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ABSTRACT - Tritium transport and .distribution in a material are 

controlled by chemical potential and thermal gr·adients and cross-

coupling-to impurities and defects. Surfa~es influence tritium 

diffusion by acting as sources and sinks· for defects and. impuri

ties, and surface films restricting tritium transfer between the 

solid and surrounding fluids .. Radiation directly affects boundary 

processes such as dissociation qr adsorption~_may erode a surface 

film or the surface itself,and introduces defects and impurities 

into the solid by radiation damage, transmutation, or ion im-

plantation, thereby modifying tritium transport' within the solid 

arid its transfer across external interfaces. There have been no 

definitive investigations of these effects, b~t their practical 

significance has been demonstrated in tritium release or absorption 

studies with stainless steel, Zircaloy, niobium, and other materials. 

Work done under USERDA Contract No. AT(07-2)-1. 
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INTRODUCTION 

· Current interest in tritium migration in solids arises from 

technical, economic, and environmental considerations associated 

with operating fission reactor plants and projected fusion reactor 

systems. In the first case, the interest is almost entirely due 

to the possible environmental contamination· by tritium leakage to 

· plant effluents (1, 2) . Small quantities of tritium are generated . 

. by both. ternary fission and reaction of neutrons with boron and 

lithium. This tritium m~y eventually escape to the environment 

along several paths; for example, permeation.through the steam 

generator system. Fusion reactors, on.th.e other hand, are designed 
. . 

to process continuously large (kilogram) quantities of tritium 

both in the feed and exhaust from the deuterium-tritium (D-T) 

plasma and in the tritium breeding, extraction, and purification 

systems (3-7). Efficient containment and recovery are essential 

in this case. Potential problems associated with fusion systems 

have been described in detail (4-6), and several alternative 

approaches to minimize tritium release have been advanced (4), 

In all cases, knowledge of the diffusion and permeation charac-

teristics of tritium in structural materials of .principal interest 

is helpful in analyzing containment, breeding, and handling prob-

· lem.s. Potential materials include: stainless steel, niobium, 

vanadium, molybdenum, and Zircaloy-2; silicon carbide, :beryllium 

oxide, and alumina.; oxides commoniy formed as surface films on 

metals; and tritides, such as TiT£ which may be used in target~ 
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for neutron generation (8) and in extraction systems. A small 

amount of experimental data is available on tritium diffusion in 

these materials. There is a much larger body of information for 

protium and deuterium (9-12) which is applicable to tritium, 

if the data are corrected for the effects of isotope mass. 

Tritium diffusion occurs in response to gradients in chemical 

::~ potential and temperature in solids and is influenced by inter-

action with defects, impurities, and with surfaces. · These inter-

actions may involve: 

• Boundary processes such as dissociation and chemisorption. 

•External surfaces (such as those.between two solids or 

between a solid and a fluid) and int.ernal surfaces (such 

as grain boundaries) which act as sources and sinks for 

defects and impurities .. · 

• Surface films,. such as oxides on metal surfaces, which may 

slow tritium transfer between phases. 

Potential interrelations .among these factors· are represented 

diagrammatically in Figure L which also indicates several possible 

effects of radiation on the processes affecting tritium diffusion, 

including: 

• Catalytic effect on dissociation or adsorption. 

• Erosion of the surface or of surface films. 

• Increased defect and impurity fluxes to or from the surfaces. 

o Increased defect and impurity concentrat~ons within the 

solid. 

The effects of these processes on tritium diffusion in solids 
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have not been investigated. Several related problems., however, 

have been discussed or are under investigation (13). For example, 

the effect of oxide films on.tritium release and permeation in 

stainless steel (14), trapping effects in niobium. (11), and photo-

desorption (15,16) have all been reported in some detail. The 

present discussion will focus attention on those aspects of tritium 

absorption and transport where information is available and where 

experimental investigation is in progress. Ari attempt will also 

be made to identify areas where additional investigation is needed. 

INTERACTION BETWEEN SURFACES AND 
DEFECTS OR IMPURITIES 

Tritium diffusion and its ultimatedistributiori throughout 

a solid is strongly affected by the presence of lattice defects 

and impurities because of repulsive or attractive interactions.· 

Such interactions include: 

• Trapping of tritium at immobile defects or impurities.· 

• Diffusion of tritium in response to gradients in the 

chemical potential of impurities. 

• Migration of tritium with moving defects .. 

These processes are related to radiation effects because 

radiation damage 1 transmutation, and ion bombardment change the 

number and distribution of defects and impurities and may implant 

tritium within the lattice. 
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Tritium Solution in Solids 

Dissolved tritium may occupy either octahedral (O} or tetra-

hedral (T) interstitial positions in metals de~ending on the 

crystal lattice of the host structure. Neutron diffraction, ion

channeling, and nuclear magnetic resonance techniques have iden-

.tified the equilibrium interstitial sites in several metals (17-20). 

Generally, the T-site is occupied in metals with a body-centered-

cubic (BCC) lattice and the 0-site is occupied in metals with a 

face-centered-c1.1bit:' (Fr.r.) nr hP.xagonal-close-p~<;~ed ·(HCP) lattice. 

Chromium (BCC) appears to be an exception, as an ion~channeling 

study indicates that the 0-site is o~cupied (21). 

Atomic and molecular solutions of tritium have been observed 

in nonmetallic solids (22-29), but there is very limited direct 
. . 

evidence about the specific location of ·tritium in such materials. 

Generally, interstitial solution·is assumed, although substitu-

tional replacement may be anticipated in some cases, as polymers. 

Tritium solution and diffusion in silica and silicate glasses is 

normally molecular (22,23); however, atomic diffu3ion of tritium 

ions has been observed in quartz and fused silica (24), .and 

electrolysis apparently introduces atomic hydrogen .. in vitreous 

silica (25). Tritium solution in polymers is normally molecular 

· as indicated by the direct dependence of permeation rate on the 

first power of the hydrogen pressure (26). In this instance, 

isotop~c exchange of tritium with the hydrogen in the polymer 

could alter the diffusion kinetics and eventually degrade the 
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polymer by breaking the bonds where replacement tritium decayed. 

Tritium solution in metal oxides is believed to be atomic in the 

few cases where it has been studied, e.g., ZnO (27) and Ti02 (28); 

however, the pressure dependence of the permeation·rate of hydrogen 

in Zr02 suggests a molecular solution (29). 

Tritium diffusivity has been measured in a Variety of materials 

by gas phase charging (28), electrolytic charging (25), ion bom

bardment (24), and recoil froni transmutation of 6Li (14) .. Results 

fu1· ::.ever al typc~r of ~olid are ihoW!l in Fi eure 4. Gene;ra1iy, 

tritil,im diffusivities correlate with.protium or ~euterium diffu

sivities by the inverse-square-root-of mass relation wh13re data. 

exist to make the comparison. Silver and alumlnwn fl,re apparent 

exceptions, because of effects associated with ion implantation 

or radiation, as discussed later. Protium and deuterium diffu

sivities in metals have been sunurtarized previously (9-12).. Little 

work has been done with oxides, but this area of investigation is 

being.pursued currently on materials of Interest in fusion reactor 

development (30). 

Trapping by Immobile Defects or Impurities 

An attractive interaction between diffusing tritium and 

lattice defects or impurity atoms is not accounted for in the 

simple diffusion equation, ac/at = 'V7Ii~C. Therefore, this equation 

is not applicable under such conditions. More complex formulations 

are required to incorporate additional processes into the .analysis. 

Formal representatiun of trapping has been approached in two ways: 

incorporation of additional terms in the continuum diffusion 
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equation to account for trapping (31-35), and analysis based 

on the ·c.cincept ·of mean-free passage time taken from the theory 

of stochastic processes (36). The former approach has been 

used extensively, but may not be appropriate when considering 

singularities of atomic dimension. The latter appro~ch ta_ke~ 

into account details of the lattice, trap site, arid shifting of 

the saddle point energy due to the perturbation of.the lattice 

. by the defect, but has not been applied to analy~is of hydrogen 

diffusion experiments. 

Trapping sites that have been identified or suspected in 

metals include: dislocations in Type 304L_stainless steel, nickel, 

vanadium, n~obium, iron, and molyb<;ienum (37-42); interstitial or 

vacancy clusters in copper, silv~er, and gold (43); oxygen in 

niobium and.copper (44,45); and voids. or .gas.bubbles in iron, 

silver-lithium~ and aluminum-lithium alloys (46-48) .. Potential 

trapping sites in nonmetallic solids include Schottky or Frenkel 

defects and impurity atoms. 

General representation of diffusion with.trapping at only 

one type trap has been developed (33) by replacing the simple 

differential equation with ac/at +Nan/at = DV2C, where: an/at = 

kC (1-n) ·+ pn, N is the number of traps per unit volume, n is the 

fractional occupancy of trap sites, and k_and p are capture and 

release probabilities. The resulting equations are nonlinear and 

have no general analytic solution. Finite difference methods have 

been applied to yield approximate solutions for boundary and 
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initial conditions corresponding to permeation and evolution from 

a plane sheet (49). Exact solutions have been obtained for certain 

limiting cases where the equation reduces to a linear form (33, 

34,50). Characteristics of trapping effects on permeation and 

evolution (Table 1) show that: apparent diffusivity is less than 

the true lattice diffusivity; actual solubility is greater than 

the lattice solubility; and steady-state processes are unaffected. 

The temperature dependence of apparent diff~sivity.may not be 

simple because of interrelationships between the temperature 

depepdencies of C, D, N, k, and p. Basicali'y, expectation and 

available experimental data indicate that trapping should be more 

pronounced at lower temperatures. This implies that trapping will 

not be significant in the first .wall of a fusion reactor, but may 

be important in the colder portions, such as the tritium recovery 

and extraction systems. Trapping may also be important in.assessing 

release from fuel element cladding in fission reactors; 

Internal ·surfaces 

Internal surfaces, such as grain and subgrain boundaries, 

may serve as trap sites or act as short-circuit diffusion paths. 

For example, hydrogen solubility in polycrystalline nickel is 

distinctly greater than in single crystals over a wide temperature 

range. Further, the solubility in polycrystalline nickel deviates 

increasingly from the expected tempera~ure dependence as the tem

perature is lowered below 700°K (51). Trapping effects ·are also 

observed in tritium solubility measurements for cold-worked and 

annealednickel (52) between 300 and 500°K (Figure 3.). 
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Tritium has been introduced into silver and aluminum by ion 

bombardment (47) and its diffusivity calculated from release rate 

measurements. The release rates were slower than expected from 

calculations based on gas phase charging and evolution measure

ments. This lowering of apparent diffusivity was attributed to 

the formation of bubbles of tritium. The bubbles were assumed to 

form at accumulations pf point defects or dislocation loops gener

ated during ion bombardment when the lattice is supersaturated 

with tr;i. ti um. Release rates were, therefore·, controlled by bubble 

· . migration at low temperatures or re-solution and diffusion at 

higher temperatures. As shown in Figure 2,·apparent tritium 

diffusivities calculated by this technique are very much lower 

than for other metals or alloys and are less than calculated from 

hydrogen diffusivity data (53). 

Neutron irradiation of Ag-Li and Al-Li alloys generates 

tritium by an (n,a) reaction (48,54). Autoradiographic exami

:p.ation of th~ aluminum alloys containing 0.4 to 2.7 wt% lithium 

revealed gas bubbles along grain boundaries (54). These bubbles 

presumably contained both tritium and helium. Annealing of the 

irradiated samples apparently led to bubble agglomeration (54). 

After ann.eal~ng at relatively high temperatures (i.e., 625°C), 

·the Al-2.7 wt% Li alloy was free of bubbles because all the 

tritium and helium were released during the anneal. The out

gassing behavior of the silver alloy showed nonideal diffusion 

characteristics between 280 and 600°C (48). This nonideal 
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diffusion wa~ a~tributed to trappin~ of the triti'l,lJll at po~nt 

defect. cluste-r~ and is similar to the results from ion bomJ:>ard- · 

ment (47). 

Tritium-Dislocation Interaction 

A considerable ·body of information on the. in.te-ractfon of 

hydrogen with lattice defects in metals an~ alloys has been 

accumulated. The prototypi~al case is that of a-~ron where 
. . . 

substantial deviation between the anticipated and-measured.tem-

perature dependence of the diffusivity is observed at lower 

temperatu-res (Figure 4). In this case, the extent of coid work, 

and hence the dislocation density, subs~ructure, and microvoid 
. . 

formation, appear to play major roles in affecting the measµred 

diffusivity. Steady-state permeation rates are ·unaffected 

(Reference SS and Figure S). 

The behavior exhibited by iron, however, is not u,nique .. 

Similar features are .observed in gold, ·where the di;ffusivity 

differences corre~ate with heat treatment .and are attributed to 

vacancies, vacancy clusters, or stacking-fault tetrahedra (S3). 

Platinum (S3), silver (S3), ~.opper (S.3), nickel (52), molyb-. 

denum (S6), vanadium .(13), and· niobium (10), are also known to 

exhibit similar behavior. This behavior is also riot unique to 

. dislocation trapping~ but occurs with any reve:r~.i..Lle trap.· 

Evidence for trapping of hydrogen at dislocations in the 

refractory metals has been derived from mechanicai tests. Varia-

tions in the yield points of molybdenum wires saturated with hydrogen 
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at high temperature and then quenched were attributed to }lydrogen 

segregation at dislocations (37)~ Recent deuterium permeaUon 

studies and autoradiographic examination of molybdenum wire 

saturated with tritium at 428°K provided further evidence of 

trapping but did not identify the trapping site (56). Yield 

point behavior following hydrogen charging has been takenas 

evidence of a hydrogen-dislocation interaction in vanadium (38), 

niobium (39), and nickel (57) • · 

Both external and · internal surfaces can ad ·as sou:r,ces or . 

sinks for dislocations (40). During ·plastic' deformation, a dis-

location may move inwardly from the external surface dragging 

tritium atoms which were picked up at the surface. This.has been 

. reported for Type 304L stainless. steel tens} le specimens tested 

in 69-MPa·tritium. Concentration.of tritium along slip planes 

~as also observed in the autoradiographs . .A free surface 'is 

also a dislocatio:ft. sink; therefore, tritium may be.pulled out 

of the interior of a metal and rejected.to the surroun~ing 

atmosphe;re during 'plastic· deformation .. · Tri ti um release from . 

iron, Type 304L stainless steel, Inaori.eZ* 718,ni~~el, and 5086 

aluminum correlated with plastic deformation (40). 

Temperature is a particularly important parameter in the 

deformation-enhanced trith1m transport phenomenon. Both the 

binding of the tritium to the dislocation and the ability of the 

* Registered trade name of the International Nickel Company, 
Huntington, We!:it Virginia. 
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tr~tium to diffuse with the moving dislocation are temperature 

dependent. At a high temperature, binding is weak, and·little 

transport occurs because of the small tritium atmosphere; at low 

temperatures; tri-eium movement is restricted., and· the dislocations 

break away from the tritium atmosphere and, again,. little trans

port occurs. Practical effe.cts of dislocation transport are 

restricted, tnerefore, to an intermediate temperature range. 

Effects of Impurity .Fluxes 

Interstitial diffusion of tritium is generally considered 

"in ternis of gradients in the chemical potential of tritium and 

temperature gradients (Soret effect); .However, a dl.ffl,isive flux 

· may also develop in response to gradients in chemical potential 

of other independent species in solution~ · The phenomenological 

equations of irreversible thermodynamics provide ge.neral relations 

among the thermodynamic forces and 'the conjugate fluxes (59). 

The special case of isothermal diffusi.on of one inters ti ti al and · 

one ·substitutional solute illust:r::i.t.As the nat1 .. n:·e· of the cross. 

effects (60). The inters ti ti al (J 1 ) and substitutional (J 2) 

fluxes are related to the concentration gradients, ~C1 and ~C2, 

through the diffusion coefficients, D .. : 
1) 
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For the assumptions made in the derivation, the ratios of the 

diffusion coefficients in the volume fixed frame of -ref~rence 

were found to be: 

and 

D21 X e: -- = 2 21 . D22 

(3) 

(4) 

In Equation 3, Xi is the mole fraction of i, (Lii)k_are coefficients 

in the Kirkendall frame of reference, and the interaction coeffi-. 

cients e: .. · are from the Taylor expans~on of .the ·activity coef fi.
l.J . 

cients y. in the mole frac.tion: 
. l. . 

0 
tn y. = tn y. + e: .. X. + e: .. X. 

l. . l. l.l. l.. l.J J 
(S) 

The initial terms· in the expression for the ratio of diffusion 

coefficient$. are of purely thermqdynamic origin; the second terms 

are kinet~c. 

The ratios D12/D 11 and D21/D 22 cannot be calculated without 

the necessary thermodynamic and kinetic data .. However, their 

maITT'litudes may be roughly estimated. This will permit the assess

ment of the relative contribution of the cross terms to tritium 

diffusion in dilute solution. The thermodynamic terms, X1e:12 and 

X2e: 21 , will be less than 1 for dilute solutions because X1 and 

X2 <<I.O, and interaction parameters are estimated to lie in. the 

range -s·to +S based on experimental determination of alloying 

effects on hydrogen solution in l:j..quid iron and cobalt (100,103). 
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Estimates of the kinetic terms indicate that.they may be small 

also. In both expressions, r~tios of L.' s occur, which are ex-

pected to ·be of about 1. Of more importance, however, is the fact 

that these ratios are multiplied by a mole fra_ction (<<1.0) or its 

square j except for·· the term [X~/ (L1 i )k] I (L22h where the ratio 

X2/X2. could easily vary from 102 to 10- 2 depending 9n the concen-
1 

·trations. 

Th~s type of analysis indicates that the con.tribution~ of · 

Di 2 VC 2 aml D 21 VC i to tho fluxes Ji ~n.d .T :i.. are expected to be 

smaller than the direct diffusion effects. The contribution need 

. not. be insignificant, however, siri."ce the gradients may be relatively 

large under prevailing conditions in_fission or fusion· reactors. 

Further investigation of the cros·s effect's is cleariy needed to 

evaluate their possible contribution to tritium diffusion. 

EXTERNAL SURFACE FILMS 

Oxides ·are probably the most common form of surface film on 

metals and are also observed on nonmetallic materials which are 

readily oxidized, for example, silicon. Surface oxidation is . 

seldom purposely avoided in h_andling laboratory specimens and is 

clearly not controlled during the fabrication of large engineering 

. structures. Furthermore, operating conditions may often lead to 

formation or growth of ·oxide films, even when they were absent 

initially. Presence of an oxide film may influence tritium trans-

port in several ways: 
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• Oxides usually have a lower permeability than the base 

materials and thus restrict tritium uptake and release. 

eOxide-metal interfaces act as sources and sinks for 

vacancies and oxygen atoms during growth or reduction of 

.an oxide film. 

The extent to which tritium transport is affected by an 

oxide film will depend on t;he stabili:ty of the oxide in the 

ambient environment, its thickness, its .permeability relative 

to the substrate, and its structural continui.ty and perfection. 

Anomolies in permeation behavior of InaoneZ* (63). InaoZoy* 800 

(64), Type 304 stainless steel (65,66), and·niobium.(67).have· 

been observed and attributed to oxiqe films formed.prior to ex-

posure to hydrogen. 

Stability of Oxide Films 

· The thermodynamic stability· of an oxide o:n a pu:re substance 

may be.evaluated from available thermocbemicai data on dissocia-

tion pressure and for possible reactions with species in: the sur-
. . ' 

rounding' environment that may contact Lhe surface (68) .; For 

example, oxide reduction by hydrogen gas may occur: 

(6) 

Possible reactions between oxides of chromium, niobium,. iron, and 

molybdenum with hydrogen gas are readily ev~iuat.ed by this equa-

tion,. and are illustrated in Figure 6. 

* Reg.istered trade names of the International Nickel Comp;my, 
Huntington, West Virginia. 
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The stability of oxides on commercial alloys is more diffi

cult to assess, since th~ composition of.the oxide may vary widely 

depending on the circumstances surrounding its formation. On ., 

stainless steel, for example, the oxide may be nearly pure Cr203, 

FeO•Cr203 spine!. M1iO•Cr 203 s:pinel, or one of the iron oxides 

(64,68,69). Cr 2 0 3 is relatively stable in hydrogen, whereas the 

iron oxides may be reduced unless the oxygen potential of the gas 

phase is relatively high. 

Aluminum alloys are interesting, because' several oxides of 

the general form Al20 3•nH20 may form where·n.is 0, 1, 2, or 3. 

The hydr.ated oxides readily form in t~e presence of relatively 

low water vapor pressures and are more stable in hydrogen than 

the pure aAl203 (corundum). 

Effects of Oxide Films 

Few experimental data exist on diffusivity or permeability 

of tritium (or any hydrogen isotope) in oxides which normally form 

as stii'face films on materials. Where data are til.vailahlf;!) tritium 

diffusivity and permeability for the oxide are.observed to be 

lower than for the base mater~al. This is shown for tritium 

diffusivity in silicon and silicon dioxide in Figure 2. Tritium 

diffusivity in aluminum oxide and titanium dioxide (53)· is also 

lower than in the corresponding metals. Experiments with oxidized 

zirconium, niobium, stainless steei (66, 70, 71), ·and titanium (72), 

conform to the expectation of a lower release, absorption, or perme

ation rate than with "clean" metal surfaces. 
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Tritium evolution from Type 304 stainless steel, Zircaloy-2 

and niobium has been analyzed successfully by assuming an oxide-

metal laminate (71). The oxide films were.assumed to be continuous 

and free of high diffusivity paths. The surface of the Type 304 

stainless steel specimen had an apparent diffusivity of abdbt 
.J 

10- 15 cm 2/sec, a value comparable to results on Type 302 and 

Type 347 stainless steels obtained from hydrogen evolution follow-

ing cathodic charging (73). In both cases, the boundary conditions 

at the oxide-metal interface are: D ac /3 x = D ac /ox, and C = C o o m m o m 

This last condition_ is not true in general and should be replaced 

by C /C = k, where the distribution coefficient (k) accounts for o m · 

differences in the activity coefficients of tritium in the two 

phases (74). The necessary thermodynamic data are lacking, however, 

so the simpler condition (C = C ) may be taken as an expedient o m 

approximation until solubility studies on oxides have been made. 

Hydrogen pickup by titanium and its alloys is delayed very. 

effectively by the naturally occurring oxide films (72). Experi-

ments on the hydriding of Ti-SA1·2~Sn alloy at low temperatures 

have been rationalized with a model that represents the oxide 

film thickness (o) and diffusivity (D
0

) as a film coefficient 

(h ~ D /o) in the relation D VC = h(C. -l.), where cs· is the o m m s 

surface conr..entrat.i on of hydrogen in the metal at saturation. In 

this instance, tritium diffusivity in pure rutile (Ti02) single 

crystals was known (28). The oxide film thickness was not 

measured, but was estimated from available studies (75) on 
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oxidation of titaniwn. Further, the large anisotropy in diffusivity 

observed in Ti02 is a characteristic that may be anticipated in 

other oxides with noncubic lattices. This factor could be signi

ficant in determining the overall permeation rate through highly 

textured metals where oxide film growth is epitaxial. 

Perfection of an oxide film on a metal base is questionable 

in light of the available information on the morphology of growing 

oxides (76). Film formation apparently begins by the nucleation 

of isolated islands which then grow together. Presumably, this. 

growth pattern could lead to the presence of high diffusivity 

paths along the oxide grain boundarie~. Permeation through 

stainless steel at low pressures. has been analyzed by assuming an 

impermeable oxide with a. small area of pores (70). The model 

predicts defect-controlled permeation at low pressures, and either 

oxide- or metal-controlled permeation at higher pressures. The 

apparent thickness dependence of hydrogen diffusivity in oxides 

on Type 302 and Type 347 stainless steel alloys may be a result 

of changes in film perfection with oxide film thickness (73). 

Formation of an oxide film is often accompanied by some 

solution of oxygen in the metal. Since oxygen dissolves inter

stitially in many metals (76) •. for example, a-titaniwn, a-zirconium, 

niobium, and vanadium, an enhanced or diminished tritium concen

tration could occur from attractive or repulsive oxygen-hydrogen 

.tnteraction. The only reported observation of th:ls effect is a 

study.of the T~-0-H ternary, that demonstrates that the hydrogen 
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concentration is lowered as oxygen concentration increases for a 

fixed hydrogen potential (77). 

Effects Associated with Unstable Films 

Removal or growth of an oxide film during tritium transport 

may be expected to influence diffusion in one of several ways: 

• Interaction between the interstitial tritium and the 

vacancy flux caused by changes on oxide thickness. 

• Interaction between the interstitial tritium and oxygen 

flux in the metal lattice. 

• Change of the chemical potential of tritium at the sub

strate surface upon addition ur '!'t::muval of a.n oxide film, 

Whereas removal of an oxide film may o.ccur by several processes, 

such as erosion, reduction by tritium. gas, dissociation, or 

chemical reaction, growth of an oxide is restricted by requiring 

an adequate oxygen potential in the environment at the interface. 

Oxide films may grow by cation diffusion in the substrate 

to the oxide interface or by anion diffusion through the oxide 

the interface (78-80). In both instances, there will be a 

vacancy flux in the substrate. Vacancies are ·generated at the 

interface and diffuse into the substrate, or vacancies in the 

substrate diffuse to the interface, respectively. Furthermore, 

vacancy absorption by the substrate may lead to void formation 

along grain boundaries or at the substrate-oxide interface. 

Tri ti um migrates by interstitial diffusion'· but a vacancy 

flux in .the metal lattice couid .interact with diffusing tritium 

in the same manner as discussed for an impurity flux. Also, the 
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presence of excess vacancies in the metal lattice (or vacancy 
I 

clusters) could serve as trapping sites leading to a higher-than-

normal accumulation of tritium near the surface and a lower ap-

parent diffusivity. High concentrations of tritium in the near-

surface regions have been observed in copper (Figure 7), as well 

as in silicon (81), stainless steel, zirconium, and niobium (71). 

Interpret~tion is not unequivocal, however, and a high surface 

concentration of tritium could be attributed to interaction with. 

dissolved oxygen or with an oxide film directly, rather than an 

accu.mulation of vacancies with associated tritium atmospheres. 

Reaction between surface oxide films and hydrogen has been 

observed in permeation experiments .. Apparatus constructed of 

Type 304 stainless steel has been shown to be reactive with 

deuterium gas at elevated temperatures to produce water vapor 

which is then available for reaction with other surfaces (82). 

Thus, oxygen could be transferred from the oxide film on stainless 

steel to a more reactive metal such as niobium. Oxidation of the 

niobium would alter its permeability to hydro~en or increase 

trapping effects (83). 

Hydrogen evolving into a vacuum through an oxidized metal 

surface has been shown to rea~t with the oxygen on the exit 

surface to form water vapor (84). This phenomenon directly affects 

a permeation measuremerit, especially at low hydrogen pressures, 

because all of the evolving hydrogen may not be accounted for 

unless the water vapor· is measured and this hydrogen is included in 
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the total quantity evolved. In a fusion reactor, tritium diffusing 

through a first wall of stainless steel into the vacuum would be 

partly converted to T20 before entering the plasma exhaust. This 

would require reduction to T2 before returning to the plas.na feed. 

BOUNDARY PROCESSES 

The importance of boundary processes, such as dissoci.1tion · 

and adsorption, or dissolution of tritium in a solid and its 

subsequent diffusion is attested to by numerous observations. 

Carbon dioxide, carbon monoxide, and sulfur dioxide, for example, 

poi!lon tho wrface of iron preve'nt:ing 0r hinrl~rine hydrogen 

solution (85). Consequently, radiation might· be expected +o 
. :·· 

influence tritium diffusion in a so.lid either by directly &.ffechng 

adsorption, desorption, or dissociation, or.by removing in some 

adsorbed species that might interfere with +~~·'· 

across the surface. Boundary processes are the mechanism by which 

the surface concentration of tritium in a solid is established 

and, therefore, they directly affect diffusion. In terms of the 

formal mathematical description, the boundary·processes establish 

the boundary conditions :required for solutiuu uf Lht:l u.iffusion 

equations. Electron- and photon-induced desorption and sputtering 

are radiation effects that will directly affect the boundary 

processes. These have been discussed earlier in this Symposium 

and will not be covered further. 
... 
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SUMMARY 

A number of ways have been identified by which an external 

or internal surface may affect tritium diffusion in solid materials. 

These include: 

• Growth or reduction of surface oxide films may generate 

a flux of vacancies, oxygen, or metal atoms in the· bulk metal, 

altering tritium diffusion. 

•Boundary processes (e.g., dissociation, adsorption, or 

solution) may directly control the transfer rate of tritium 

across an interface, thus affecting bulk diffusion. 

•Surfaces, actirig as sources and.sinks for defects and 

impurities~ may intel'act with diffuEing trit:ii.1m, also 

affecting bulk diffusion. 

The several surface effects may in turn be altered by radia-

tion, thus modifying whatever influence the surface may have had 

on the bulk diffusion of tritium. The principal effects of radia-

tion are to alter the rates of surface processes and to introduce 

defects and impurities into the solid. Data to provide an assess-

ment of the extent to which the radiation effects do in· fact modify 

tritium diffusion are not available; however~ .such an assessment 

must be made ln:,fore details for tritium tr::i.nsport in a radiation 

field can be developed. 

Several topics of both academic and practical interest are 

suggested for further investigation including: 

• Pressure and temperature dependence of tritium solubility 

in oxides, and the influence of defect structures·and the 

Fermi energy in the oxide on the tritium solubility. 

- 23 -



• Thermodynamics of metal - oxygen - hydrogen ternary systems 

and the possible altered hydrogen solubility in the near

surface regions when oxide films are present. 

• Tritium flux in the presence of gradients or fluxes of 

vacancies or other impurities in a material. 

• Direct measurements of the effects of irradiation on transient 

and steady-state tritium.permeation through materials. 
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FIGURE 1. Diagrammatic Representation of Interrelations Among 
Tritium Diffusion, Surface Effects, and Radiation 
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TARLE 1. Effects of Trapping and Surface Films on Permeation 

Steady-State 
Permeation Rate ( p ()()) 

Apparent 
Diffusivity (D*) 

Instantaneous 
Permeation Rate (Pt) 

Instantaneous 
Evolution Rate (Et) 

Reversible 
Trapping 

p = p (ideal) 
()() ()() 

D* < D L 

p < p 
t t (ideal) 

Et> Et (ideal) 

a. DL = true lattice diffusivity. 

Irreversible 
Trapping 

P()() = P()() (ideal) 

D* < D a 
L 

pt < pt (idea 1) 

Et = Et (ideal) 

p 

Continuous 
Film 

< P()() (ideal) 
()() 

D* < D L 

Pt< Pt (ideal) 

Et< Et (ideal) 




