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Abstract

Various subjects related to tritium permeation through steam generator

materials are discussed. Isotope effects based on protium and tritium

permeabilities of nickel range from 1 . SO at 500°K to 1.63 at l')')0°K. Trit::"

permeation rates from a given quantity of T o molecules will be reduced by

tlic addition of protium and/or deuterium to a point that the tritiuri rate1", approach

an inverse 0.5 power dependence on the protium and/or deuterium pressures.

The permeability constants and the permeation activation energies essential! •'

are equal for several fcrritic alloys, but these parameters are s i gn i f i cant ; •••

different from those for several austcnitic type alloys. O.xide layers on

construction alloys can reduce permeation rates by 2 to 3 orders of magnituJe

but information on this subject may not lie applicable to operating steam generator

systems. Recent results indicate that tritium permeation rates through oxide

and glass materials arc 0.5 rather than first power dependent on pressure.

Introduct ion

Tritium permeation in a fusion power plant from the coolant through the

steam generator material into the steam system can be an important limit ins;

factor to utility fusion power. Such tritium essentially will be lost to the
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environment, because recovery of very dilute tritium from the water in a power

plant will be prohibitive. Acceptable operating, conditions for a fusion power

plant based on tritium release from fission power plants could permit a total

tritium release rate of 1 to 10 Ci/day where the per::ieat ion rate into the stearr.

system accounts for as much as SO'!, of the release rate. Cons i derati ons of sue:":

limits and of current designs for fusion power plants with steam generators

made of conventional construction alloy's indicate that tritium permeation rate?

through the steam generators must be reduced by two to three orders of magnitude

less than the projected rates based on the permeability of bare materials. This

implies that tritium permeation barriers will be required in conjunction with the

steam generator structural material. Materials with tritium permeabilities lower

than those of construction alloys are known and are available, but problems with

materials compatibilities and construction techniques do not permit the construc-

tion of steam generators from such materials. Current materials technology

requires the use of iron or nickel base alloys, and the tritium 'lenncabi1 ities

of these materials with the application of permeation barriers is an important

subj cct.

l>ifferent 1 ypes of permeation barriers have been discussed,"'" and there

is a near consensus that the most effective and most economical barrier to

tritium permeation throng!) metals likely would be layers of oxides formed

in situ on the metal by steam for medium} oxidation at or near operating

conditions. The oxidation chemistry of an alloy and the o.xide composition

will depend on the thermodynamics i'or oxidizing the components in the alloy,

and this feature gives sonic control in forming selective oxides on a construction

alloy. An example is the suggestion that unusual high concentrations of aluminun

in an alloy can produce by water oxidation an oxide that is primarily aluminun



oxide with good barrier characteristics.' However, the real situation is that

we know very little about the fundamental barrier characteristics of oxides

formed by the water oxidation of conventional construction alloys.

An important aspect of tritium permeation rates is the isotopic purity of

the tritium source. No functioning part of a fusion power plant wi]] contain

pure tritium, and this certainly includes the coolant in contact with the stea:-.

generator. Thus fusion technology is forced to consider the effects of the

presence of protium on tritium release rates. The effects of protium on tritium

permeation rates from a mixture of if? and T ? molecules uith no exchange inter-

action between the different molecules would be nil. However, such a system

cannot exist, because chemical reactions form IIT molecules, and the reaction

rate is especially fast in the presence of hot metals. Therefore, most systems

of protimn and tritium in fusion power plants can be considered as equilibrium

systems according to the reaction,

ll9 + T ? / 21 IT ; (1)

and the equilibrium constants at various temperatures have been established.

The effects of diluting tritium with protium were recently mentioned,' but arc

further clarified herein along with isotope effects on permeation.

A research program on high temperature materials chemistry at the dak Hid:;;?

National Laboratory is investigating tritium permeation through metals, construc-

tion alloys, and barrier materials, and has considered the effects of mixed

hydrogen isotopes on tritium permeation rates. Results of these studies include;

(1) hydrogen isotope effects with nickel, (2) the .similarities in the permeabilities

of fcrritic alloys, (3) similarities of permeabilities of austenitic and high

nickel base alloys, (-)) the in situ steam oxidation of Incoloy 800 at 50D to ?0'icC
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to reduce tritium permeation rates by factors of 200 to 500, (S) the chemical

analysis of oxides formed OTI Incoloy 800 by steam oxidation at 500 to 700"C,

(6) the dependence of oxidation and the formation of oxide barriers on tine,

temperature, oxidation potential, alloy composition, and the surface and bu]';

pretreatment of the alloy, and (7) strong indications that tritium permeation

rates through oxide layers and through fused quart; arc 0.5 rather than unity

power dependent on the driving pressure. These results arc discussed and

summarized in this paper.

lixperimental

The experimental techniques for measuring tritium permeation rates at high

temperatures through clean metals and through metals into oxidizing atmospheres

of 0-1 atm H-,0 have been described." ' The overall procedure includes a pro-

equilibrated source of parts per million tritium in protium flowing continuously

around a tube sample. Measurements with clean metals have -1 atm protium flowing

inside the sample and carrying the tritium to a tritium monitor ionization chamber

Measurements with metals while the downstream side is oxidized by steam have an

argon carrier gas passing through a boiler and condenser and then carrying up

to 0.95 atm water to the inside of the sample. Tritium that permeates through

the sample is 99.!)'!. exchanged with protium in the water and is condensed for

analysis by liquid scintillation counting.

Di scussion

Mixed Isotopes

The presence of protium in a given amount of tritium will decrease the

tritium permeation rate. The greatest effect will be when equilibrium is



r
e s t a b l i s h e d , l i q u a t i o n 1, b e c a u s e t h e maximum number o f T,, m o l e c u l e s i .ave

l-'or e t | u i 1 i b r i urn a t GOO°K t h e t r i t i u m p a r t i a l p r e s s u r e , I' , w i l l be
2

T 2 3 . 4 5

where P is the pressure of the indicated molecules and the equilibrium const::,',

K, is 3.45. Fundamental thermodynamics requires that the equilibrium partial

pressure of T., always defines the tritium activity, whether the gas is pure '.' ,

molecules or also contains II., and iIT molecules. The tritium permeation rate,

J, through clean metals into vacuum always will be 0.5 power dependent on th'.-

T pressure or the T o partial pressure,

J = »KP.!/2 , - .

, _ l)K ''ill
l/2 l

wlie rc l)K i s t h e p e r m e a b i l i t y a t a s ; ivcn t e m p e r a t u r e . The t e m p e r a t u r e d e p e n d e d ••:•

f o r I)K i s t h e t y p i c a l A r r i i e i i i u s r e l a t i o n

OK = (OK) e ~ A h / / R I . (3)

liquation 4 clearly shows that the tritium permeation rate will directly depend

on the ratio of the I IT partial pressure to the square root of I!̂  partial pressure.

Furthermore, the limiting partial pressure of I IT will be twice the initial T_,

pressure, or twice the '\\ pressure if all the tritium existed as the T., molecules.



Therefore, as the partial pressure of HT approaches the limiting pressure,

the tritium permeation rate will approach an inverse dependency on the square

root of II., partial pressure. A major barrier to one's acceptance of the abovi

discussion has been a tendency to consider the hypothetical case of pure 1!T

and the tritium permeation rate from such a source. The cursory assumption

that a tritium permeation rate from hypothetical pure I IT is first power dope",

on the HT pressure is incorrect. That rate also would be 0.3 noivcr dependent

on the I IT pressure because HT must dissociate before entering the metal, and

the rate controlling step is the diffusion of the non-distinguishable atoms.

The effect of }\n dilution on tritium permeation is diagramed in Figure 1,

where the tritium permeation rate is plotted against the equilibrium partial

pressures of T o, I IT and II,,. Two initial '\\ pressures are considered, 1 torr

- 2 - 4 °

and 10 torr, and II., is added from 10 to 10" torr. The permeation rate

decreases as the partial pressures of H 7 and I IT increase and as the partial

pressure of T 7 decreases. The validity of these considerations is supported

strongly by the success of determining tritium permeability of nickel with a

tritium source of ppm quantities of tritium in protium, and by the excellent

analogies with deuterium and protium permeabilities."

A real D-T fusion system probably will have all three hydrogen isotopes

equilibrated in various sections of the plant. The tritium permeation rate

from this source still will be 0.3 power dependent on the T_, partial pressure

which will be defined by all possible species of the three isotopes. There

are six possible reactions in a mixture of the three isotopes. The equi 1 ibri'.i:::

constants for each of the six reactions,



!l2 + I)., •-- 2I!U

I ' 2 + T ? = 2DT (6c

IL, + I)T = IIT + I ID f e d ,

])_, + HT = I)T + III) (6c-

To + III) = I/T + I)T /Y>:\:

4
have been determined over a wide temperature range by Jones. The sum of the

six reactions is

1L + 0o + T., = I ID + in* + DT (6i

£ t- —

xvhich also is tJic sum of 1/2 of liquations 6a, 6b, and 6c. Then the equilibria:.:

constants for liquation 6 at 600 and 1000°K are 7.1-1 and 7.70, respectively.

The partial pressure of T in a three isotope system at 600°K that compares

to Equation 2 is then

l ) ( P

Isotope Effects

Differences in protiuni, deuterium and tritium permeabilities of nickel

have been presented," and isotope effects for hydrogen permeation were compared

to those for hydrogen solubilities and diffusivitics in nickel. Th'ise isotope

effects for permeation through nickel should be applicable to most construction

metals and the ratio of protium to the other isotope permeabilities can be

expressed as a function of temperature as,



CDK)
^ =1.48 exp (-240/RT) , (S)

and
(DK)

--= 1.96 cxp (-360/RT) . (9)

Pcrmeabi1ities of Clean Metals

Hydrogen permeation measurements through clean construction alloys at

high temperatures are difficult because the alloys contain metals that are

extremely susceptible to oxidation. The free energies of formation for oxides

is an excellent way to determine the conditions under which a particular alloy

will oxidize. Such thermodynamic values for oxides most likely to form on

structural alloys were tabulated recently, and trends in the formation of

various oxides on Incoloy 800 agreed with the relative free energies. The

oxidation potential for a given II90-U., system can be expressed by the II?0/ll
o

ratio. Such considerations have indicated that chromium will form Cr_CL at
2 .•>

temperatures up to about 600°C in an atmosphere with a H.,0/11., ratio of 10 ,

• and permeation measurements have shown that Incoloy S00 (231. chromium) will

oxidize to affect permeation rates at temperatures to 575°C in 1 atm II., that

contains 0.7 ppin H.,0; i.e., the Ho0/!l_, ratio was ^10 .' These observations

and the difficulty in maintaining 11,,0/H-, ratios <10 essentially forces one

to protect the alloy surface with a non-oxidizing metal.

It is experimentally convenient to avoid the oxidation of nickel, and

t electroplating construction alloys with nickel requires only common techniques.

We have measured tritium permeabilities of seven clean construction alloys

by first electroplating both sides of the tube samples with 7.6 <,i m nickel.
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The pcrmcahil it}- of these materials is determined by bulk diffusion of tririj-

atoms and one would not cxpecL the dissociation or the recombination of hydro:-o".

molecules at the nickel surfaces to significantly affect the measured perre;;;. •: 1: t i e.<

Also, diffusion through the thin layers of nickel is not significant. The tritiu";

permoabi 1 i ti cs of seven construction alloys, a tungsten alloy and nickel :ir: s:.o-..7!

in Figure 2 for tlic .">() to 1OOO'JK range. Hydrogen pcrmeabi 1 i ti es of sever:;:

alloys arc in the literature, but this way be the only data set from a single-

laboratory with the sane apparatus that includes measurements with nine net..is.

The accuracy of those data based on comparison with the best data for hydro/en

permeability of nickel will be seldom matched and the precision in conipari:..;

the permeabilities of these materials with each other cannot be approached

elsewhere.

It is noteworthy that the porae'ibi 1 i t i es of the seven structural alloy.- -it

1000° K. arc nil within a factor of 2.?>, while :.t 500"K there would be a factor

of 30 between the highest and lowest permeabilities. These data certainly d(.

not include even the majority of structural alloys, but the trends in and tho

ranges of permeabilities may well represent all nickel and iron based alloy-.

Fquations for permeabilities of clean metals arc given in Table 1. The

data are grouped according to trends in permeability constants and pcrnieat i-.i:;

activation energies, and the same grouping is apparent in l-"ij;nrc 2. The

construction alloys separate into two groups that coincide with a separat i-~::

of the fcrritic steel alloys from the austenitic and nickel base alloys. This

somewhat indicates that the crystal structure of the alloys is an important

parameter to permeation, but a more likely reason for the above grouping i~ the

thermodynamics of the met a 1-hydrogen interactions. Perhaps this can be r e s o H e d

as more data arc obtained.



Table 1. Arrlienius cquat i ons for tritium permeabilities, I'K,

of clean metals over the 500 to l()0()°K ran.uc:l

[)K = (DK) cxp(-.'-.I:/KTl cra^Cl^fSTi1) •mn/fciir-min-torr1''-") 1

R = 1.98 c;tl / (dep-p,: atom)

.'fetal

I'crmeabi litv

c m ' ' l ' n ( S ' i ' P ) • i n i i i / ( c m " - m i n • t o r r ) Tvne

Nickel

Croloy, 2 1/ 1 Cr, 1 Mo

[•-Brite

406 SS

llasteloy N ('Inor S)
Sanicro 51
Incoloy 800
516 SS

Tun:;:;ten A] loy

fl.5",, I-e, 3.5".. Ni)

0.262 exp (-126S0/K'n

0.0S(>2 e.xp (-11210/RT)
0. 166 e.xp f-12500/RT)
0.104 exp (-122OO/RT)

0.57!) exp (-15S00/RT)
0.36" exp f-15610/RT)
0.366 cxp f-16120/RT)
0.555 e-xji (-16260/RT)

0.007.S.S cxp f-14930/RT)

I'urc

Fcrriti c
I-'crri t i c
]:erri t i c

Ni ckcl base
Austini tic
Austini tic
Austiniti c

Refractorv

'All of these equations were determined in the same
the same equipment, techniques, and procedures.

•iiioratorv wi th
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Permeabilities of Metals with Oxide Coatings

There are only a few reports of hydrogen permeation rates through alloys

-> $ (i i ] _ ] /]
that were measured while the alloy oxidized."' ''' These works represent

a variety of experiments and materials that have demonstrated that the in-situ

surface oxidation of construction alloys can produce oxide barriers that nay

reduce tritium permeation rates by significant factors, Table 2. However, to

date, there arc no tritium permeation measurements that can be extrapolated to

fusion reactor conditions and one must consider current conclusions only as

indications of what could happen in a fusion reactor steam generator.

The effects of 0.3, 0.7, and 0.94 atm II.,0 to oxidize Incoloy 800 at 52fi,

660, and 725°C, to form oxide layers, and to reduce tritium permeation rates

9
were described recently." The largest effect was observed with 0.01 a tin IL/)

at 660°C; lower H.,0 pressures gave smaller effects. Similar studies indicated

that the oxidation at 520°(" was much slower than that at 600°C and the barrier

effects were significantly lower. However, the material could be oxidized at

a higher teinperatuic, 650°C, and the temperature then reduced to 520°C and a

barrier effect was observed at 520°C that was equivalent to that at 600°C.

Even though the oxidation was faster at 725°C the permeation barrier effect was

lower than that at 0i)0oC. Those results arc summarized in Table 2, and the

differences in barrer effects at different temperatures is believed to be the

results of different oxidation reactions and rates.

An exhaustive chemical analysis of the oxides on Incoloy 800 produced by

0.91 atm llo0 oxidation at 520, 6(>0, and 725 was reported recently. Depth

profile metal compositions throughout the oxide were determined by ion roicroprobc

analysis as functions of oxidation time and temperature and of the pretreatment



Table 2. The effects of oxidation to form oxide layers and to reduce
hydrogen permeation rates. The permeation impedance factor is

that by which permeation rates arc reduced.

Alloy

Incoloy SOO

Incoloy SOO

Incoloy SOO

Incoloy 800

Incoloy SOO

Incoloy SOO

Vanadium

446 SS

Fe-Cr-Al

Incoloy SOO

21-6-9 SS

Temp.
°C

660

660

660

660

520

/ -5

350-700

1058

1095

800

50-400

Oxidant

0.52 atni li.,0

0.70 atin H.,0

0.94 atni \{00

0.94 atm !lo0

0.94 atm li.,0

0.94 atni llo0

10 3 torrn

a i r

air

c

UNO.

Time

150 days

150 days

150 days

150 days

150 days

ISO d^ys

62 days

h

1 day

S3 days

d

Permcati on
impedance factor

167

17S

119

." 1 9

11

14S

•loo to <iooo

1 000

1000

100-1000

100-1000

Ret.

9

9

9

9

9

9

15

11

11

14,15

16

Residual ll.,0 and <\.

Preoxidized for non-disclosed time.

CA process gas of .13.5", II-,, 55", H.,0, 8.!)':, CII 6.9°, CO, and 5.7

Samples apparently pickled in II\'O_ bath for few minutes.

''. CO,
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The Tritium Permeation Rate ((?) Decreases From an Initial Rate (°0)as Hydrogen is Added.
(Nickel at 103oK,1-cm2 Area, 1-rnnrt Thick)
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