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MASTER

Various subjccts related to tritium permcation through steam gencriator

Ahstract

materials arce discussed. TIsotope ceffects based on protium and tritium
permeabilities of nickel range from 1.36 at 500°K to 1.63 at 1990°F.  Tritie-

permcation rates from a given quantity of T, molecules will be reduced by

the addition of protium and/or deuterium to a point that the tritiwn rates o
an inverse 0.5 power dependence on the protium and/or deuterium pressures.
The permeability constants and the permeation activation energices cs=entiall
arc equal for scveral ferritic alloys, but these parameters are significantis
different from those for scveral austenitic type allovs. Oxide lavers on

construction alloys can reducce permeation rates by 2 to 3 orders of magnitudce

but information on this subject may not be applicabile to operating steam aene
systems.  Recent results indicate that tritium permeation rates through oxide

and glass materials arce 0.5 rather than first power dependent on pressurce.,

Introduction

Tritium permeation 1n a fusion power plant from the coolant through the
steam generator material into the steam system can be an Important limiting

factor to utility fusion power. Such tritium essentially will be lost to the
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cenvironment, hecause recovery of very dilute tritium from the water in a power
plant will be prohibitive. Acceptable operating conditions for a fusion power

plant bascd on tritium release from fission power plants could permit o total

tritium release rate of 1 to 10 Ci/day where the permeation rate into the stean

svstem accounts for as much as 50% of the release rate. Considerations of such

limits and of current designs for fusion power plants with steam pencrators
made of conventional construction alloys indicate that tritium permeation rates

through the steam generators must be reduced by ftwo to three orders of magnituce

This

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

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

steam gencrator structural material. Materials with tritium permeablilitices lower

than those of construction alloys are known and arc available, but problems with
materials compatibilities and construction techniques do not permit the constric-

tion of steam generators from such materials.  Current materials technology

requires the use of iren or nickel base alloys, and the tritium nermeabilitics

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

subject.
—

Pifferent types of permeation barriers have been discussed, and there

1s a near conscnsus that the nost effective and most cconomical barrier to

tritium permeation through metals likely would be lavers ot oxides formed

in situ on the metal by steam (or medium) oxidation at or necar operating

conditions. The oxidation chemistry of an alloy and the oxide composition

will depend on the thermodyvnamics for oxidizing the components in the alloy,
and this feature gives some control in forming sclective oxides on a construction
alloy. An cexample is the suggestion that unusual high concentrations of aluminun

in an alloy can produce by water oxiuation an oxide that is primarily aluminun
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oxide with good barricr characteristics.” However, the real situation 1s that
we know very little about the fundamental barrier characteristics of oxides
formed by the water oxidation of conventional construction allovs.

An important aspect of tritium permecation rates is the isotopic purity of
the tritium source. No functioning part of a fusion power plant will contain
purc tritium, and this certainly includes the coolant in contact with the stearn
generator.  Thus fusion technology i1s forced to consider the cffects of the
presence of protium on tritium recleasc rates. The effects of protium on tritiwn
permeation rates from a mixture of H2 and T2 molecules with no exchange intcr-
action between the different molecules would be nil. Tlowever, such a systoem
cannot cxist, becausc chemical recactions form HT molccules, and the rcaction
rate is especially fast in the presence of hot metals. Thercfore, most systems

of protium and tritium in fusion power plants can he considered as cquilibrinn

systems according to the rcaction,

H, + T, 0 21 (1,

and the cquilibrium constants at various temperaturecs have been established.
[og

The effects of diluting tritium with protium were recently mcntioncd.a but are
further clarified herein along with isotope effects on permeation.

A research program on high temperature miterials chemistry at the Oak Ridge
National Luboratory is investigating tritium permecation through metals, construc-
tion allovs, and barrvier materials, and has considered the cffects of mixed
hydrogen isotopes on tritium permeation rates. Results of thesce studies include:
(1) hydrogen isotope effects with nickel, (2) the similarities in the permeabilities

of ferritic alloys, (3) similarities of permeabilitics of austenitic and high

PN
[

nickel bhasc alloys, (1) the in situ steam oxidation of Incoloy 800 at 500 to 707




to reduce tritium permeation rates by factors of 200 to 300, (5) the chemical
analysis of oxides formed on Incoloy 800 by steam oxidation at 500 to 700°C,
{6) the dependence of oxidation and the formation of oxide barricers on time,
temperature, oxidation potential, alloy composition, and the surface and bulk
pretreatment of the alloy, and (7) strong indications that tritium permeation
rates through oxide lavers and through fused quartz are 0.5 rather than unite

power dependent on the driving pressurce. These results are discussed and

sunmarized in this paper.

Experimental

The experimental technigues for measuring tritium permeation rates at hizh
temperatures through clean metals and through metals into oxidizing atmospheres
- . . 5,6 ., . ,
of 0-1 atm t,0 have been described. ™’ The overall procedure includes a pre-

equilibrated source of parts per million tritium in protium flowing continuously

around a tube sample. Measuremerts with clean metals have ~1 atm protium flowing

inside the sample and carryving the tritium to a tritium monitor ionization ci
Measurements with metals while the downstream side is oxidized by stcam have an
argon carricer gas passing through a boiler and condenser and then carryving up
to 0.95 atm water to the inside of the sample. Tritium that permeates through
the sanple is 99.9% exchanged with protium in the water and is condensed for

analvsis by liguid scintillation counting.
Discussion

Mixed Isotopes

The presence of protium in a given amount cof tritium will decvease the

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

Halchal



wI

established, Equation 1, because the maximum number of T, molecules Lave reacccd.

For cquilibrium at G00°K the tritium partial pressurce, PT , will be
ol

where P is the pressure of the indicated molcecules and the cquilibrium const.nt,
A 4 . - A .
K, is 3.45. Fundamental thermodynamics requires that the cquilibrium partinl

pressurc of T, always defines the tritium activity, whether the gas is purc 7|

molccules or also contains I, and HT molecules. The tritium permcation rate,

J, through clcan metals into vacuum always will he 0.5 power dependent on the

T, pressure or the T, partial pressure,

2
ol
J = nrpl/” 3.
[’)
or
P
"
J o= DK ‘T“"”_.l"’ {4
k= ptls

I,

where DK is the permecability at a given temperaturce.  ‘The temperatnre dependen o

for DK is the typical Arrhenius relation

CAL/RT .
DK = (DK) ¢ AE/RT (3)

Equation 4 clearly shows that the tritium permeation rate will directly depend
on the ratio of the IIT partial pressure to the squarc root of Il partial pressurc.
Furthermore, the limiting partial pressure of HT will be twice the initial T,

pressurce, or twice the T, pressurc if all the tritium existed as the T, molecules.
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Therefore, as the partial pressure of HT approuches the limiting pressure,
the tritium permeation rate will approach an inverse dependency on the square

root of H, partial pressure. A major bharrier to one's acceptance of the above

discussion has heen a tendency to consider the hypothetical case of pure NHT

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

that a tritium permeation rate from hypothetical pure I is first power dependent

on the HT pressure is incorrcect. That rate also would he 0.5 power dependent

on the HT 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 H, dilution on tritium permeation is diagramed in Figure 1.

where the tritium permeation rate is plotted against the cquilibrium partial

pressures of T, HI and H,. Two initial T, pressures are considered, 1 torr

-2 . - -4 2 e .
and 10 torr, and i, 1s added from 10 to 107 torr. The permeation rate

decreases as the partial pressurces of H, and HT increase and as the partial

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

strongly by the success of determining tritium permeability of nickel with a
5
tritiun source of ppm quantities of tritium in protium,” and by the excellent

analogics with deuterium and protium pormouhilitics.h

A real D-T fusion system probably will have all three hyvdrogen isotopes
cquilibrated in various scctionsof the plant.  The tritium permeation rate
from this source still will be 0.5 power dependent on the T, partial pressurc
which will be defined by all possible specics of the three isotopes.  There

are six possible reactions in a mixture of the three isotopes.  The cauilibriun

constants tor cach of the six reactions,



t, + D, = 21D (Ga.
Hy + T, = 217 (6h
b, + T, = 207 (Ge
L, + DT = 11T + 1D (0¢,
b, + HT = DT + 1D (6e
T, + HD = HT + DT (67

. . 4
have been determined over a wide temperature range by Jones. fhe sum of the
six reactions is

Hy + D, + T, = 1D+ HTI + DT (6

which also is the sum of 1/2 of Equations 6a, 6b, and 6c. Then the cquilibriun
constants for Equation 6 at 600 and 1000°K arc 7.14 and 7.70, respectively.

The partial pressurc of Tz in a three isotope system at 600°K that comparcs

to LCquation 2 is then

b 3 R
Py Py ()
T I . ) )
PEEENEILTRIUNY

Isotope Lffects

Differences in protium, deuterium and tritium permeabilities of nickel
L‘,
have been presented,” and isotope cffects for hydrogen permeation were compared
to thosc for hydrogen solubilities and diffusivities in nickel. Those isotope
effects for permeation through nickel should he applicable to most construction
metals and the ratio of protium to thc other isotope permeabilities can be

expressed as a function of temperature as,
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(DK)H

L L » _24

(DK)D 1.48 exp (-240/RT) , (8)
and

(DK,

——— = ¢ -3 /

(DK)T 1.96 exp (-360/RT) . (9)

Permcabilities of Clecan Metals

lHydrogen permeation measurements through clean construction alloys at
high temperatures arc difficult because the alloys contain metals that are
extremely susceptible to oxidation. The free energices of formation for oxides
is an cxcellent way to determine the conditions under which a particular alloy
will oxidize. Such thermodvnamic valucs for oxides most likely to form on

o .
structural alloys were tabulated recently,” and trends in the formation of
various oxides on Incoloy 800 agreced with the relative frce cnergies. The
oxidation poteniial for a given IL,0-ll, system can be expressed by the H7O/H2
.8 . . .. . .
ratio. Such considerations have indicated that chromium will form Cr,0. at
<00

temperatures up to about 600°C in an atmosphere with a H,0/H, ratio of 10_6,

and permeation measurcements have shown that Incoloy 800 (23% chromium) will
oxidize to affect permeation rates at temperatures to 575°C in 1 atm I, that
69

contains 0.7 ppm 1,05 i.c., the H,0/il, ratio was 210° These obscervations

and the difficulty in maintaining IlqO/II3 ratios <10_6 essentially forces one
to protecct the alloy surface with a non-oxidizing metal.

It is experimentally convenient to avoid the oxidation of nickel, and
clectroplating construction alloyvs with nickel requires only common techniques.
We have mecasured tritium permeabilities of seven clean construction alloys

‘

by first clectroplating both sides of the tube vamples with 7.6 um nickel.



The permeability of these materials is determined by bulk diffusion of tritius

atoms and one would not expect. the dissociation or the recombination of hyed

molccules at the nickel surfaces to significantly affect the measured permea:

-

Also, diffusion through the thin lavers of nickel is not significant. The tritiun

permecabilitics of scven construction allovs, a tungsten alloy and nickel ar:
in Figurc 2 for the 550 to 1000°K range. Hydrozen permeabilitics of scvernd
allovs arc in the litcerature, hut this may be the only data set from o singic
laboratory with the samc apparatus that includes measurements with ninc met.ls.
The accuracy of these data based on comparison with the best data for hydre-en

s . 10 . Lo . .
permeability of nickel will be scldom matched and the precision in comparin:
the permeabilitices of these materials with cach other cannot he approached
clsewhere.

It is noteworthy that the permeabilities of the seven structural allovs at
1000°K are all within a factor of 2.3, while «t 500°K there would he o factor
of 30 between the highest and lowest permeabilitics.  These data certainly de
not include cven the majority of structural alloys, but the trends in and the
ranges of permeabilities may well represent all nickel and iron based allovs.

Equations for permeabilitics of clean metals are given in Table 1. The
data are grouped according to trends in permeability constants and permeation
activation cnergices, and the same grouping is apparent in Figure 2. The
construction alloys separate into two groups that coincide with a separation
of the ferritic steel alloys from the austenitic und nickel base allovs. This
somewhat indicates that the crystal structurce of the alloys is an important
parameter to permeation, but a more likely reason for the above grouping is the

thermodynamics of the metal-hvdrogen interactions. Perhaps this can be resolued

as more data arc obtained.



Table 1.

Arrhenius ecquations for tritium permeabilities, DK,

of c¢lean metals over the 500 to I000°K rangczl

= al /0
(DK)O exp(-~E/RT) ch[TZ(STP]-mm/(cm“~min°torr]/“)]

DR =
R = 1.95 cal/(deg-a:atom)
Permeability
S e 2. 2 .
Metal em L (ST ) emm/ (cm™emin-torr ) Tyvpe
I'ure

Nickel

Crolov, 2 1/1 Cr, 1 Mo

E-Brite
406 SS

Hasteloy N (Inor §)
Sanicro 31

Incoloy 800

316 SS

Tungsten Alloy
(1.5% Fe, 3.5% Ni)

L2062 exp (-12680/RT)

L0862 exp (-11210/RT
166 exp (-12300/RT)
104 exp (-12200/RT)

7O oxp (-15800/RT)
67 exp (-1561C/RT)
66 exp (-16120/RT)
35 cxp (-16260/RT)

L007SS exp (-14930/RT)

Ferritic
Ferritic
Ferritic

Nickel base
Austinitic
Austinitic
Austinitic

Refractory

a - . . .
All of these cquations were determined in the same

the same equipment, techniques, and procedures.

“horatory with
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Permeabilitics of Mctals with Oxide Coatings

There are only a few reports of hyvdrogen permcostion rates through alloys

that were measured while the alloy oxidizcd.‘?’g’s)"“_M These works represent
a varicty of cxperiments and materials that have demonstrated that the in-situ
surface oxidation of construction alloyvs can produce oxide barriers that may
rcduce tritium permeation rates by significant factors, Table 2. Howcver, to
date, therc arc no tritium permeation measurements that can be extrapolated to
fusion rcactor conditions and one must consider current conclusions only as
indications of what could happen in a fusion rcactor stecam generator.

The cffects of 9.3, 0.7, and 0.94 atm 11,0 to oxidize Incoloy 8300 at 527,
660, and 725°C, to form oxide lavers, and to reduce tritium permeation rates

9

werc described recently.” The largest cffect was obscrved with 0.91 atm [0
at 660°C; lower 11,0 pressures gave smaller cffects.  Similar studies indicated
that the oxidation at 520°C was much slower than that at 600°C and the barricr
cffects were significantly lower. However, the material could be oxidized at
a higher temperature, 650°C, and the temperature then reduced to 520°C and a
barrier effect was observed at 520°C that was cquivalent to that at 600°C,
Even though the oxidation was faster at 725°C the permeation barrier effect was
lower than that at Gu0°C. Those results are summarized in Table 2, and the
differences in barr er cffects at different temperatures is believed to be the
results of different oxidation reactions and rates.

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

. _ 11

0.91 atm HQO oxidation at 520, 660, and 725 was rcported recently. bepth

profile metal compositions throughout the oxide were determined by ion microprobe

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




Table 2 The cffects of oxidation to form oxide lavers and to reduce

<.

hydrogen permeation rates.

The permeation impedance factor is

that by which permecation rates are reduced.

Permeation

Temp.

Alloy °C Oxidant Time impedance factor Reft.
Incoloy 800 660 0.32 atm 1,0 150 days 167 9
Incoloy 800 66N 0.70 atn H:O 150 davs 178 g
Incoloy 800 660 0.94 atm H;O 150 days 119 9
Incoloy 800 660 0.94 atm H:O 150 days 10 9
Incoloy S00 520 0.94 atm H:O 150 days 41 9
Incoloy 800 725 0.94 atm H:O 150 duys 118 9
Vanadium 350-700 1()_5 torr“b 62 days 100 to <1000 15
446 SS 1038 air b 1000 11
Fe-Cr-Al 1095 air 1 day 1000 11
Incoloy 800 8G0 c 83 davs 100-1000 14,15
21-6-9 SS 50-400 HN03 d 100-1000 10

a .
Residual 1,0 and 0.

b L. . . .
Preoxidized for non-disclosed time.

c -
A process gas of 13.5% 1,

d. .
Samples apparently pickled

in HNOZ bath for few minutes.
D

35% 1L,0, 8.9% C”l’ G.9% CO, and 5.7% €O,
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through plass materials in the clean metal apparatus.  Some preliminary resnis s
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are given in Table 5. These data may bhe compared with those trom Lee for
hvdrogen permeation through fused quartz, who reported permeabilities basced o
> g I i ! I |

a single driving pressure of 1 atm, The permeability cquation given by Lee
and the half power assumption converts to
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Conciusions
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isotope offect on hvdrasen permcation,  For nickel

of protium to tritiun permeabilities arce 056G and

vialues also shondd be applicable to construction alloye,

The addition of protium and/or denteriws to a given guanti
will reduce the tritiam permeation rate, hecanse the partial presaar
is reduced.  However, the tritium permeation rate will alwayvs

proportional to the square root of the T, partial pressoare.

pressure is reduced by a factor near 100 the tritium permcation rate

man inversce 0.5 power dependence on the I, and/or D

Tritium perneabilitices of clean construction alloys may be vrouncd acceriins
to permeability constants and activation energies and such groupine appears Lo
separate the ferritic allovs {rom the austenitic and high nickel allovs.

Surface oxidation of construction alloyvs can produce oxide films that act
as cffective tritium permeation barriers.  The chemistry of the oxide {1lms
and the barrier characteristics depend on the oxidation time and temperature,
the oxidation potential of the medium, the composition of the alloy, and on
the anncaling and surface pretreatment.  There are no permeation data that cun

be assumed to apply to steam generator operating conditions,
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