implanted 3 keV D+ into graphite at T = 800-1800 K, then monitored the re- 
emitted D2 and HD by residual gas analysis. As the graphite temperature was increased, 
deuterium retention in the graphite decreased, and the re-emitted flux gradually shifted from 
about 95% molecular deuterium near 700 K to 95% atomic deuterium at 1850 K. 

Garcia-Rosales (1 992) found that boron in the graphite suppressed chemical reactivity in the 
bulk. In the surface layer hydrocarbon formation persisted, perhaps due to boron depletion 
there. 

Kitajima and Aoki (1 989) exposed graphite to a hydrogen glow discharge, with pressure 
monitoring, Raman scattering, and SIMS analyses. The ion impact desorption cross section 
varied from 3x10-17 cm2 at 373 K to about 2x10'16 cm2 at 673 K. The glow discharge 
caused refining of the microcrystallite and partial amorphous layer formation with hydrogen 
saturation. 

R. A. Langley (1989b) implanted H to saturation in AXF-5Q graphite, then bombarded it with 
300-500 eV He+ ions. The ion-induced release cross section was 1.8~1 0-1 cm2 (at 300 eV) 
and 1.4~1 0-1 6 cm2 (at 500 eV). The presence or absence of carbon deposits did not vary the 
cross sections substantially. 

Morita (1 991) observed that carbonlmetal films on surfaces suppressed sputtering. The 
effective detrapping rate of D atoms trapped in Cr7C3 was two order of magnitude higher than 
that in graphite. Thus, metal films may be useful to reduce tritium inventory in graphite. 

Roth et al (1980) implanted deuterium at 1 and 8 keV in papyex and pyrolytic graphite. The 
detrapping yields and cross sections were measured for impact of 0.79 MeV H+, 0.4-2.5 MeV 
3He+, and 0.4-1.6 MeV 14N+ ions. Detrapping cross sections were on the order of 
4-6xlO-lG cm2 (N+ ), 0.6-5xlO-l8 cm2 (He+), and lO- l9  cm2 (H+). A table of cross 
sections was given. 

Waelbroeck et al. (1989) used a model to predict oxygen and hydrogen transport into and out of 
the graphite surface. Repetitive glow discharges can be used to reduce the near-surface oxygen 
and hydrogen concentrations, in order to control plasma purity, plasma density, and tritium 
inventory. 

Wampler and Doyle (1989) implanted carbon to saturation with 300 eV D, then bombarded it 
with 0.6 and 1.2 keV He+ and 3 keV C+ ions. The ion bombardment increased deuterium release 
from the carbon with a yield up to 10 D per incident ion. A model for D release from the TFTR 
limiter agreed with observed D removal during supershot conditioning. Peak detrapping cross 
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sections were 0.059 nm2 (3 keV C+), 0.033 nm2 (1.2 keV He+), and 0.004 nm2 (0.6 keV 
He+). 

Winter (1 987a, b) defined "carbonization" as the plasmachemical in situ deposition of 
homogeneous, thin, carbonaceous films on the entire first wall of a fusion device. Carbonization 
resulted in significant improvement of TEXTOR plasma performance, with regard to impurities 
and plasma density. The deposition was done by radiofrequency-assisted glow (RG) discharges 
containing hydrocarbon gases. The films were amorphous, semi-transparent, homogeneous 
without macroporosity, and contained a large fraction of hydrogen, H/C - 0.4. After application 
of a coating 300 monolayers thick, the coating lasted about 100 three-second discharges before 
metal impurities again reappeared. Isotope exchange in amorphous hydrocarbon films occurred 
predominantly via replacement reactions of implanted energetic particles. Carbonization might 
permit the use of carbon where graphite cannot be used because of swelling problems. The 
tritium inventory might be lower than with an all-graphite or all-stainless steel wall. 
Recycling coefficients R > 1 can occur with low wall temperatures, as saturated walls are heated 
by the plasma discharge. At high wall temperatures R c 1 can be achieved, with good 
reproducibility of the plasma density evolution. 

The thin carbonaceous films have density 1.4 g/cm3 and average C-C atomic distance - 0.25 
nm.(Winter et al. 1987c) They are semi-transparent, amorphous, and homogeneous down to 
about 1 nm. During heating they release H2 and CH4 (- 3-lo%), with peak CH4 desorption at 
about 773 K. After release of the CH4 the films turn black. 

Winter et al. (1987d) explained how wall pumping can be controlled. By short glow discharges 
at low wall temperatures (e 423 K) the H concentration in the carbonized wall surface can be 
increased, leading to R > 1 (fueling) during tokamak discharges. The H concentration can be 
decreased by outgassing in vacuum at T > 623 K, leading to R e 1 (pumping) during subsequent 
tokamak discharges. Keeping the TEXTOR wall and limiters at 623 K resulted in reproducible 
plasmas from shot to shot. 

Yamaguchi et al (1 991) compared permeability of isotropic graphites coated with amorphous 
carbon (a-C:H) or with pyrolytic carbon (PyC). An a-C:H film e 10 micrometers thick did not 
affect the bulk graphite permeability, due to its porosity. Dense PyC films > 5 micrometers 
thick totally suppressed the permeation at room temperature. 

Yamashina and Hino (1989) surveyed different types of graphite for possible use in a fusion 
reactor first wall, including vacuum properties, thermal properties, mechanical properties, 
and interactions with plasmas. 
Team" and studied 18 different types of graphite from seven manufacturers in Japan. Vacuum 
properties such as surface area, gas desorption and hydrogen permeation depended significantly 
on the graphite pore structure. Most of the graphites failed at about the same heat load, and they 
had about the same fracture toughness. Surface morphology changes by ion bombardment and 
desorption of trapped ions were also studied. 

Fifteen institutions participated in the "Graphite Project 

Yamashina and Hino (1991) recommend that graphite walls be baked at 623-673 K to reduce 
the oxygen impurity level. Both outgassing and the effective surface area increase with graphite 
density, so low density graphite is adequate as a first wall material. Pyrolytic carbon cracks 
easily along the basal plane from high thermal shock loading. Chemical sputtering peaks at 
about 900 K, and the yield can be suppressed by thin coatings of Ti, Fe, or Cr on the graphite. 
Carbon/carbon composite has good shock resistance and reasonable surface area and outgassing 
rates, so it can be used in high heat flux areas. Radiation enhanced sublimation (due to 
bombardment by keV DT ions) can have an erosion yield of 0.1-0.3 at T = 1800-2000 K, and a 
means of suppressing it is needed. 
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Surface recombination coefficient and dissociation coefficient 

lchimura et al. (1987) give recombination coefficients for H, D, and T. For tritium: 
kr = 263x1 O-l5 exp(-0.61 eV/kT) cm4/sec-molecule. 

K. Watanabe and K. Ashida (1985) implanted ions of H, D, or T into PG-A pyrolytic graphite and 
the measured the thermal desorption spectra, observing three peaks. The first peak was 
ascribed to hydrogen atoms trapped on the normal graphite lattice in the basal plane. From 
these data the activation energies for desorption were found to be 1.91 eV for all three isotopes. 
The surface recombination coefficients were estimated to be: 
kr(H2) = 13.0~10'~9 exp(-1.91 eV/kT) cm4/s-molecule 
kr( D2) = 7.1 8x1 0-1 9 exp(-1.91 eV/kT) cm4/s-molecule 
kr(T2) = 526x1 0-19 exp(-1.91 eV/kT) cm4/s-molecule. 
Pseudo-surface recombination factors were also derived. 

Trap site characterization and effects 

The Brice (1990) model accounted for four sources of recombination: 
(1) direct recombination of the incident H beam at the end of its range, 
(2) recombination of beam-displaced H atoms, 
(3) tunneling recombination, which accounts for thermal release properties, and 
(4) diffusive recombination. 
The diffusion coefficient for atomic H was extremely small, however. This model considered 2.8 
eV traps and shallow traps (Ec = 0.42 eV) inhibiting diffusion recombination. Three states of 
hydrogen were considered: "ground state" (excitation below Ec), "excited state" (excitation 
above Ec), and diffusing H2 molecules. A single set of model parameters gave reasonable fit to 
isochronal anneal H2 emission data, saturation inventory, and ion-induced release data. 

Lomidze et at. (1994) developed a model based on the hypothesis that reemission is dominated 
by interaction of incident ions with deuterium in already filled CD and CD2 traps. The main 
reactions are: 

ko 
C' + D - - - >  CD 

k l  
CD+D ---> 

CD+D ---> C + D2 

CD2 + D ---> CD + D2 

CD2 
k l  

k2 

Based on these equations and experimental data, numerical values were estimated for the rate 
coefficients kj. Model predictions agreed with experimental data for several cases. At T > 1000 
K the concentration of CD2 traps was small, and about half the traps remained unfilled. This 
model may prove useful in predicting tritium behavior in fusion reactor graphite. 

Isotropic graphite contains non-graphitized carbon atoms that act as trapping sites for H atoms, 
increasing H inventory.(Ashida 1988a) Ion bombardment damage reduces crystallite size of 
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graphite and leads to an amorphous-like structure. Three desorption peaks were identified in 
the thermal desorption spectra, and their mechanisms were determined. Mechanisms affecting 
the desorption spectra were discussed. Above 1000 "C the crystallite size of graphite in which 
tritium was uniformly distributed was the primary determinant of the tritium inventory. 
After 7 hours annealing at 1000 "C about 35% of the tritium remained in anisotropic graphite, 
but only a few % remained in isotropic graphite. 

Crystallite sizes of isotropic graphites were 10-30 nm, while those of anisotropic graphites 
were about 100-300 nm.(Ashida 1988b) Nongraphitized carbon in isotropic graphites acts as 
trapping sites for H atoms. The species producing C2H- is the hydrogen trapped in the 
nongraphitized portion of the samples, and the species producing CH- is the hydrogen trapped in 
the normal graphite lattice. Doping graphite with other elements greatly influences the 
behavior of implanted H atoms, and may be used to reduce the tritium inventory. 

Braun and Emmoth (1984) implanted D+ ions into C at 2-20 keV and 25-1000 "C. Below 500 
OC ion induced detrapping was dominant, above 900 OC thermal desorption was dominant, and 
both were significant between 500 and 900 "C. The ion induced detrapping cross section was 
found to be about 2 - 3 ~ 1 0 ~ ~  cm2. 

The naturally occurring trap density was about 20 appm, while that from neutron damage may 
be > 0.1 %.(Brereton 1991) A damage trap level of 0.1% was reached after about 0.014 MW- 
y/m2 (about 0.1 dpa). At 10 dpa, a damage trap concentration of 0.2% was expected. Tables of 
the ITER tritium inventory (g/m3) vs. grain size, trap concentration, gas pressure were given. 
The first wall tritium pressure was assumed to be 0.1 Pa, and the divertor pressure was 
assumed to be 10 Pa. 

Brice et al. (1982) described the Extended Local Mixing Model, including effects of thermal 
release. Incident hydrogen was trapped where it stopped until saturation was reached. Above 
saturation additional hydrogen resulted in loss of hydrogen isotopes with isotopic mix 
corresponding to that of the saturated region. The theory gave good agreement with 
experimental data on thermal desorption and fluence. The volume of the disturbed region at the 
end of the implanted ion paths was about 40 trap sites (90 lattice sites), roughly equal to the 
volume of a sphere with radius 0.6 nm, or about 0.7 eV/trap site. Beam-enhanced thermal 
transport promoted hydrogen from strong traps to weaker traps, and it accounted for half the H 
release at 800-900 K. 

In POCO graphite Causey (1 986) found that below 1000 K retention was characterized by 
saturation of the near-surface region and by surface diffusion on internal porosity. Above 
1000 K, the retention appeared to be controlled by transgranular diffusion with decoration of 
high energy (4.3 eV) traps. 

Above 1100 K the tritium began to diffuse into graphite grains where it decorated high energy 
traps, resulting in tritium concentrations of 5-20 appm. Tritium retention was maximum at 
about 1400 K. (Causey 1987) 

According to Causey (1989a) the trap energy of 4.3 eV is about equal to H-C bond energy, 
suggesting that chemical bonding is a major trapping mechanism. The observed trap density was 
17 appm. Higher trap concentrations could be produced by neutron irradiation. A concentration - 1% could trap 2.5 kg of tritium in 20 tonnes of graphite. 

Causey (1 992) found that boron-doped graphite retained 5-1 0 times less tritium than undoped 
graphite. The boron may attach to the tritium trapping sites and neutralize them. 
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Fukuda (1 989) measured single-peak thermal desorption spectra from pure graphite, and 
calculated desorption activation energies of 0.78 eV for H2 and 1.81 eV for CH4. With deposited 
metallic impurities, a second peak appeared in the H2 spectra corresponding to energies of 0.26 
eV (TVC), 0.83 eV (Cr/C), and 1.24 eV (Fe/C). The metallic impurities (especially Fe) 
decreased the emission of CH4. 

Morita and Muto (1992) studied emission profiles with elastic recoil detection. The model 
accounts for recombination of activated hydrogen atoms with trapped H atoms and with other 
activated H atoms. The activation energies for detrapping are 0.60 eV for both H and D, and the 
activation energy for migration is 0.20 eV, so the effective binding energy at the trapping site 
is 0.40 eV, close to the 0.35 eV determined by Brice. 

Muto and Morita (1992) presented model equations for recombination of activated H atoms with 
trapped H atoms and with other activated H atoms. From a comparison of model predictions with 
experimental data, it was determined that recombination of activated H atoms with each other 
was dominant: the decay curve had an initial steep drop (almost all trap sites filled), followed 
by a very slow decline (due to strong retrapping in empty sites). The activation energy for 
thermally activated detrapping was 0.50 eV. Since the diffusion activation energy is 0.20 eV, 
the binding energy is about 0.30 eV, close to the 0.35 eV determined by Brice. 

Siegele et al. (1993) implanted highly oriented pyrolytic graphite (HOPG) with 10-30 keV 
D3+ at 293-773 K at fluences up to 1018 D/cm2. The implanted D was retained about 100% 
until saturation was reached (0.4 H/C at 293 K). The damage rate measured by Rutherford 
Backscattering was about ten times that predicted by the TRIM code assuming 25 eV 
displacement energy. At 773 K the damage accumulated almost exponentially, not linearly with 
fluence. The damage measured with RBS began to saturate well below the fluence where 
amorphization is observed by TEM. 

Sugai et aL(l989) studied release of H2 and HD from a pulsed deuterium discharge over a 
carbon thin-film coated wall. With a D2+ plasma much hydrogen was desorbed. In view of the 
linear relation between H emission and discharge current, the hydrogen molecule formation was 
probably due to a hydrogen abstraction process, where an incident beam atom or detrapped free 
atom recombines with an H atom trapped interstitially or chemically bonded. With a helium 
admixture, a wall pumping effect was observed, which was believed to be due to hydrogen 
trapping at interstitial vacancies. 

A fit to experimental data by the DIFFUSE code yielded a trap density of 17 appm and trap energy 
of 4.3 eV, which is close to the bond energy of H and C in typical hydrocarbons.(Wilson et al 
1991)  

P o r o s i t y  

Manufactured graphite contains hydrocarbons and hydrogen, which must be removed by 
conditioning before it is ready for use in a tokamak. Fine-grained graphite is porous and 
adsorbs gases, especially water vapor during exposure to air. Outgassing temperatures over 
350 "C are recommended for future machines.(Bohdansky 1989) 

The surface has pores extending about 25 micrometers in, so the release measurements give an 
effective diffusion coefficient, rather than a true bulk value. (Causey 1979) 
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Causey et al. (1986) found extensive interconnected surface porosity in POCO AXF-5Q graphite. 
There was probably chemisorption on internal porosity with diffusion along pore surfaces to 
deeper depths. 

Causey et at. (1987) irradiated 12 types of graphite in the Tritium Plasma Experiment to 
measure tritium retention. The saturated layer contained only 20-30% of the total tritium 
retained. Surface diffusion along porosity moved the tritium to a depth of 2-3 mm during 1.5 
hours. 

There were up to 109 pores/cm3, with pore diameters ranging from 1 nm to 1 mm.(Causey 
1989a) High concentrations were reached, with no evidence of saturation at fluences over 
2x1 020/cm2. Penetration of 2 mm was observed after 1.5 hours at 773 K. This rapid deep 
penetration could be avoided by using pyrolytic graphite with little porosity. 

Federici and Wu (1 992) developed the "Tritium Inventory in Porous Materials" (TIPO) model 
and code to predict tritium inventory in porous materials such as graphite. The model assumes 
pores of radius rip, effective pore length Le surrounded by spherical grains of radius rp. It 
describes migration along interconnected pores in terms of the Brunauer-Emmett-Teller 
(BET) surface area, porosity EP, rip, Le, and rg. At high temperatures H is not absorbed on 
perfect basal planes of carbon, and only a fraction of the total BET surface area may be active in 
chemisorption. The internal graphite surfaces are covered with a number of sites at which H 
may be held. The flow in the pores is in the Knudsen diffusion regime, where molecules collide 
with the pore wails more frequently than with each other. After adjusting the model 
parameters, the model gives a good fit to experimental data on retained fluence in pyrolytic 
graphite at 300, 600, and 900 K. For a carbon/carbon composite tokamak wall a maximum 
inventory - 0.1 g(T)/m2 wall area is predicted. Assuming porosity is roughly proportional 
BET area, the predicted tritium inventory increases almost linearly with BET area. More study 
is needed of the effects of impurities such as oxygen on tritium uptake and transport. 

Kiyoshi et al.(1988) studied permeation of hydrogen through graphite at pressures of 0.5 to 
100 Pa and temperatures of 290 to 983 K. The graphite samples had thickness 1 mm, density 
1.91 g/cm3, grain size 1 micrometer, pore size 0.1 micrometer, and 9% porosity. The 
permeation of hydrogen through graphite could be described in terms of molecular flow through 
pores in the graphite, and the permeability was proportional to T-l/2. 

G. Kogel et al. (1988) used positron lifetime measurements in a thin film of amorphous 
hydrogenated carbon. They concluded that at least 3% of the volume was occupied by micropores 
about 0.5 nm in diameter, which could facilitate diffusion of molecular H2. 

Moller and Scherzer (1987) separately implanted D and H at different depths, and found 
evidence that molecules form in the bulk, then diffuse to the surface. If the atoms migrated to 
the surface and then recombined, then HD molecules should have been equal in number to D2 
molecules, but the observed ratio of HD/D2 was only about 1/3, which is consistent with 
molecular recombination near the implantation sites. Such subsurface recombination occurs 
only in highly radiation-damaged lattices. Microporosity may be important in facilitating this 
recombination. 

Permeation in layered structures 

Data on permeation through layered structures, such as graphite bonded to copper, were not 
found. 
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Transport along grain boundaries 

Transport along grain boundaries was studied by Ashida and Watanabe (1991), as discussed 
above under "diffusivity." 

Trapping and permeation at interfaces between materials 

Trapping and permeation at interfaces between materials was not discussed at length in the 
references consulted. 

Assessment 

A nuclear grade graphite is composed of grains with sizes - 10 microns. These grains are 
further composed of crystallites with sizes - 5 nanometers. The crystallite size is a measure of 
the degree of graphitization. Causey believes that hydrogen does not enter the crystallites. If H 
is implanted into the crystallite, the crystallite cleaves open along the basal plane. There are 
both low-energy trap sites and 4.3 eV trap sites on the crystallite surfaces. Solubility and 
diffusivity measurements are a measure of the migration controlled by the trapping and 
detrapping of hydrogen on the crystallite surface low energy trap sites (not on the larger 
grains). When graphite is damaged by radiation (neutrons, energetic atoms or ions) the 
crystallites become smaller and the total crystallite surface area increases, increasing the 
number of traps and the apparent solubility. This process also decreases the apparent 
diffusivity by decreasing the distance between trap sites. Tanabe showed the degree of 
graphitization to decrease with hydrogen implant fluence. Data of Saeki show diffusivity to be 
affected by radiation, and data of Atsumi show that the solubility increases with radiation 
damage or with the lack of graphitization. The saturated layer and the amorphous codeposited 
layer are almost identical, with the same hydrogen retention characteristics. These amorphous 
layers should not be called graphite, because they do not behave like graphite and do not retain 
hydrogen like graphite does. (R. A. Causey, private communication 1994) 

Data needs for graphite include: (Federici et al. 1994) 

measurement of the effect of high particle fluxes on tritium retention in graphite. The 

methods of removing the co-deposited layer. 

measurement of trap site concentrations in graphite irradiated by neutrons at high 
temperatures 
measurement of trap site concentrations in graphite irradiated by neutrons at high 
temperatures in the presence of specified impurities, such as boron. 

high fluxes create a high gas pressure at the surface, which can drive more rapid 
permeation into pores and beyond. 

A poor database exists for implanted layer phenomena, such as range distributions, trapping 
data, and thermal effusion data.(Moller 1989) The tritium inventory in large tokamaks will be 
dominated by bulk diffusion and codeposition processes. There is still much to be learned about 
the dynamics of tritium movement through graphite pores, chemical bonding, trapping on 
crystallites, and recombination in the bulk or on the surface and how these processes are 
influenced by radiation damage. According to Tanabe (1994) the true values of solubility and 
diffusivity are still to be determined. 

For a general diffusivity of hydrogen in graphite we follow the recommendation of Wilson 
(1991) and Causey (1989a): 

D = 0.93 exp(-2.8 eV/kT) cm%. 
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However, the values of diffusivity for graphite vary widely (orders of magnitude). Rather than 
simply using this value, we recommend consulting the literature [such as Reiter et al (1993)l 
for the specific type of graphite being used. 

Based upon Causey (1989a) and Atsumi et al. (1988) we recommend the following approximate 
value for hydrogen solubility in high-density isotropic graphite: 

S = 6.4~10-5 exp(0.20 eV/kT) atomic fraction/atml/* 

This value is within the range of values found in Reiter et al. (1993). 

Boron doping at small concentrations appears to reduce the graphite erosion rate, the 
hydrocarbon production rate, and the hydrogen inventory. The effects of metal surface films 
(such as Cr, Fe, and Ti) on graphite deserve further study, as they may help to reduce the 
hydrogen inventory. Where metal must be used instead of graphite, carbonization may help to 
reduce plasma contamination and hydrogen inventory. 
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6. Vanadium and Vanadium Alloys 

Introduction 

Vanadium alloys have been proposed for fusion reactor applications, Smith 1985. In 
particular, alloys with Ti and Cr substitutional elements have received much attention with 
V2OTi and V15Cr5Ti having received extensive materials testing and with the alloy V5Cr5Ti 
proposed for ITER, Pick 1993. The primary motivation for use of such alloys lie in their good 
thermal conductivity properties, their inherent radiation resistance to void swelling and 
ductility loss, Smith 1985 and Gold 1980, and in their reduced level of induced radioactivity 
(low activation material), as compared to other candidate structural materials. A detailed 
assessment of the use of vanadium alloys for ITER applications has been reported recently, Van 
Witzenburg 1993. 

One aspect of the evaluation of these materials for use in fusion applications concerns the 
material properties for hydrogen transport and retention. These data are of key importance to 
quantitative assessments of the trapping, permeation and release of tritium from first wall 
materials. Such assessments are required to support safety and environmental studies of ITER. 

In this chapter we provide an up-to-date compilation and summary and an evaluation of the 
hydrogen transport and retention properties for vanadium and vanadium alloys. This 
information was gleaned from technical reports, journal articles, review papers and reference 
books that have been published in the last 20-30 years. The presentation of the information is 
arranged according to the following topics: (1 ) diffusivity, (2) solubility, (3) permeability, 
(4) trapping at interstitial impurities, (5) trapping at radiation-induced defects, (6) surface 
effects, and (7) thermotransport. 

A general overview of the hydrogen transport properties for vanadium is found in many review 
articles and reference books that have been published over the years, many prepared in the 
context of fusion applications. Phase diagrams for the vanadium-hydrogen system are discussed 
in some detail by Libowitz 1972. We find that V-H forms a continuous solid solution (alpha 
phase) above 473K and at lower temperatures, the alpha and beta monohydride phases 
precipitate out. For, deuterium, the critical temperature that separates the pure alpha phase 
from the mixed phase region is 393K. There are large differences in the phase diagrams for H 
and D and most likely T. Libowitz identified the experiments of Veleckis 1969 as defining the 
hydrogen solubility in vanadium, noting that the solubility is an inverse function of 
temperature. Hence vanadium is an exothermic absorber of hydrogen. An early survey of the 
diffusion and permeation properties of fusion-relevant materials is provided by Stickney 
1972. This author selects the data of Veleckis 1969 for solubility and believes that the 
diffusion data from techniques like Nuclear Magnetic Resonance (NMR), neutron scattering, 
internal friction and the Gorsky effect may be inappropriate for fusion applications. His 
concern is that diffusion constants obtained by these methods may be enhanced because hydrogen 
concentrations are typically above the dilute solution range. (It should be noted that, in much of 
the work that uses these techniques, diffusivities corresponding to infinite dilution are 
deduced). Stickney prefers permeation data from absorption/desorption rate measurements. 
Two classic references for general properties of hydrogen in materials are the two monographs . 
by Aledfeld and Volkl (Aledfeld 1978a, 197813). In these references, the authors recommend 
values for diffusivity that are derived from the Gorsky effect, because the measurements are not 
sensitive to the surface effects of the material. Recommended diffusivities were derived from 
that data reported by the following: Schaumann 1970, Cantelli 1970, and Freudenberg 1978. 
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Gas metal reactions for vanadium and vanadium alloys were reviewed by Svedberg 1980 for 0, 
N, H and C interstitals. Although the emphasis of the review concerned the influence of such 
interstitials on the mechanical properties of these materials, the authors identified the work of 
Veleckis 1969 for H solubility and that of Cantelli 1970 for H diffusivity. In the brief review 
by Lasser 1983, the authors identified the Gorsky effect H, D experiments of Freudenberg 
1978 and the T experiments of Qi 1983 as providing suitable diffusivity values of H, D, T in 
pure V. These authors noted the effect of an oxide layer on tritium uptake and release behavior. 
A compilation of hydrogen isotope permeability in materials has been published by Steward 
1983. In this report, the author uses solubility data from Veleckis 1969 and diffusivity data 
from Alefeld 1978a to derive a permeability expression suitable for the alpha phase V-H 
system above 573K. Specifically in work related to tritium permeation considerations for the 
MARS direct convertor, Baskes 1984 used diffusivity data from Schaumann 1970 and solubility 
data from Kofstad 1959. These authors also noted that surface recombination was the significant 
rate-controlling process for hydrogen reemission from V. A more recent update on hydrogen 
diffusion in metals to that of Aldfeld 1978 is the review article by Fukai 1985. For H 
transport in V, these authors recommend that data of Qi 1983 for temperatures c573K, that of 
Lottner 1979 for temperatures >573K. Recently, Reiter 1993 published a very extensive 
compilation of data for hydrogen/tritium material interactions in fusion-relevant materials. 
For vanadium, that compilation for recommended values identified the recent tritium solubility 
data of Bleichert 1987 and an extensive evaluation of diffusivity data by Schober 1990. 
Finally, a review of tritium retention properties for candidate first-wall materials, including 
vanadium, was made by Pick 1993. This review utilized the diffusivity and solubility data 
recommended by Reiter and addressed other phenomena that contributed to tritium transport 
and retention, like surface effects, hydrogen concentration due to stress and temperature 
gradient, alloy elements, and hydride formation. 

Although this extensive published literature base presents an overview of hydrogen transport 
properties of V and V-alloys, in many cases there is no clear traceability between the data 
presented in the articles and the results presented in the original source literature. In addition, 
little attention was given to hydrogen data for V alloys. It is the intent of this data cornpilation 
effort, to summarize all of the relevant published information in such a way that there is a 
clear basis for the selection of hydrogen/tritium transport and retention data pertinent to 
fusion reactor issues. Furthermore, detailed information will be provided to demonstrate the 
influences of alloying elements on hydrogen transport in V alloys. 

D i f f u s i v i t y  

This section summarizes measured hydrogen diffusivity information for both pure V and for V 
with substitutional alloying elements, specifically Ti and Cr. The influences of interstitial 
impurities (0, N, C) on the hydrogen diffusivity will be addressed in another section. First we 
provide a brief overview of the techniques that have been used to obtain measured diffusivities. 

Experimental Tech niques 

Many different techniques have been used to measure hydrogen diff usivities in materials. These 
include the following: (1) equilibrium gas phase hydrogen charging of a specimen at an elevated 
temperature followed by measurements of gas release from the heated specimen 
(absorption/thermal degas), (2) gas or ion-beam driven permeation measurements, (3) gas- 
phase hydrogen charging followed by measurements of the Gorsky effect or of changes in 
specimen resistivity, (4) electrolytical hydrogen charging of a specimen followed by Gorsky 
effect or resistivity measurements, and (5) electrolytical hydrogen charging followed by 
thermal redistribution of hydrogen in the specimen and vacuum fusion analyses to assay 
specimen sections for hydrogen content. In all of the above approaches, the parameter of 
interest is measured as a function of time, such that the dependence of the measured observable 
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can be related to hydrogen diffusivity in the specimen at the specified temperature. The first 
two approaches identified above are typically referred to as surface sensitive approaches, 
whereas, the remaining techniques are not surface sensitive. In the former case, careful 
consideration of surface conditions is important to an accurate determination of H-diffusivity 
values. On the other hand, the non-surface sensitive techniques often require sizable hydrogen 
concentrations of H in the material. Hence a concentration-dependent diffusivity is measured, 
rather than one corresponding to dilaue concentrations of H. Consequently, much of the low 
temperature diffusivity data are obtained from the non-surface sensitive techniques, whereas 
permeation and gas absorption/thermal degas measurements are suitable for high-temperature 
diffusivity determinations. 

Gorsky effect and resistivity measurements are important tools in experiments for which much 
of the recommended diffusivity data are generated. A brief description of these techniques 
follows. Measurements of the Gorsky effect entail measurements of the relaxation time of 
anelastic strain in a specimen that is prestressed and charged with hydrogen. Hydrogen 
interstitials in the stressed specimens migrate along the stress gradient, resulting in a 
relaxation of the strain (Schaumann 1970). This relaxation can be related to hydrogen 
diffusion rates. The resistivity of a material is a precise function of hydrogen content. Several 
authors have determined that, for vanadium, a change of 1.12 micro-ohm-cm of resistivity 
corresponds to a change in H atom concentration by 1%. We thus note that resistivity 
measurements can then be used to precisely quantify hydrogen concentrations in materials and, 
if recorded as a function of time, they can provide a time dependence of the hydrogen 
concentration, a quantity that is relatable to H diffusivity in the specimen. Because both of 
these measurements are typically made for specimens with sizable hydrogen concentrations, it 
is often necessary to extrapolate the derived diffusivities to that considered for low, or 
infinitely dilate, hydrogen concentrations. 

Diffusivity in V 

A summary of relevant diffusivity data for hydrogen isotopes in pure vanadium is provided by 
Table 6.1 and Figure 6.1. The diffusivity data are presented in Table 6.1 in terms of the pre- 
exponential, Do in units of m%, and the diffusion activation energy, Ed in units of meV, for a 
standard Arrhenius expression. Figure 6.1 provides a graphical comparison of diffusivities 
generated with the Arrhenius parameters of Table 6.1 over the applicable temperature ranges 
for the experiments. With the exception of the data from Cantelli 1970, the data based on 
Gorksy-effect and resistivity measurements are typically obtained from experiments that 
emphasize transport of hydrogen in vanadium at relatively low temperatures ( c600K). Only 
the work of Eguchi 1977, employing the absorption/thermal degas approach, covers diffusivity 
of hydrogen in vanadium at relatively high temperatures. No measurements cover the 
temperature range from 600K to 800K. 

These diffusivity data illustrate significant isotopic differences. In all cases, the activation 
energy for diffusion increases with increasing atomic mass. Similarly,the diffusivity pre- 
experimental increases slightly with increasing atomic mass. As shown in Figure 6.1, this 
results in faster diffusion rates for H than for D than for T. We note, however, that as the 
temperature increases, the isotopic differences become significantly less. 

High-purity polycrystalline vanadium was used in all of the experiments. In most cases, 
additional heat treatment in high quality vacuum environment was done to reduce the level of C, 
0 and N interstitial impurities. Such impurities are known to affect H diffusivity measurements 
in vanadium, a subject that is treated later in this review. In the work by Freudenberg 1978, 
diffusivities measured for super high purity and nominal purity vanadium were identical 
within experimental error. 
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Cantelli (1 970) 

Schaumann (1 970) 

Equchi (1 977) 

Freudenberg (1 978) 

Tanaka (1 979) 

Qi (1983) 

Pine (1983) 

Peterson (1 987) 

Reiter (1 993) 

1 1  0 -930  

300-600  

81 0 -1  380 

148-573  

196-365  

133-573  

3 1  0 -480  

230-473 

>250K 

H 
D 

H 
D 

H 

H 
D 

H 

T 

H 
D 

H 
D 

T 

4.4 (34)a 
3.1 (26)  

3.5 (14) 
3.7 (14) 

8.9 

3.1 (13) 
3.8 (11) 

1.8-3.1 

5.6 (25) 

4.5 (16) 
5.8 (12) 

2.7 (22) 
4.0 (13) 

5.6 

59 (12) 
73 (8) 

50 (8) 
80 (5) 

113  

45 (7) 
73 (5) 

4 5  (+ 8 / - 2 2 )  

94 (8) 

5 9  
8 9  

42 (15) 
72 (6) 

94 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a: Value in parenthesis is estimated percent uncertainty in the associated quantity 

Cantelli (1 979): 
Schaumann (1 970): 
Eguchi (1 977): 
Freudenberg (1 978): 
Tanaka (1 979): 
Qi (1983): 
Pine (1983): 
Peterson (1 987): 
Reiter (1 993): 

Gorsky effect measurements. 
Charged from gas phase, Gorsky effect measurements. 
Equilibrium absorption/thermal degas. 
Electrolytical charging, Gorsky effect measurements. 
Electrolytical charging, resistivity measurement. 
Charged from gas phase, Gorsky effect measurement. 
Electrolytical charging, resistivity measurements. 
Electrolytical charging, vacuum fusion gas analysis, Boltzman-Mantano. 
Review paper: Best results from Schober (1 990). 

For fusion application, Reiter selected the data of Qi 1983 to be suitable for tritium transport 
in pure V. This selection is based on an extensive evaluation of the diffusivity data by Schober 
1990. In addition, the diffusivity data from Freudenberg 1978 are recommended for H and D 
transport in vanadium over the temperature range 200K to 600K. 
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Figure 6.1. Comparison of measured diffusivities for H, D and T in vanadium. 
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Diffusivity in Vanadium Alloys 

A number of experimental and theoretical studies have been made to determine the influence of 
substitutional alloying elements on the diffusivity of hydrogen in vanadium alloys. We provide 
in Table 6.2 a summary of the pre-exponential and activation energy parameters for diffusion 
of H and D in vanadium alloys containing Ti and Cr. Diffusivities calculated with these 
parameters are plotted in Figures 6.2 and 6.3 for temperature ranges applicable to the 
experiments. Figure 6.2 is divided into two parts with part (a) presenting the results of H- 
diffusivity measurements in V-Ti and V-Cr, as reported by Pine 1983, and with part (b) 
presenting the Pine 1983 D-diffusivity data for the same V-Ti and V-Cr alloy specimens. We 
also include in Figure 6.2 (b), the results of D-diffusivity measurements by Anderl 1987 for a 
V15Cr5Ti specimen. Detailed measurements of hydrogen diffusivity in V-Ti alloys have been 
reported by Tanaka 1929 and by Peterson 1987. The results of these experiments are displayed 
in Figure 6.3 parts (a) and (b) respectively. In both Figure 6.2 and 6.3, we show the 
diffusivity data measured by the experimenter for pure vanadium so that one can observe the 
relative changes in diffusivity that result from addition of the alloying elements. 

Obvious systematic trends are noted in the diffusivity data as a function of alloying element 
concentration. In virtually all cases, the addition of Ti or Cr results in an increase in the 
diffusion activation energy along with an increase in the solubility pre-exponential. In general, 
the addition of Ti and Cr alloying elements results in a significant reduction in hydrogen 
diffusivity, relative to that for pure vanadium, over the applicable temperatures. For 
comparable concentrations, the Ti produces a larger reduction in diffusivity than that due to Cr. 
The degradation of hydrogen diffusivity is more pronounced at low temperatures than at high 
temperatures. 

We note from the data presented in Table 6.2 and Figures 6.2 and 6.3 that nearly all of the 
experimental data that concern alloy element affects are derived from experiments for which 
specimen temperatures are quite low (e480K). One exception is the single experiment by 
Anderl 1987 who observed a significant reduction in deuterium diffusivity for the more 
complex V15Cr5Ti alloy developed for fusion materials applications. Systematic studies to 
determine the quantitative influence of substitutional alloy elements on hydrogen diffusivity for 
specimen temperatures greater than 480K are needed for fusion applications. 

Similar specimen preparation techniques and related measurement approaches were used in the 
experiments reported by Tanaka 1979, Pine 1983, and Peterson 1987. In all cases high 
purity V metal was used and the V-Ti and V-Cr alloy specimens were made by arc melting 
component materials in an inert gas environment. Following several arc melt steps to assure 
material homogeneity, the alloy material was rolled or swaged to achieve the appropriate form 
(foil or rod) for experiment. Prior to hydrogen charging, the specimens were annealed at high 
temperature in a vacuum environment to reduce C, 0 and N interstitial impurities and to 
recrystallize the material. Somewhat different approaches were used to measure diffusion- 
related changes in the hydrogen concentration in the electrolytically charged specimens. After 
establishing a uniform H concentration, Tanaka 1979 measured resistivity changes as a 
function of time for step isothermal experiments. In contrast, Pine 1983 used an electro- 
transport approach to redistribute the electrolytically charged H to one end of the specimen, 
prior to measuring resistivity changes in the empty regions as a function of time and specimen 
temperature. The experiments by Peterson 1987 entailed electrolytical charging of 1/2 the 
length of the rod specimen followed by redistribution of the hydrogen in stepped isothermal 
experiments that used vacuum fusion gas analysis to measure changes in hydrogen concentration 
in the empty region as a function of time. A Boltzman-Matano analysis approach was used by 
Peterson to obtain diffisivities. The experiment by Anderl 1987 used a 0.5 mm thick foil 
specimen, machined from an ingot of V15Cr5Ti, in ion-beam driven permeation experiments. 
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Diffusivity data for this work were obtained by measuring the time lag of the permeation 
transient. 

-~~~~~~~ ~ 

Tanaka (1 979) V.2Tib 
(196K-365K)a V.4Ti 

V l  Ti 
V2Ti 
V4Ti 
V5Ti 
V9Ti 
V14Ti 
V19Ti 

3 
3.3 
5 
7 
1 1  
2 0  
6 0  
6 0  
6 0  

5 6  
6 0  
7 6  
100  
120  
140  
190 
220 
230 

Pine (1983) V3Ti 3.7(16)' 75 7.7( 10)  120  
(31 OK-480K) V8Ti 11.8(2) 142 2 6 ( 4 )  

V1 OCr 17 (35 )  120 6.8(6) 110  

183  
108  V4Cr 7.3(3) 9 5  7.0(6)  

Peterson (1 987) V1 Ti 3.7( 40) 49(20)  3.8(11) 7 5 ( 3 )  
(230K-473K) V5Ti 28(25)  144 (5 )  1 1.2 ( 1 6) 1 3 6 ( 1 0) 

V l  OTi 34 (26 )  168 (4 )  11.5(26) 158 (4 )  
V20Ti 25(36)  184 (5 )  2 8 ( 4 6 )  204 (5 )  
V3OTi 26(31)  200(4)  21  (52 )  221  (6 )  

Anderl (1 987) V15Cr5Ti 
(7  2 3 K - 8 2 3  K) 

1.4 110  

----------------___-------------- 
a: 
b: 
c: 

Temperature range for experimental data. 
Alloy composition, V.2Ti represents V with 0.2 atom % Ti. 
Value in parenthesis is the estimated percent uncertainty in the associated quantity. 

Tanaka (1979): Electrolyticai charging, resistivity measurements. 
Pine (1983): Electrolytical charging, resistivity measurements. 
Peterson (1 987): Electrolytical charging, vacuum fusion gas analysis, Boltzman-Mantano. 
Anderl (1 987): ion-beam permeation experiment. 
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Figure 6.2. H and D diffusivities in V-Ti and V-Cr alloys, as reported by Pine 1993, and in 
V15Cr5Ti alloy, as reported by Anderl 1987. 
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Figure 6.3 H and D diffusivities in V-Ti and V-Cr alloys , as reported by Tanaka 1979 and 
Peterson 1987. 
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In the experiments by Tanaka 1979, Pine 1983 and Peterson 1987, attempts were made to 
understand the reduction in diffusivity for alloy specimens by assuming that the Ti 
substitutional alloying elements served as trap sites for hydrogen. Tanaka analyzed his 
diffusivity experiments using the Oriani trap model, Oriani 1970, for effective diffusivity and 
estimated a binding energy of 0.15 eV for H to Ti, at low Ti concentration. He speculated that the 
origin of the binding was electronic. A two-state trapping model was used by Pine 1983 to 
determine trap binding energies for H and D in specimens with different Ti concentrations. He 
estimated values of the binding energies to be 0.03eV for H and 0.062eV for D in V3Ti and 
0.102 eV for H and 0.125eV for D in V8Ti. Because the binding energy was concentration 
dependent, Pine 1983 concluded that the trapping effects extended beyond the Ti nearest 
neighbor interstices. Similarly, Peterson 1987 used the Kircheim 1982 trapping model, that 
involved direct local interaction of H with isolated Ti atoms, to understand the diffusivity 
reduction. He concluded that the qualitative trends corresponded to a trapping interpretation, 
but the model could not quantitatively characterize the observed diffusion data. These 
experimenters found no evidence of increased H diffusion at high H concentration that could 
result from trap saturation. 

Theoretical studies have been published by Shirley 1984 and McLellan 1987a, 1987b. The 
latter two specifically address H diffusion in V-Ti alloys and Shirley 1984 provides a detailed 
theoretical framework to understand H trapping by metallic substitutional impurities in Nb, V, 
and Ta. 

The framework of a statistical mechanical cell model for H diffusion in B.C.C. V-Ti solid 
solutions is given in McLellan 1987a. Diffusive motion of H takes place from tetrahedral site to 
nearest neighbor tetrahedral site. This model has the following features: 

(1) there is not a unique trap site but many, according to the number of Ti atoms in the 
coordination shell of Z lattice sites neighboring the interstitial (trap) sites, 
(2) because of lattice dilatation, the spectrum of trapping energies depend upon specific 
volume and thus Ti-concentration, 
(3) since the distribution of H atoms in the population of trapping sites varies with 
temperature, the time-averaged number of elementary jumps from a given trap type 
also varies with temp, and therefore, the activation energy for diffusion also varies with 
temperature. 

In McLellan 1987a, the authors demonstrate that the model can predict the diffusivity and 
activation energy in the experimental work of Pine 1983 and Tanaka 1979. The model provides 
expressions for the ratio of binary alloy diffusivity as a function of H concentration and 
apparent activation energy versus H concentration and temperature. In both experimental 
cases, the model expressions accurately predict the observed changes in the measured 
parameters. Apparent diffusivity is reduced and the apparent activation energy is increased as 
the substitutional alloy concentration increases, and the apparent activation energy decreases as 
the temperature increases. McLellan 1987b extends the model application to the data of 
Peterson 1987 and demonstrates that the observed diffusivity data are consistent with the 
proposed trap model. Consistency between the three sets of experimental data for hydrogen 
diffusivity in the V-Ti alloys is, therefore, demonstrated in the context of this model. 

An earlier theoretical study by Shirley 1984 provides an excellent overview of the origin of 
trapping by metallic substitutional impurities in Nb, V and Ta. this investigation uses the 
method of lattice statics to calculate H impurity binding energies for the elastic interaction and 
a phenomenological model for electronic interactions. In this theoretical development, the 
postulate is made that substitutional impurities trap hydrogen because of "stress-induced" 
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interactions and electronic interactions. If a substitutional impurity exDands the host lattice, 
the elastic contribution to the binding energy favors tra- DDina (attractive) at the first and 
second nearest neighbor sites. If the substitutional impurity Contra& the host lattice, the 
elastic contribution to the binding energy deters traQQng (repulsive). With respect to the 
electronic interaction energy, if a substitutional impurity has an Blectron def icil relative to the 
host lattice, the electronic contribution to the binding energy favors tra. q & ~  (attractive). If 
the substitutional impurity has an electron excess relative to the host lattice, the electronic 
contribution to the binding energy deters traDDina (repulsive). This point can be summarized 
in the following "rule of thumb: impurities to the left of the host metal in the periodic table 
trap H (e.g. Ti, Zr, Hf in V), and impurities to the right of the host metal do not trap H, (e.9. Cr, 
Mn, Mo in V). When applied to the V-Ti and V-Cr binary alloys, the model predicts that the H 
binding energies are - 0.15eV for V-Ti and + 0.13eV for V-Cr, in reasonable agreement with 
the experiments. Qualitatively, the above theoretical prescription does represent H transport 
in V-Ti alloys, in which measured diffusivities are significantly reduced relative to the pure 
metal. In contrast, this model does not predict the observed smaller reduction in H diffusivity 
for V-Cr alloy. 

S o l u b i l i t y  

This section summarizes measured hydrogen solubility information for pure V and for V alloys 
with substitutional alloying elements, specifically Ti and Cr. In general these data were derived 
from P-C-T isotherms that were measured for the samples. The measurements entailed the 
following: (1) gas absorption: charging of a heated specimen to equilibrium saturation by 
exposing the specimen to a known pressure of hydrogen gas, (2) gas desorption (thermal 
degas): measuring the total quantity of hydrogen released from the hot specimen in a vacuum 
environment. In some cases, electrolytical charging of hydrogen is used. Some experimenters 
used resistivity measurements to determine the quantity of hydrogen in the specimens. 

The solubility data that are presented here pertain to the condition in which Sieverts law 
applies. That is, the relationship between the concentration, C, of hydrogen in the bulk and the 
hydrogen overpressure, P, is given by; 

where S is the solubility constant. The temperature dependence of S is given by the usual 
Arrhenius expression with So, the solubility pre-exponential, and E,, the enthalpy of solution. 

Many of the experiments concerning hydrogen solubility in vanadium were performed with the 
primary objective of determining thermodynamic parameters, such as the enthalpy and entropy 
of solution. In many cases, the measured P-C-T isotherms covered hydrogen concentration 
ranges that extended far beyond the applicability of Sieverts law. However, a portion of the 
measured data, usually for hydrogen atomic concentration less than 4%, corresponded to 
Sieverts law. For those conditions in which Sieverts law describes the P-C-T relationships, 
Flanagan 1972 has shown that the thermodynamic parameters of solution at infinite dilution can 
be determined by; 

Ks = (l/ns)exp(AH/RT)exp(-AS/R) 

where, ns is the geometrically-limiting value for the Himetal atomic ratio, Ks is the 
temperature dependent Sieverts constant (here Ks is equivalent to 1/S, where S is defined as 
above), AH is the relative partial molar enthalpy at infinite dilution and AS is the relative 
partial molar entropy of solution without the configurational contribution. By comparing the 
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expression for Ks to that for 1/S, we can easily identify the Arrhenius parameters for S in 
terms of the thermodynamic parameters in Ks. Vanadium, like many B.C.C. metals, absorbs H 
into tetrahedrally coordinated sites, so ns = 6. 

H Solubility in Vanadium 

We present in Table 6.3 and in Figure 6.4 a summary of relevant solubility data as derived 
from many experimental studies. Here solubility has units of at. fr. and E, is in meV. 
Here at. fr. represents atom fraction, the ratio of the number of solute hydrogen atoms to the 
number of solvent host metal atoms. The table indicates both the temperature range and the 
pressure range over which the solubility measurements were made. The figure displays 
excellent agreement between the solubility data over a temperature range from 400K to 1400K. 
The solubility parameters corresponding to Reiter 1993 were selected as most representative 
of the measured data, as evaluated by Schober 1990 and measured by Bleichert 1987. 

In the following paragraphs we provide a brief description of pertinent details for the primary 
source literature to establish a firm traceability between the data presented here and that found 
in the original references. Kofstad 1959 presented a table of thermodynamic data (Table I1 in 
the reference) that was derived from his analysis of P-C-T isotherm. Reasonable values for 
Sieverts constant could not be derived from the data in the table as per the above expression 
relating Ks to thermodynamic parameters. However, based on numerical vapor pressure 
isotherms presented in Table I of Kofstad, we plotted families of the P~/*/NH data as a function 
of inverse temperature for various hydrogen concentrations NH ranging from .005 atomic 
fraction to 0.12 atomic fraction. These semilog plots were linear over the temperature range of 
the experiment. The solubility data in Table 6.3 were derived from the measured data 
corresponding to a hydrogen concentration of 0.04 atomic fraction, a condition for which 
Sieverts law still applies. 

Veleckis 1969 presented the results of his P-C-T isotherm experiments, as plots of P1l2 
versus NH, the atomic fraction of H, for various temperatures. In addition, they derived partial 
molar entropies and enthalpies from the data. Similar to the situation in using the data from 
Kofstad 1959, no reasonable Sieverts constant pre-exponential data could be derived from the 
tabulated thermodynamic data. Hence, the P-C-T isotherm data were replotted as families of NH 
versus inverse temperature for different pressures so that the appropriate Arrhenius 
parameters could be determined. Data that were plotted corresponded to pressures of 0.13 atm, 
0.30 atm, 0.53 atm and 0.82 atm. In all cases the semilog plots were linear for temperatures 
less than 620K and they converged to a hydrogen concentration of about 40% for different 
temperatures greater than 620K. The solubility parameters given in Table 6.3 correspond to a 
fit of the NH versus 1/T data for a pressure of 0.82 atm. 

The experiments by Equchi 1974 measured H solubility both in pure vanadium and in binary 
alloys with Ti and Cr. Although plots of the atom fraction as a function of 104/T were 
presented, only derived thermodynamic parameters were tabulated. Hence, Arrhenius 
parameters for solubility, as presented here, were determined from linear fits to the plots of 
hydrogen concentration versus 1/T. 

Low temperature hydrogen solubility measurements were made by Boes 1976. Although the 
authors did not provide suitable solubility parameters, Petersen 1985 fit their data to 
determine the Arrhenius parameters given in Table 6.3. 
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Veleckis (1 969) c.08 H 1.6E-6 - 3 5 3  
(51 9K-827K) 

Eguchi (1974) 0.1 H 3.6E-6 - 2 9 3  
(873K-1473K) 

Boes (1976) 0.1 H 1.7E-6 - 3 4 4  
(283K-353 K) 

Lynch (1978) e.05 H 2.1 E-6 - 3 3 0  
(4  7 3  K - 72  3 K) 

Peterson (1 985) 
(700K-1200K) 

H 1.7E-6 - 3 4 4  

Bleichert (1 987) e0.2 H 2.4E-6 - 3 3 1  
D 1.9E-6 - 3 4 1  
T 1.6E-6 - 3 5 8  

Reiter (1993) T 2.1 E-6 - 3 3 3  

a: Temperature range for expermental data. 

Kofstad (1 959): 
Veleckis (1 969): 
Eguchi (1974): 
Boes (1976): 
Lynch (1 978): 
Peterson (1 985): 
Bleichert (1 987): 
Rieter (1 993) : 

Equilibrium gas absorption, thermal degas. 
Equilibrium gas absorption, thermal degas. 
Equilibrium gas absorption, thermal degas. 
Electrolytical charging, thermal degas. 
Equilibrium gas absorption, thermal degas. 
Equilibrium gas absorption, thermal degas. 
Equilibrium gas absorption, resistivity measurements. 
Review paper, best results from Schober 1990 and Bleichert 1987. 

Extensive P-C-T isotherms were measured by Lynch 1978 for pure V and binary alloys with 
Cr and with temperatures ranging from 473K to 723K. The results were reported as 
thermodynamic parameters. The Arrhenius solubility parameters presented in Table 6.3 were 
derived from the thermodynamic parameters from Lynch 1978, assuming ns = 6. These 
authors observed for their work, that Sieverts law applied for hydrogen concentrations up to an 
at. fr. of 0.2. 
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In the work reported by Peterson 1985, solubility data were obtained from P-C-T isotherms 
measured over the temperature range 700K to 1200K for pure V. Plots of P1I2 versus the 
atomic concentration of H showed Sieverts law applied for H concentrations up to 0.05. 
Arrhenius solubility parameters given in Table 6.3 were obtained from a linear fit to the 
semilog plot of P 1 / * / N ~  versus 1OOO/T data. 

Bleichert 1987 used resistivity measurements to obtain solubility between gas-phase hydrogen 
and the alpha phase of H in V. From measurements made over the temperature range of 313K to 
1073K, these authors derived thermodynamic parameters for solution of H. The Arrhenius 
results presented in Table 6.3 were derived from the thermodynamic data corresponding to 
1073K for H2 and D2 , and 423K to 573K for T2, using the above expression for K,. These 
authors indicated that for their measurements, Sieverts law applied for hydrogen 
concentrations up .045 at. fr. 

Hydrogen Solubility in Vanadium Alloys 

Summary information for the hydrogen solubility in vanadium binary alloys is given in Table 
6.4 and in Figure 6.5 Table 6.4 presents the Arrhenius solubility parameters and indicates the 
temperature and pressure ranges over which the experiments were done. Solubilities, as a 
function of inverse temperature, are presented in Figure 6.5 (a) for V-Cr and in Figure 6.5 
(b) for V-Ti. These curves were computed using the parameters in Table 6.4. Clearly we 
observe from the figures, that, over the temperature ranges shown, the addition of Cr to V 
reduces the H solubility relative to the pure metal, whereas, the addition of Ti results in an 
increase in hydrogen solubility. We note from the table that addition of Cr to V results in a 
systematic increase in the solution enthalpy (the alloy becomes less exothermic), whereas 
addition of Ti to V results in a systematic decrease in the solution enthalpy. On the other hand, 
the data for Equchi 1974 and Lynch 1978 indicate little change in the solubility pre- 
exponential. However, the data from Peterson 1985 indicate that the pre-exponential decreases 
slightly as the Cr concentration increases and it increases somewhat as the Ti concentration 
increases. 

Some additional details from the source literature are presented in the following paragraphs to 
establish a more complete understanding of the impact of substitutional alloys on H solubility in 
V binary alloys. Summary comments from the work of Lynch 1978 are as follows: (1) 
increases in the Cr content produce increases in the heat of solution, (2) the standard partial 
entropy is essentially unaffected by the Cr addition for hydrogen concentrations less than 20%, 
(3) increase in the Cr content increases the enthalpy of dihydride formation while exerting no 
influence on the corresponding entropy, (4) apparent H-H interactions are decreased by the 
presence of Cr (hence Sieverts law is applicable for hydrogen concentrations up to 20% but the 
solubility deviates from Sieverts law above this concentration), (5) analysis of the partial 
molar entropy of solution suggests that Cr atoms do not block potentially available interstitial 
sites for occupation by H atoms, and (6) the enthalpies are independent of temperature over the 
range studied. 

Some of the findings from the work of Peterson 1985 include the following. The addition of 
alloying elements increases the hydrogen concentration regime over which Sieverts law applies. 
For example, for V-Cr, in the temperature range from 297K to 473K, Sieverts law holds up to 
hydrogen concentrations of about 30%. For V-Ti, in the temperature range from 223K to 
473K, Sieverts law held for hydrogen concentrations up to 50%. From these observations we 
can infer that no thermodynamic correction factors are needed to interpret concentration 
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Table 6.4. Solubility data for hydrogen in vanadium alloys 

...................................................... 
Eguchi (1 974) 0.1 V1 Tib 3.6E-6 - 2 9 6  
(873K-1 473K)a V3Ti 3.5E-6 - 3 0 5  

V5Ti 3.3E-6 - 3 2 3  
V1 OTi 2.8E-6 - 3 5 3  
V1 Cr 3.9E-6 - 2 7 7  
V3Cr 3.6E-6 - 2 7 5  
V5Cr 3.7E-6 - 2 6 5  
V1 OCr 3.7E-6 - 2 4 0  

Lynch (1978) c.05 
(473K-723 K) 

Peterson (1 985) 
(700K-1200K) 

V2Cr 2.4E-6 - 3 2 1  
V6Cr 2.OE-6 - 3 1 5  
V1 OCr 2.4E-6 - 2 9 6  
V15Cr 2.OE-6 - 2 8 4  
V20Cr 2.5E-6 - 2 5 6  

V1 OCr 
V20Cr 
V30Cr 
V1 Ti 
V5Ti 
V1 OTi 
V20Ti 
V30Ti 

1.1 E-6 
7.5E-7 
5.OE-7 
3.4E-6 
2.4E-6 
2.7E-6 
8.2E-6 
1 .OE-5 

- 3 2 6  
- 3 0 5  
- 2 7 6  
- 3 2 9  
- 3 7 8  
- 4 1  1 
- 4 2 9  
- 4 5 1  

a: 
b: 

Temperature range for experimental data. 
Alloy composition V1Ti represents V with 1 atom % Ti. 

Eguchi (1 974): Equilibrium gas absorption, thermal degas. 
Lynch (1 978): Equilibrium gas absorption, thermal degas. 
Peterson (1 985): Equilibrium gas absorption, thermal degas. 

profiles in hydrogen transport phenomenon such as diffusion and thermotransport within this 
concentration range. When hydrogen solution follows Sieverts law, there is constant matrix- 
hydrogen interaction and no significant hydrogen-hydrogen interactions over the concentration 
range. The concept of anti-trapping or site blocking may explain the Cr data. The observed 
large increase in the terminal solid solubility limit in V-Ti, compared to pure V, cannot be 
ascribed to simple trapping in a solid solution phase. The authors suggest that they relate to 
changes in free energy relationships for the hydride phase. 
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Figure 6.5 Comparison of solubility data for H and D in V-Ti and V-Cr alloys, as reported by 
Peterson 1985, Lynch 1978 and Eguchi 1974. 
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Permeabi l i ty  

Steady-state flow of hydrogen through materials is often represented by its permeability in the 
material. As discussed in Steward 1983, the permeability is the product of the diffusivity and 
the solubility. Measurements of permeability are often obtained in permeation experiments for 
membrane samples. 

Recent permeation experiments have been reported by Nishimura 1991 and Takata 1993 for 
hydrogen transport through vanadium. Both experiments employed the gas-driven permeation 
method to determine the hydrogen permeability for foil specimens. 

In the experimental work reported by Nishimura 1991, permeability, diffusivity and 
solubility data were obtained from measurements for specimens of pure vanadium and of 
vanadium alloyed with nickel. Specimens used in the permeation experiments were 
electroplated with Pd to inhibit the influence of surface effects. The gas permeation 
experiments were conducted over the temperature range 423K to 673K for pressures ranging 
from 1E4 to 3E5 Pa. Permeability data values were derived from steady-state permeation 
rates and diffusivities were deduced using the time lag method to analyze the initial permeation 
rates. For pure V, the measured permeabilities ranged from 1.2E17 H/msPa112 at 673K to 
1.2E16 H/rnsPa1I2 at 473K. These values are somewhat less than values calculated using the 
recommended permeability expression presented below. Corresponding calculated values are 
6.4E17 H/msPa1/2 and 5.2E18 H/msPa112 for 673K and 473K, respectively. We note that 
the observed trend with temperature is opposite to that predicted with the calculated values. 
Measured values of permeabilities for the V-Ni alloy specimens were less than those for pure V 
and the permeabilities decreased as the Ni composition increased. Apparent diff usivities derived 
from the permeation experiments were much less for the alloy specimens than for the pure V 
specimens. Derived activation energies for diffusion were 0.2 eV to 0.3 eV for the V-Ni alloys, 
substantially larger than 0.045 eV for pure V. Finally, solubility experiments over the 
temperature range 473K to 673K and for pressures of 1E4 Pa to 3E6 Pa revealed that the 
addition of Ni reduces the hydrogen solubility in vanadium, however the reduction is not as 
much as that observed for Co, Fe or Cr additions. 

The experiments reported by Takata 1993 were conducted for high purity, fully-annealed 
specimens of polycrystalline vanadium over the temperature range 300K to 500K and the 
pressure range 66.5 Pa to 2660 Pa. Permeabilities derived from steady-state permeation 
measurements were systematically less than calculated values over the temperature and 
pressure range of the experiment. For temperatures of 400K to 500K, and pressures of 66 Pa 
and 133 Pa, the measured permeabilities were about 1/8 the calculated values, but the 
temperature trend was similar. For temperatures between 270K and 460K and pressures of 
532 Pa to 2660 Pa, the observed permeabilities displayed a P3l2 pressure dependence. The 
authors concluded that for temperatures >400K, observed permeation rates with P1/2 
dependence indicated a mixed alpha/beta phase for V-H. In a companion work by Suzuki 1993, 
these authors develop a theory for understanding H solubility in the mixed phase region. 

To compute Arrhenius parameters for H permeability in pure vanadium, we recommend using 
the solubility data identified by Reiter 1993 and the diffusivity data reported by Freudenberg 
1978. Using the Arrhenius parameters in Tables 6.3 and 6.1, we compute the permeability 
activation energy to be -0.288 eV and the permeability pre-exponential to be 
4.5E15 H/msPa1l2. 
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Trapping at Interstitial Impurities 

It has been recognized for many years that the presence of interstitial impurities, like C, 0 and 
N, can have a significant impact on both hydrogen solubility and diffusivity, especially at low 
temperatures. In the following paragraphs we will summarize key results from selected 
experimental papers that concern impurity effects in V and conclude with insights from a 
theoretical paper on this subject. 

- 

In the work reported by Chang 1973, internal friction and resistivity measurements were made 
to determine the terminal hydrogen solubility limit (onset of hydride precipitation) of V as a 
function of C, N and 0 impurities. Impurity gases were introduced into outgassed and annealed 
high purity V wires by a sequence of heat treatment and gas reaction procedures. Exact H 
concentrations were determined using vacuum fusion gas analysis. Internal friction and 
resistivity measurements were made over the temperature range 200K to 300K to determine 
the onset of hydride precipitation. Compared to the work of Westlake 1967, Cannelli 1970 and 
Veleckis 1969, the terminal solubilities reported for high purity vanadium were significantly 
less at comparable temperatures. Addition of C, 0, and N impurities, expecially 0, to the 
vanadium resulted in an increase in H concentration for a given temperature. Derived terminal 
solubility data as a function of temperature for the specimens with impurities were very 
similar to those reported by Westlake 1967 and Cannelli 1970, causing the authors to conclude 
that the H solubility results observed in the other work were impacted by impurities. Based on 
trapping analyses for the experimental data, Chang 1973 concluded that H-H clusters trap at 
impurity sites with binding energies of 0.09 eV for OH with binding energy increases if 0.14 eV 
per atom for higher order clusters like O-H-H. A binding energy of 0.135 eV/pair was 
estimated for C-H and N-H. 

Using the resistometric technique, Westlake 1975 investigated the influence of 0 impurities on 
the H solubility limit for vanadium. Measurements were made over the temperature range 
230K to 325K, using high purity V wire that was reacted with 0, to give V - 0  samples with 0 at 
greater than 1000 ppm. The V wire was charged with H electrolytically. The key result from 
this study was that large concentrations of solute 0 (1300 to 6000 ppm) increased the 
apparent H solubility limit in a systematic way for temperatures between 230K and 325K. The 
increases were largest at the lowest temperatures. Results are in qualitative agreement with 
those of Chang 1973. 

lon-channeling studies and nuclear reaction analyses were conducted by Ozawa 1978, in a effort 
to investigate deuterium trapping by 0 interstitials. Specimens doped with 0 were prepared by 
arc melting V (99.8%) with V2O3 powder. The specimens were charged with D by heating them 
in a sealed container with VDO powder. Measurements were made for samples with varying 
D and 0 concentrations in V to' determine if D formed D-0 clusters. Channeling angular- 
distribution measurements indicated that some D atoms were trapped at octahedral interstitials 
in the host lattice where they coexisted with 0 atoms. Normally, D occupies tetrahedral sites in 
V. These experiments provided direct evidence of D trapping at 0 in a metal. 

More recently, Peterson 1988 reported the results of an extensive study to determine H 
solubility and diffusivity in V - 0  alloys. P-C-T isotherms were measured at 297K and 373K and 
diffusion coefficients were obtained, using the Boltzmann-Matano method, as a function of H 
concentration for temperatures of 227K, 297K and 373K. Oxygen-doped specimens were made 
by arc melting pure V with V203 powder. Oxygen concentrations varied from 0.35 Yo to 1.95 
YO. For solubility experiments, the specimens were charged with H at 1125K with a gas 
overpressure. Diffusivity specimens were charged electrolytically over a portion of the wire 
specimen. Key results from the solubility experiments were the following: (1) addition of 0 
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caused only a small increase in the isopiestic solubility of H, (2) Sieverts law was obeyed over 
a H concentration range up to 2.5%, (3) trap binding energies were estimated to be 0.04 eV to 
.05 eV, using the Kircheim 1982 model, and (4) trap saturation (effect predicted by local deep 
trapping model) was not observed because small trap energies and dilute H and trap 
concentrations resulted in only a small fraction of traps being filled. In contrast to these 
solubility results, the diffusivity results indicated that the diffusion coefficients decreased 
considerably with 0 impurity and H concentration. Trap binding energies derived from the 
diffusivity data were somewhat larger (0.09 eV versus 0.05 eV) than those obtained from .the 
solubility experiments. The higher binding energy values were consistent with those observed 
by Chang 1973. 

A theoretical investigation into trapping of H by 0 and N impurities in V has been reported by 
Shirley 1983. The method of lattice statics was used to calculate H impurity binding energies 
as function of location and orientation of H and the impurity atoms. Normal locations for H were 
considered to be tetrahedral sites and locations for 0,were octahedral sites. Trapping was 
assumed to result from "stress-induced" or elastic interactions between the impurity and H 
atoms. A comparison of the theoretical results to anelastic relaxation observed experimentally 
lead to the following proposal concerning two possible hydrogen-impurity defect structures: a 
third nearest neighbor pair with a binding energy of 0.11 eV and a ring structure with the 
fourth and fifth nearest neighbors with a binding energy of 0.0 6eV. The authors noted that the 
experimental binding energy of 0.09 eV, reported for polycrystalline V-O-H by Chang 1973 
,compared favorably to the estimates of binding energies in polycrystalline material, as derived 
using theoretical values that rangefrom 0.1 1 eV to 0.05 eV for e1 OO> and 4 1  O> crystalline 
orientations, respectively. Based on the good agreement between theoretical prediction and 
experiment, the authors concluded that, indeed, elastic effects were responsible for trapping of 
H and 0 and N impurities in V. 

Trapping at Radiation-induced Defects 

Hydrogen transport and retention in materials is strongly influenced by trapping at structural 
defects like vacancies, interstitials, vacancy clusters, voids, dislocaations, microscopic gas 
bubbles, etc.,( see Ch. 8. Trapping of Hydrogen in metals by Ch. A. Wert, Alefeld 1978b). For 
fusion applications, the principal defect sites in structural materials like vanadium alloys will 
be neutron-induced point defects and small defect clusters, as well as, voids and microscopic gas 
bubbles evolving from gases generated by nuclear transmutation reactions . In the following 
paragraphs, we will briefly sumarize pertinent information that relates to hydrogen trapping 
at radiation-induced defects. 

A general review of early radiation-effects work on vanadium alloys is that of Gold 1980. This 
reference provides a comprehensive review of the effects of high-energy neutron and ion 
irradiation on the mechanical properties , dimensional stability and microstructural response 
of unalloyed V and V-based alloys. The emphasis of the review is on bulk effects, especially on 
those properties having the greatest impact on material use in a fission or fusion reactor 
environment. A key observation for vanadium alloys is that those with a few Yo Ti exhibit 
marked resistance to void formation and swelling and to a drastic loss of ductility observed for 
many structural materials. Although the review treats the radiation response of the alloys with 
an emphasis on mechincal properties, it contains useful information on defect 
generation/characterization and void generatiodgrowth phenomena that are relevant to 
hydrogen tyrapping in such irradiated material. 

Experiments to investigate deuterium trapping by radiation-induced defects in V, Nb, and Ta 
have been reported by Yamaguchi 1980a, 1980b. These experiments entailed measurements of 
the depth profile for D and for radiation-induced defects in specimens charged with D by high 
temperature gas absorption and implanted with 250- to 750- keV He ions to generate the defect 
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profile. The depth profile was measured by nuclear reaction analysis with the D(3He, a)H 
reaction. Depth profile of radiation-induced defects was obtained by ion-channeling 
measurements. Both profiles exhibited a good spatial correspondence, indicating trapping of 
deuterium in the radiation-induced defects. From measurements of the defect concentration for 
specimen temperatures ranging from room to 373K and forboth heating annd cooling cycles, the 
authors found that deuterium left the defect region at high temperatures but returned at low 
temperatures. A binding energy of 0.11 eV was estimated for D binding to the defect sites. 

More recently, Kano 1993 reported on measurements that concerned the interaction of H with 
defects and on microstructural changes during dual ion iradiation. These experiments were done 
using 99.9%, polycrystalline V that was annealed at high temperatures to reduce 0 and N 
impurities. Ion beams used in this work included 3 MeV Ni2+ with H+ or He+. Energies of the 
H+ and He+ beams were adjusted from primary energies of 950 keV and 1 MeV, respectively, 
using degrader foils, such that the range profile for H and He matched the displacement damage 
profile for the Ni+ ions. Specimen preparations were done for a temperature range of 773K to 
973K;,for displacement damage ranging from 1-50 dpa, and for gas injection of 15 to 60 
appm/dpa for H and 30 appm/dpa for He. Transmission electron microscopy was used to 
characterize the specimens. Key results included the following: (1) H strongly effects cavity 
formation in V, (2) there is a critical radius of cavity under H-Ni, dual-ion irradiation that 
depends on irradiation temperature similar to that for He, and (3) the dose, above which the 
cavity nucleation regime turns into a cavity growth regime, depends on H/dpa ratio, becoming 
smaller for higher H/dpa ratios. 

Surface Effects 

Surface effects play a major role in controlling uptake and release of hydrogen from materials. 
In many early studies of gas-driven permeation, surface conditions, especially the presence of 
oxide layers, presented barriers to uptake of hydrogen. As we noted in previous sections, oxide 
layers on vanadium samples was identified as a controlling factor in permeability 
measurements, Nishimura 1991. In this section we will summarize work that is relevant to 
understanding the influence of surface conditions on H transport and release from vanadium. 

Surface scientists have been aware for some time of the difficulties in preparing and 
maintaining a clean surface of vanadium. Adams 1981, in an effort to prepare clean V surfaces, 
discovered problems that were related to diffusion of 0 back and forth between the bulk and the 
surface, depending on the specimen temperature. These workers identified S and C as initial 
impurities that could be removed by argon bombardment with the sample at 11 23K followed by 
additional heating to 1773K in a vacuum. Fifteen hours of sputtering followed by 20 hours of 
heating gave a "clean surface" with evidence of a small oxide layer. The extent of D coverage was 
found to be dependent on specimen temperature, reaching a maximum surface coverage at 673K 
and decreasing in surface coverage as the temperature increased above 773K. This changing 
surface condition was attributed to 0 diffusion from bulk to surface for temperatures less than 
673K and 0 diffusion from surface to bulk for temperatures greater than 773K. To achieve a 
clean surface, the authors used Ar sputtering with the specimen at 673K. These observations 
were confirmed by Welter 1992-1 993, who studied surface/volume segregation behavior of 0 
in V by measuring 0 surface concentrations for specimens heated in a UHV environment. 
According to this work, the temperature dependence of 0 surface concentration could be 
described by an ideal solution model with a surface/volume segration enthalpy of 1.21 eV. 
Finally, Foord 1983 reported work on surface structure determinations in which bulk 
transport of 0 and low pressure oxidation were identified as key contributors to changes in the 
surface structure. 
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Experiments to measure hydrogen permeability for V identified surface conditions as key 
controlling factors of permeation. In the early work reported by Van Deventer 1977, gas 
permeation experiments were made for MAR2 grade V foil with temperatures ranging from 
473K to 1 123K. Surface characterization was done using Auger spectrometry, ion-microbe 
analyses and nuclear reaction analyses. Surface impurity layers, composed principally of 0 and 
C, were found to reduce permeability by factors of several hundred. Impurity layers grew to 
thicknesses approaching 10 micrometers after long exposure of a heated specimen (673K to 
1123K) to a vacuum quality of 1 E-5 to 1 E-8 torr. 

Japanese researchers have investigated in some detail the influence of surface conditions on H 
permeation in vanadium. In the work reported by Namba 1982, gas-driven permeation 
experiments were made for electropolished V foils(99.9% v) at temperatures from 578K to 
1072K and gas pressures of 0.2 Pa to 6.5E4 Fa. In the low pressure regime, measured 
permeation rates were linearly proportional to pressure, whereas, for higher driving 
pressures, permeation rates were proportional to the square root of pressure. Surface analyses 
for specimens retrieved from the permeation chamber revealed surface impurities of C, 0, N 
and S. Argon sputter guns, for in-situ cleaning of both upstream and downstream surfaces, were 
incorporated in the next series of gas-driven permeation experiments, Namba 1983. Steady- 
state permeation rates were measured for different surface treatments, e. g. no treatment, 
upstream surface sputter-cleaned, downstream surface sputter-cleaned, etc. In-situ sputter 
cleaning gave rise to increasing levels of permeation, with the greatest increase resulting from 
cleaning the upsstream surface. Surface analyses for the specimens, done in a different 
chamber, revealed that 0 concentrations were least on sputter-cleaned surfaces and S was 
identified as a prominent impurity on a downstream surface if the specimen was heated. The 
researchers concluded that surface processes were rate-determining for H permeation through 
V. In a comparitive study of gas-driven permeation through type 304 stainless steel, vanadium, 
and niobium, for temperatures between 663K and 780K and gas pressures of 10 Pa to 2E4 Pa, 
Namba 1984 concluded that permeation through steel was bulk-diffusion limited, whereas, 
permeation through V and Nb was controlled by surface adsorptiorVdesorption processes. 
Additional insight into the relationship between surface impurities and permeation rates was 
achieved by incorporation of in-situ Auger analysis in the permeation chamber, along with 
argon sputter-cleaning capabilities, Yamawaki 1985. With this capability, the researchers 
discovered that S was the dominant surface impurity on a specimen that was sputter cleaned and 
heated to 923K. Permeation measurements indicated a correlation between changes in 
permeation rates and surface sulfur concentration, that is, falling permeation rates were 
correlated to rising S concentrations. In contrast to their earlier work, in which reduced 
permeation rates were attributed to oxide layers, these workers suggested that S contributed a 
barrier effect to permeation. To explain these experiments, Yamawaki 1986 proposed an 
atomistic model for the hindrance of dissociative hydrogen adsorption due to surface-segregated 
S. Qualitatively, the model assumed surface segregated S reduced the effective area for 
permeation. 

In an effort to relate measured permeation rates to model simulations of H transport, several 
studies have been made to determine surface molecular recombination rate factors for V. 
Kiyoshi 1986 conducted gas-driven permeation experiments for 99.8% V disc specimens that 
were heated between 620K and 875K and exposed to a gas pressure of 17 Pa. The upstream 
surface was sputter-cleaned prior to a permeation experiment. After reaching steady-state 
permeation, the workers subjected the specimen to step changes in temperature and observed a 
transient change in permeation rates. By assuming surface-limited permeation, the authors 
were able to fit the observed permeation signals and deduce values for upstream and downstream 
surface recombination coefficients. In units of m4/s, the upstream recombination coefficients 
were 4.2E-33 at 775K, 6.6E-34 at 722K, and 8.3E-35 at 666K, and corresponding 
downstream coefficients were 6.6E-34, 3.3E-34, and 1.7E-34, respectively. These values are 
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considerably smaller than those predicted by recombination models as presented below. In 
experiments that measured both D ion-beam and gas-driien permeation, Yamaguchi 1989 
obtained estimates of surface recombination coefficients that could be correlated with surface 
sulfur concentrations. For a specimen temperature of 773K, the upstream surface deuterium 
recombination coefficient varied from 1E-30 m4/s to 1E-31 m4/s as the surface sulfur 
concentration varied from 0% to 40%. Downstream surface recombination coefficients varied 
from 1E-31 m4/s to 1E-32 m4/s. Using both ion-driven and gas-driven permeation 
experiments, Yamawaki 1989 obtained deuterium surface recombination coefficients for both 
sputter-cleaned and sulfur-saturated V surfaces, for a temperature range of 666K to 775K. 
Assuming that the surface recombination coefficient can be represented by an Arrhenius 
expression, they obtained an activation energy of 0.94 eV, and pre-exponential factors of 
1.2E-31 m4/s for the sputter-cleaned surface and 1.5E-32 m4/s for the sulfur-saturated 
surface. Further investigation into the effect of surface impurities on hydrogen recombination 
coefficients was reported by Yamawaki 1989 in which coefficients derived from earlier 
experiments ( Yamaguchi 1989) were compared to coefficients calculated using two models, 
Baskes 1980 and Pick 1985. The measured values were significantly less than the calculated 
values; 3.4E-28 m4/s for Baskes 1980 and 1.2E-28 m4/s for Pick 1985. Assuming that the 
Pick model was applicable, the measured coefficients were compared to the Pick values and 
chemsorption activation energies were estimated for a sputter-cleaned surface and for a 
sulfur-saturated surface. This analysis yielded chemisorption energies of 0.1 6 eV for a 
sputter-cleaned surface and 0.24 eV for a surface saturated to 40% with S. These workers 
concluded that the role of the impurity could be twofold: (1) the impurity serves as a blocking 
agent to inhibit dissociation/recombination from adjacent sites and (2) the impurity 
electronegativity could change the surface chemical state, thus introducing a chemisorption 
barrier. 

Deuterium ion-driven permeation experiments were reported by Holland 1988 in which 
estimates of surface recombination coefficients were obtained for both V and the alloy 
V15Cr5Ti. For V specimen temperatures of 755K and 678K, coefficients for an unsputtered 
surface were estimated to be 2E-34 m4/s and 5E-34 m4/s, respectively. The effect of 
deuterium sputtering of the upstream surface was estimated to increase these coefficients by a 
factor of 6 to 10. For V15Cr5Ti at 733K, a coefficient of 4E-32 m4/s was determined for an 
unsputtered surface, and a sputter-enhancement factor of 9 was determined. 

Estimates of the surface hydrogen recombination coefficients can be made using models by 
Baskes 1980 and by Pick 1985. These models require values for the solution enthalpy and 
Arrhenius prefactor for solubility. For this quantities, we recommend the values given in Table 
6.3 under Reiter. 

Thermotransport 

A temperature gradient in a material may cause concentration gradients of solute atoms to 
develop due to thermotransport or thermomigration. As identified by Reiter 1993, hydrogen 
transport is characterized by a phenomenological parameter called Q', the heat of transport. In 
general , endothermic hydrogen absorbers(1ike nickel, iron and steels) have negative heats of 
transport, resulting in a reduction in hydrogen transport down the temperature gradient 
because of the Soret effect. On the other hand, exothermic hydrogen absorbers, like V, Nb, Ta, 
and Ti, have positive heats of transport in the range 300 to 1000K. Consequently, for these 
materials in fusion applications where the plasma side is much hotter than the coolant side, , 
tritium inventory and permeation to the coolant are increased because of thermotransport. In 
the following paragraphs, we will summarize relevant experimental information on heats of 
transport for V and V alloys. 
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Thermotransport of H and D in V, Nb, and Ta has been investigated by Peterson 1982 in two 
temperature ranges, with mean specimen temperatures of 308K and 448K. High purity 
specimens were electrolytically charged with H or D to concentration levels of about .1 at %. 
Charged specimens were to an experimental arrangement that imposed a temperature gradient 
across the specimen. After a sufficient time for thermotransport to redistribute the hydrogen, 
the sample was retrieved and cut into sections for analysis of the gas contents , hence the 
hydrogen concentration profile in the specimen. Thermotransport of both isotopes was toward 
the cold end of the sample, and the redistribution of the solute increased with increasing atomic 
mass of the host metal. The heat of transport was greater for deuterium than for hydrogen. Heats 
of transport were determined to be 0.014 eV for H and 0.05 eV for D. Within experimental 
error, there was no observed temperature dependence in the heat of transport. 

Heats of transport for H, D, and T in V and V binary alloys( with Nb, Ti, and Cr) has been 
reported by Sugiaski 1986. Rod-shaped specimens, charged with hydrogen to a concentration of 
1 at%, were exposed to a temperature gradient from 23K to 338K, with an axial gradient of 
283Wcm. After the hydrogen had redistributed because of thermotransport, the specimen was 
quenched and cut into halves. Each half of the specimen was analyzed for hydrogen contents. 
Heats of transport obtained for pure vanadium were reported as follows: 0.013 eV to 0.02 eV 
for H with average specimen temperatures of 308K to 448K; 0.05 eV to 0.06 eV for D with the 
same average temperature range, and 0.077 eV to 0.083 eV for T with average temperatures of 
348K to 523K. These results indicate a stong isotopic dependence and give a hint of temperature 
dependence. The results agree with those reported by Peterson 1982. 

In a more recent investigation, Sugisaki 1990 report the results of heat of transport 
measurements for tritium in vanadium at higher average temperatures than in the previous 
work. For temperatures of 343K, 423K, and 523K, the measured heats of transport were 
0.079 eV +/- 4%, 0.093 eV +/- 8%, and 0.083 eV +/- 8%, respectively. 

Assessment 

For diffusivity; the existing data are good (need measurements between 600K and 800K); for 
permeability, data are poor because of surface oxide effects; for solubility, data are excellent in 
the regime that Sieverts law applies; for thermotransport, data are good but limited to 
temperatures less than 500K; recombination coefficient, wide disparity between measureed 
results and in comparison with model calculations; surface effects, much data to characterize 
surface, however the effect of surface conditions on hydrogen transport is known semi- 
quantitativily at best; trap site characterization, data and understanding are good; porosity, no 
data; permeation in layered structures, very little data; permeation at interfaces, little data; 
oxide properties, much data and a semiquantitative understanding. The data listed in Tables 6.1 
and 6.3 under Reiter 1993 provide reasonable values of the Arrhenius parameters for 
diffusivity and solubility for pure V. The data presented in Tables 6.2 , 6.4 and 6.5 should be 
considered for analyses that require some consideration of alloying elements on diffusivity and 
solubility in V alloys. 
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7. Database Assessment 

The "operating history" of a plasma facing component (PFC) includes: 
original material composition and morphology 

* fabrication history (such as cold work) 
PFC operating temperature history 
surface erosion and redeposition 
neutron irradiation energy spectrum and fluence 
hydrogenic ion implantation energy spectrum and fluence 
helium implantation energy spectrum and fluence 
plasma chamber gases (H, C, N, 0, ...) pressure histories 
impurities introduced from coolant 
annealing history. 

It is difficult to reconcile experiments on specimens with diverse operating histories. 

Interim recommendations for hydrogen diffusivity and solubility values for each material were 
given in the corresponding chapter and are summarized in the Abstract. For estimates of the 
recombination coefficients the theory of Pick and Sonnenberg is recommended, or the more 
complete theory of Richards if surface coverage is high. However, we highly recommend the use 
of surface recombination coefficients derived from experimental testing on materials that are 
representative of those for fusion applications. As we noted in this review, the surface 
recombination coefficients that are calculated with the model expressions are often 
substantially larger than measured values. The bottom line is that one has to properly account 
for surface impurities and other surface conditions that affect the recombination coefficient for 
realistic materials. 

The results of this database assessment are summarized in Table 5, which shows a matrix of 
properties vs. materials, indicating the general quality of data currently available. An 
assessment of the data-base quality for V is not included in the table. However, we can 
summarize it's status as follows. For diffusivity; the existing data are good (neeed 
measurements between 600K and 800K); for permeability, data are poor because of surface 
oxide effects; for solubility, data are excellent in the regime that Sieverts law applies; for 
thermotransport, data are good but limited to temperatures less than 500K; recombination 
coefficient, wide disparity between measureed results and in comparison with model 
calculations; surface effects, much data to characterize surface, however the effect of surface 
conditions on hydrogen transport is known semi-quantitativily at best; trap site 
characterization, data and understanding are good; porosity, no data; permeation in layered 
structures, very little data; permeation at interfaces, little data; oxide properties, much data 
and a semiquantitative understanding. 

Some parameters, such as diffusion coefficient and permeability in stainless steels, can be 
predicted with reasonable uncertainties (within a factor of two). Most parameters are known 
only with poor accuracy, due to the large number of variables that influence them. 

It should be noted that for copper and vanadium, fusion applications wilt generally require the 
use of alloys of these materials. In general, the data base for hydrogen transport in alloys, with 
the exception of steels, is somewhat limited. However, for vanadium there is a reasonable set of 
data that pertain to hydrogen transport in binary alloys, with Cr and with Ti. Although 
somewhat limited in temperature range, the data provide a guide to extrapolate from. Additional 
testing over a wider temperature range and for more complex alloys is required. The situation 
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for alloys of copper is not as good. Although there has been some effort to measure the influence 
of alloying elements and impurities on hydrogen transport, the influence is known 
semiquantitatively at best, for a limited set of constituents. There is a need to for measurements 
on ITER-relevant alloy materials to assure a quantitative assessment of tritium transport and 
retention issues that relate to safety and environmental concerns. 

Table 7.1. Availability of data for tritium interaction with Be, SS, Cu, C, and V. 

permeability 

sol u bi Ii ty 

Soret effect 

recombination 
coefficient 

surface effects 

trap site 
characterization 

and effects 

porosity 

permeation in 
layered 
structures 

permeation at 
interfaces 

oxide properties 

very disparate 

little data disparate 

no data one datum 

very disparate disparate 

good, factor of 2 

many questions 

some data 

little data 

no data 

no data 

l i t t le 

some data 

some data 

one datum 

oxides only 

some data 

little data 

good 

good 

no data 

disparate 

much data 

some data 

some data 

some data 

fa i r  

fa i r  

no data 

fa i r  

much data 

some data 

some data 

no data 

some data no data 

some data (oxide=gas) 
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8. Conclusions and Recommendations 

1. At present the database, especially for beryllium, is inadequate. Accurate prediction of the 
ITER tritium permeation and inventory will require better understanding of many processes 
(trapping, grain-boundary diffusion, permeation barrier failure, Soret effect, oxide layer 
growth and loss, bubble nucleation) and more precise quantification of most parameters. Most of 
the existing data base for transport and retention of hydrogen isotopes in materials was derived 
from laboratory experiments on materials that may not be fully representative of materials 
used in ITER. Additional testing is required, especially for alloys of Cu and V that may be used in 
ITER. This testing should simulate, as well as possible, the particle fluxes and energies and the 
surface conditions and material temperatures that we expect in ITER applications. . 
2. Algorithms should be developed to predict 
* porosity vs. operating history 

effects of porosity on tritium transport 
trap site nature, energy, and concentration vs. operating history 
effects of trap sites on tritium transport (such as the TMAP4 model) 
conditions under which rapid grain-boundary tritium transport would be expected, and 

effects of thermal-gradient-driven tritium transport 
the rate of such transport 

3. Computer models of tritium behavior should be enhanced to include all the effects likely to 
influence tritium inventory and mobilization. Experiments should be simulated by computer 
models, such as TMAP4, whenever possible, and materials characterization techniques, such as 
nuclear reaction depth profiling, should be used to check the computer models. 

4. Some of the required data, such as trap site energies and concentrations produced by neutron 
irradiation of Be at high temperatures, can be obtained by analysis of samples irradiated in 
fission reactors, but a 14 MeV neutron source would be preferable. 

5. Other data, such as porosity, can be obtained by analysis of targets irradiated by ion beams or 
by plasma in experiments such as PISCES and the Tritium Plasma Experiment. 

6. Estimation of the ITER tritium source term for the ESECS depends more upon the properties 
of Be than of Cu or SS. 
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