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ABSTRACT--Tritium absorption was determined in Type 304L austenitic 

stainless steel by analyzing concentration gradients obtained 

during prolonged exposures to high pressure gaseous tritium. The 

calculated tritium diffusivities at temperatures greater than 

373°K were shown to be in excellent agreement with the equation 

D = f ̂  J (4.7xlO-^)exp(-12,900/RT)cm^sec"^ 

where m is the isotopic mass. This equation was previously 

developed for deuterium in several types of austenitic stainless 

steels. 

The evidence for "short-circuit" diffusion paths and a grain 

size effect on tritium absorption is also presented. Such effects 

are assumed to cause the tritium diffusivities measured for 

exposures at less than 373°K to be higher than expected from the 

above equation. Cold work, either prior to or during exposure, 

significantly increased the effective tritium diffusivity. The 

increase in tritium diffusivity observed in the samples cold-

worked prior to exposure is believed to be caused by preferential 

(short-circuit) diffusion through strain-induced martensite. The 

*Work done under USAEC Contract No. AT(07-2)-l. 
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increase in diffusivity in specimens deformed during exposure is 

believed to be caused by enhanced tritium transport with moving 

dislocations. This analysis of concentration gradients also shows 

that tritiiim permeation rates through austenitic stainless steels 

will often be significantly less than rates expected from analysis 

of diffusion-controlled transport properties because of surface 

barriers that limit tritium absorption, even at pressures to 69 Mpa. 

Solubilities derived from analyses of the concentration gradients 

were consistently lower than expected, and were shown to be signifi

cantly influenced by specimen surface conditions. 

INTRODUCTION 

Hydrogen transport is one of the fundamental considerations 

in the development of materials for a controlled thermonuclear 

reactor system. In fact, the reactor complex may be regarded as 

a large scale tritium production facility which, with complete 

disregard for the other very difficult technical problems, must 

be constructed so that tritium with a broad range of temperatures 

and pressures can be safely cycled through the generation, 

separation, and reaction stages of operation. Hydrogen absorption 

and transport through structural metals must be considered before 

an adequate basis for tritium management can be obtained. 

Recent studies^ ^ have shown that surface barriers (often 

oxide films) and trapping (at internal, structural, and chemical 

defects) often have a significant effect on hydrogen absorption. 
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permeation, and evolution. Therefore, tritium management con

siderations based on simple diffusion controlled processes may 

be greatly in error. Calculations of tritium diffusivities from 

tritium concentration profiles in austenitic stainless steels^'' 

indicate the existence of trapping in the face-centered-cubic 

(fee) lattice and show evidence for short-circuit diffusion 

paths. Similar conclusions have also been reached for nickel,® 

copper,^ and other fee metals,^" demonstrating that trapping 

effects are not confined to body-centered-cubic (bee) lattices 

as once thought. Both trapping and short-circuit paths can have 

significant influences on hydrogen transport kinetics. These 

variables as well as surface film effects may, therefore, control 

the extent of uptake and release by any tritium handling facility. 

Tritium has been produced on a regular basis at Savannah 

River Plant (SRP) since the early 1950's." Type 304L stainless 

steel is used extensively throughout the SRP tritium facility. 

This use has resulted in several studies at the Savannah River 

Laboratory (SRL) of hydrogen absorption and transport, in both 

304L and other austenitic stainless steels. •^'^°''^^'^ ̂  These 

studies have indicated that for most practical purposes, the 

permeability, diffusivity, and solubility of hydrogen in austenitic 

stainless steels can be given^ by the relationships: 

ct) = 6xlO"^exp(-14,300/RT) cc(NTP)/(cm-atm'^-s) (1) 

D = 4.7xlO-^exp(-12,900/RT) cmVs (2) 

C = 1.28exp(-l,400/RT) ec(NTP)/(cm^-atm'^) (3) 



Isotopic effects on these parameters can, within experimental 

accuracy be predicted by the inverse square root of mass.̂ ** 

These observations indicate that much of the data obtained at 

SRL could be applicable, or at least relevant, to Type 316 

stainless steel, one of the structural materials specified in a 

current design of the University of Wisconsin Tokamak reactor.^^ 

This report summarizes a portion of the SRL research, 

EXPERIMENTAL PROCEDURES 

Type 304L stainless steel specimens were exposed to gaseous 

tritium at 0.1 to 69 MPa and 295 to 430°K for up to 6 years. 

Post-exposure concentration gradients were determined quantitatively 

by incremental acid dissolution, followed by liquid scintillation 

counting of the acid solutions. Qualitative estimates of con

centration profiles were determined by autoradiographic techniques. 

The temperatures and times for the autoradiographic exposures 

were controlled to minimize contributions from emanated tritium.^^ 

Test specimens included both annealed and cold-worked structures 

having either electropolished, 32-rms machined, or 600-grit 

mechanically polished surfaces. These specimens provided data to 

establish the effects of both surface finish and preexposure 

plastic deformation on tritium absorption. Plastic deformation 

during and after exposure also affected the tritium transport 

kinetics and local tritium distributions. These effects were 

studied either by the autoradiographic and concentration profiling 

techniques, or by analyses of tritium emanations during tensile 

tests of exposed specimens.^^ 



DISCUSSION 

The hydrogen concentration profile resulting from simple, 

diffusion-controlled absorption into a semi-infinite solid 

exposed to hydrogen at constant fugaeity is: 

C/C = erfc l — ^ ] (4) 

\2yDt/ 

where C is the hydrogen concentration at X, C is the surface 

concentration, D is the diffusivity, and t is the exposure time. 

The error function complement, erfc, is related to the probability 

function so that if Equation 4 is obeyed, a plot of concentration 

on a probability scale will be linear with depth and will facilitate 

determination of both C and D. This is illustrated in Figures 

la and lb for a degreased specimen with a typical mill-finished 

surface exposed at 475°K to an effective tritium pressure of 

17.2 MPa for 2.6 x 10^ seconds. The line drawn through the data 

in Figure lb represents the tritium diffusivity calculated from 

Equation 2 after adjustment for isotopic effects. The agreement 

with Equation 2 is obvious; however, the tritium solubility 

calculated from Equation 3 is significantly greater than the 

solubility obtained by extrapolating the reference.data to 

X = 0. This observation is consistent with the conclusion based 

on earlier work with deuterium^ that surface films often limit 

the flux of gaseous hydrogen isotopes into austenitic stainless 

steel. 



The effect of surface films on tritium absorption is perhaps 

best seen by comparison of tritium concentration profiles in both 

annealed and cold-worked rod samples with different surface finishes 

exposed simultaneously in the same container. Autoradiographic 

studies (Figure 2) showed that tritium absorption varied with both 

surface preparation and amount of cold-work. Uptake was a maximum 

in specimens with 30% cold-work and 32-rms machined surfaces, and 

was minimum in annealed, electropolished samples. Heterogeneous 

tritium absorption over the specimen surfaces was also noted. 

These inhomogeneities probably reflect localized differences in 

the permeability, adherence, or continuity of the surface film. 

The inhomogeneities were not apparent from concentration profiles 

(Figure 3) which average the tritium content over a relatively 

large volume of metal. However, in any event, surface films 

clearly have significant effects on tritium absorption. The 

influence of surface films must be characterized before tritium 

permeation into or through an austenitic stainless steel component 

can be established. 

Cold-work prior to surface treatment increased the apparent 

diffusivity and affected the apparent solubility marginally 

(Figure 3). The increase in apparent diffusivity is consistent 

with the observation that cold-work increased the permeability of 

304L stainless steel to deuterium.^ This effect has been 

attributed to the strain-induced martensitic transformation, 

Y- •*• °''v, ̂. + e u- The martensitic phases (Figure 4) could 



provide short-circuit diffusion paths through the austenitic 

matrix. If it is assumed that the dispersed discontinuous a' 

phase is the principle short-circuit path, the diffusivity in 

the cold-worked sample, D , could be approximated through a 

thermal conductivity analog as: 

D = D 
cw Y 

1 * 2f^. 

' -'a' 

'\ - D /D . 
Y a [2 D^D^. . 1 

ri - D /D . 
Y a 2 D /D . + 1 

Y ot 

(5) 

where D , and f , refer to diffusivities and volume fractions sub sub 

of the a' and Y phases, respectively. Because D̂ î » D Y , ^ ^ 

Equation 5 reduces to: 

Dew = DY 
1 ^ 2fct. 

1 - fa-

and D(,„/̂  = 3, when fa' = 0.4. 'CW D. 
Y 

(5a) 

It is apparent from Figures 3 and 4 that fĵi <0.4 and (D^w/Dy) > 

thus indicating that the dispersed a' phase is not the primary 

contributor to short-circuit diffusion. Epsilon martensite, 

dislocation pileups, and/or phase interfaces (in addition to the 

a' phase), must therefore be significant high diffusivity paths. 

The probable contribution of phase interfaces is in agreement 

with previous studies that indicated that grain boundaries were 

short-circuit diffusion paths for tritium in both 304L and 316 

stainless steel, 



Autoradiographic studies of welded samples exposed to tritium 

at room temperature (the multipass TIG welds were made with Type 308 

welding rods) confirmed the conclusion that a dispersion of ferrite 

(or a' martensite) in an austenitic matrix does not cause "order-of-

magnitude" increases in the effective tritium diffusivity. The 

diffusivity ratio (D . , / D jfor the welded sections was calculated 

from the relationship (X̂  id/ ^ Y ) ~ v'̂  id/ '^Y) "^®^® ^ ^^ ^^^ 

depth of autoradiographic darkening as shown in Figure 5. Ratios 

of 2 to 4 were determined froni various test samples; in reasonable 

agreement with the ratios calculated from Equation 5a by assuming 

0.2 to 0.4 volume fraction of retained ferrite. Detailed analysis 

of diffusivity ratios were not made because other studies have 

shown that the grain boundaries of polycrystalline samples also 

provide short-circuit diffusion paths.' 

Additional evidence to support the short-circuit diffusion 

theory along grain boundaries was obtained in the present studies. 

Annealed samples with grain sizes between 0.04 and 0.02 mm were 

exposed to 69 MPa tritium at 295°K, then sectioned and auto-

radiographed. Relative tritium diffusivities, calculated by the 

techniques described for the welded samples, were-compared to 

grain boundary surface to matrix volume ratio (Figure 6). If the 

dashed line in Figure 6 is assumed to represent the data, and if 

the apparent diffusivity for any grain size (DQ) is assiamed to 

be approximated by parallel diffusion paths, then: 

°G = V Y ' h% f̂^ 



The ratio (D-/D ) can be shown to be dependent on grain boundary 

width (6) if Equation 6 is obeyed (Figure 7). The analysis of 

the data in Figure 6 indicates that grain boundary diffusion at 

295°K is approximately 10 to lO' times matrix diffusion for 

reasonable grain boundary widths. This compares to a 10® 

difference calculated by other investigators using more elaborate 

analytical techniques.' 

Short-circuit diffusion along grain boundaries has been 

mathematically modeled by several investigators.^®'^' Although 

the exact concentration profiles predicted by the specific models 

differ, all appear to predict a "tail" in the concentration 

gradient as idealized in Figure 8a. Such a tail will cause a non

linear positive departure in the plot of concentration vs. depth 

on a probability scale. Such departures were observed in most 

specimens exposed below 375"K (Figure 8b), but were not found in 

specimens exposed at higher temperatures, thus suggesting that 

grain boundary diffusion is only important at the lower tempera

tures . 

Tritium diffusivities calculated by analysis of concentration 

gradients, except for the cases where short-circuit diffusion was 

noted, were in excellent agreement with those predicted from 

Equation 2. The tritium exposure pressures varied from 0.1 to 

approximately 69 MPa, and the corresponding apparent solubilities 

varied by several decades, but were typically lower than those 

predicted by Equation 3. No effect of concentration on diffusivity 

was observed. 



These observations show that tritium absorption in austenitic 

steels exposed under static conditions is influenced by at least 

three metallurgical and two environmental variables. For any 

given metallurgical condition, tritium uptake is increased by 

increasing temperature and pressure; and for any specific environ

mental conditions, uptake is enhanced by cold-work and fine grain 

size and is retarded by surface oxides. 

Plastic deformation during testing has also been shown to 

enhance tritium absorption.^^ "The tritium concehtration profiles 

in 304L stainless steel which is plastically deformed during 

exposure is suggestive of short-circuit diffusion (Reference 13 

and Figure 9). However in this case, the "tail" on the concentra

tion profile is caused by tritium dislocation interactions and the 

subsequent movement of tritium with ingressing dislocations. 

Autoradiographic analysis of specimens similar to those profiled 

in Figure 9 show that the enhanced uptake is localized along slip 

planes (Figure 10). These hydrogen dislocation interactions have 

been discussed in detail in other SRL publications^®*^^ and are 

assumed to be the cause of many of the deleterious effects of 

hydrogen on the tensile properties of 304L stainless steel. 

Hydrogen-dislocation interactions, short-circuit diffusion 

paths, and effects of surface films on absorption are not restricted 

to 304L stainless steels. Similar and related results have been 

obtained in studies, at SRL with nickel® and nickel alloys,^® 

copper,® iron, brass,^^ silver,^" gold,^" molybdeniom,̂ ^ titanium,^ 
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and cobalt.^^ In most cases, predictions of uptake and transport 

by simple diffusion theory are in error. Therefore, any serious 

attempt to model a tritium management system for a fusion reactor 

must include a detailed consideration of the effects of surface 

films, short-circuit diffusion paths, deformation enhanced 

absorption, and trapping on tritium uptake and transport through 

the structural materials in the system. 
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gure 1. Apparent Tritium Solubility and Diffusivity in 304L 
Specimen Exposed to 17.2 MPa Gas at 475°K for 
2.6 X 10* Seconds. 
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Figure 2. Autoradiographic Analysis of the Effect of Surface 
Preparation and Cold-Work on Tritium Absorption. 
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Figure 4. Transmission Electron Micrograph of Cold-Rolled 
304L Stainless Steel. 
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Figure 6. Effect of Grain Boundary Surface to Grain Volume 
Ratio on Relative Tritium Di f fus iv i ty . 
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a, Autoradiograph Showing Uniform Penetration 
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Preferential Segregation Along Slip Lines 
and Martenslte Plates 

Figure 10. Enhanced Tritium Penetration in 304L Stainless 
Steel. 




