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1. EXECUTIVE SUMMARY

This report describes é small (SOO.man hour) literature survey
reiating to the suppression of tritium loss by permeation through the
walls of fusion reactors. Such loss constitﬁtes a serious potential
environmental hazard.l Unless reduced to low levels, leakage of tritium
into the ecologiéal system would seriously limit the public acceptance
of fusion reactors.

The program was based on prior in-house Thermacore work to suppress
hydbgen permeation into high temperature (800 C) heat pipes. The
Thermacore approach involves selection of a steel with a small (.5
to 5%) alﬁminum content. The aluminum is diffused to the surface and
oxidized. The resulting alumina layer has low hydrogen permeation.

The approach has been validated by permeation measurements at Argonne
National Laboratory. Permeation through this alloy was.lSO_times lower
than though conventional steels.

The present work was aimed at identification of alloys which might
combine low tritium permeation with dther properties desired in fusion
reactor vessels, heat exchangers, lithium-handling plumbing and other
components 1ikely‘to contain tritium. These pfoperties include low
radiation damage, low magnetic permeability, high temperature strength,
and compatibility with potential heat transfer and blanket matefials.

The work consisted of two tasks: Problem Definition, and Literature
Search and Analysis. Task I was. complicated by the incomplete status of
fusion reactor development, particularly with respect to selection of
coolant and blanket materials and temperatures. The approach taken was

to establish a progable range of requirements. In Task II, the literature
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Qas searched for materials data which was applicable to this range of
requirements. |

It was.concluded fhat non-magnetic steels can be made which will
.have the desired properties of low permeétion and high temperature
strength;' Life in contact with heat transfer and blanket materials
will depend oﬁ final-selection of these materials and the opefating
temperatures chosen; At worst, the steels'with low tritium permeability
appear to have compatiBilities at least equal to the high permeability
steels presently under consideration. The'results of the study
.appeared to be highly promising. It is recommended that £he work be
continued in two paths: an effort to define the physical process by
which the alumina-coated steels suppress permeation andia parallel
effort:to produce and test small samples of the more promising steel
alloys. Test data on the steels will be useful in investigating the
permeation mechanism. The mechanism study will help to pin point the

most promising alloy compositions.



2. INTRODUCTION AND BACKGROUND

 The loss of tritium from fusion reactors fepresents an important
potential envirogmental hazard. In.addition to the possibility of
actual leaks from tritium—handlingAsystems, tﬁere is the problem of
permeation. All metals are rapidly permeated by hydrogen species at
projected fusion reaction vessel temperatures (42 550 C), as shown by
_the earlier data of Smithels and Raﬁsley,1 Waldschmidt® and Turnbull,
et als. Iron alloys are‘considered to be the most probable construction
‘materials for tritium-handling. These alloys are particularly
su;ceptable to permeation as shown in Figure 1, which summarizes the
pertinent early German data from Reference 2.

" It has been shown in Waldschmidtz, Turnbulls, Eastman4, and
Eastman and Fox5 that hydrogen permeation through certain non-metallics
is lower than through metals by several orders of magnitﬁde. Ceramic
méﬁgrials may be the leading candidates for suppression of tritium"
permeation from-fusion reaction vessels.

It does not appear to be practical to consider fusion vessels
made of free-standing ceraﬁics; Therefore, a promising approach to
the constfuction of a reaction vessel and associated»tritium—handling
hardware may be an iron alloy with a ceramic coating. This program is
concerned with the exploration of a means of achie?ing that end result.

For several years Thermacore has maintained an in-house program
to investigate means of suppressing the permeation of hydrogeh into

- high temperature (4% 800C) heat pipes. Considerable success has been

achieved. A class of aluminum—steel alloys has been identified as

having unusually low permeation rates when properly processed.
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A conversation with DOE Magnetic Fusion personnel in 1976 brought
to light the need for suppression of tritium permeation fromAfusion
reactors. A sample of the.ThermacoreAmaterial was tested at Argonne
National Léboratory. The resuits showed a redgction in hydrogen
permeation by a factor of roughly one hundred fiftyiwheﬁ compared with
more conventional steelé. 7

The basic Thermacore process 1is descriBed in U.S. Patent #4,082,575.
The procedure starts with selection of a steel which contains a small
quantity ofraluminum‘as an alloying element. The‘aluminum c&ntent is
typically 0.5 to 5%. The aluminum is diffused to the surfacéAand
oxidized there. With careful cleaning, a continuous ceramic layer is
formed on the surface. Thickness is typically 1-2 micrometers.

Adherence to the substrate is excellegt. The coating is self-healing
in that if scratched, it can be reformed.by heating in.air.

The present contract followedAan unsolicited Thermacore proposal

to extend the previous work to fusion reactor requirements.



3. DESCRIPTION OF TECHNICAL WORK

Thé purpose -of the program was to study means of suppressing
ritium permeation from fusion reaction vessels and components,

building on technology previously déveloped at Thermacore for the
reduction of hydrogen permeation into heat pipes.
Objéctive

The objective of this program was to identify candidate alloys
which have the properties desired for a fusion reactor vessel:
non-magnetic, high temperature strength, liquid metal compatibility,
the lowest possible rate of tritium pérmeation and resistance to
nuclear radiation.

Program Organization

The program consisted of two tasks:

Task I - Problem Definition. The first portion of the effort
was devoted to an attempt to define the requirements of a fusion
reactor vessel and its associated heat transfer plumbing. These
were identified as the principal components subject to substantial‘
tritium concentrations. |

Task II - Literature Séarch and Analysis. This task represented
the bﬁlk of the work and was devdted to the search for information on
hydrogen permeation through metals, glasses and ceramics as well as
identification of alloys having the potential for low -tritium bermeation.

The investigation was carried out principally by Dr. John C. Turnbull
(permeation’ through non-metals), Mr. S. William Kessler, Jr. (permeation
through metals aind metallurgy of candidatc-aiioys) and Mr. G. Yale
Eastman (permeation through coated metals). Dr. Turnbull and

Mr. Kessler were consultants -to Thermacore. Mr. Eastman was the
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Thermacore Program Manager.

Task I — Problem Definition

An effort was made to define the requirements of a fusion reactor-
vessel and its associated plumbing.. Sources consulted included
- professional persbnnel at DOE, Argonne National Laboraﬁory, Oak Ridge
Nationai Laboratory, University of Wisconsin and North Carolina
State University. It was concluded from these discussions that the
requirements are a moving target as yet and will remain so for several
years until the'fifst full scale tests are conducted. In éddition,
the requirements vary gppreéiabbrfrom the reaction vessel itself
through the plumbing to:the heat éxchangers.' Thé situation 1is
'combounded bybthe fact that five heat transfer systems are still
under consideration. |

It was, however, found to be possible to establish a range of
reguirements against which candidate materials could be judged. This
approach is adequate at the present stage of investigation. It was
recognized from the start that the first generation of reactor test
equipment will be built before the results of the present investigation
could be put to work. Therefore, the required performance will be
further refined by experience and the present approach to. requirements
is justified By the developmental status of the overall fusion program.

It is desired to operate the first wall and its associated
cooling loop ét the maximum temperature permitted'by‘materials
constraints in order to maximize thermal-to-electric conversion
efficiency (Carnot). A number of cooling methods are under consideration
for controlling first wall temperature and delivefing the generated

. 3 . .
energy to the conversion system. These include water, steam, gas
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(helium), liquid metai (Li end Li/Pb) and molten ealts. Each has
its effect on the system thermal requirements. 'The temperatures
range from 300 to 600 C. |

In most designs the reactor is surrounded by a lithium—cohtaining
blanket in which tritium is bred. An appreciable'amounf of the total
heat is produced in the blanket. Therefore, the blanket, aleo, must
be cooled and the tritium separated. Low tritium permeation is
required of this plumbing as well as the first wall cooling system.
In those approaches.in which lithium or Li/Pb alloys areAused as |
bianket materiais, these may also serve as coolants.

Thus, the thermal requirements cannot be pin pointed until the
cooling method is chosen. However, for the purposes of the present
study it was deemed sufficient to look qualitatively for materials
which have high strengths and low tritium permeaﬁion rates in the.
300-600 C temperatﬁre range.

Each candidate cooling and blanket approach has.its peculiar
compatibility requirements. Several, which otherwise are potentially
severe, are ameliorated by a willingness to consider replacement of
‘major portions of the containment hardware on a two year cycle.
Therefore, systems which might otherwise be inappropriate (e.g.,
l1ithium with nickel-iron alloys).may.be feasible.

The Thermacore approach to euppression‘of permeation invoives in
situ formation of a thin (1-%/A.) ceramic layer on an underlying
substrate. High sputtering rates within the fusion reaction vesse18

make the use of this approach inappropriate on the inside of the first



wall. Aluminum,dxide is the principai constituent in the suppressive

layers developed by Thermacore. The rapid attack of A1203 by high

temperature liquid lithium makes the approach of doubtful merit in
those portions of the system where hot lithium may be used. 1In

both .the sputtering and Li contact situations, however, the attack

. may be limited to one side of the container. A coating on the opposite

side may serve to suppress permeation. In this condition there is the

possibility of an intern;l build-up of hydrogen pressufe that might
damage the coating integrity.
The intensity and character of nucléar radiation is expectéd to
vary wideiy at different locations within a fﬁsion machine. The
behavior in this environment of thin ceramic films on metallic substrates

is unknown. - Irradiation tests will be required to establish the effects.



Task II - Literature Search and Analysis

The literature was first examined for data on the permeation
process and then on specific findings in metals, non-metals and
ceramic coated metals. This was followed by an examination of the
process of forming alumina layers on steels and a brief review of
the literature pertinent to the compatibility with lithium of alumina

coated steels.
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The Permeation Process in Various Materials
Fermeation Definition

Permeation: Permeation of a gas through a metal is the overall
process of moving of the bulk gas phase on one side of the metal wall
through the metal +to the bulk gas phase on the other side. This
process consists of interactions at both-the entry and fhg exit surfaces
of the metal, as well as the actual transport4through the metal. The
diffusion of the gas through the metal is a term applying strictly to
the means of transportion. To permit gas movemeﬁt through the metal -
theré must exist a solubility of the gas in the metal.

Small amounts of‘dissolved hydrogen and its radioactive forms,
tritium and deuterium, have a marked effect on the physical properties
steel. As little as 1 ppm may have a significant effect and cause
the delayed crécking of steel under a sustained load.. In the construction
of a nuclear fpsion reactor, the permeation of tritium and deuterium
must be a minimum to prevent the escape of these gases to the environment.
Fermeability, P is defined by:

J =-P/ Ax
where J is the diffusion current per unit area and A x is the thickhess
of the metal. Permeability is related to the diffusion coefficient by
s (C1 - Cz) ,
A«
where (C. - Cz)/Axx is the concentration gradient in the metal wall.

1

Since the concentration of hydrogen in the steel is proportional to the

square root of the pressure, P, the permeability may be defined as




where Py 1s at the high pressure side and p2 is at the low pressure side
of the specimen.

Permeability is dependent upon temperature, the nature of the
metal, boundary conditions, and thickness of the metal. Since there
are multiple steps involved in permeation, and the boundary conditions
are difficult to define, therg is sometimes p&or agreemeht between the
results of different investigators.

DodgelO gave the following equation for expressing the effect of
pressure and temperature on permeation.

. K % 5. _-E/RT
J = - (p1 e

& 1s a conétant that depends on the metal and probably on several factors
related to the state of the metal, E is the activation energy, R is the
gas constant and T is the absolute temperature.
For permeation thrbugh a thin walled tube of iroh, Smithells and

Ransley1 found the‘following relationship for hydrogen:

P = 1.63 x lQ-sp%e—4800/T
and Borelius and Linblom11 obtained

P = 1.60 x-l()--spi/ze—lwoo/T
The pressure was measured in mm of Hg and the temperéture in degrees
Lelvin. |

Permeability is related to solubility, S, and diffusion, D, by

12
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3.4.1.2.

Solubility

Only small guantities of hydrogen are soluble in iron and the
amount increases with }ncrgasing témperature. The solubility also
varies with the square root'of pressure (Sie?erts' law) above 4OOOC,
and has a positive temperafure coefficient which corresponds to a
negative heat of absorption.12

Hydrogen enters the iron in é dissociated form, rather than as
molecﬁles, and 1is dissolved and diffused in the iron interstitially.
| It is uncertain whether the form is an atom or a proton. The

extremely rapid diffusion rate of hydrogen in iron has led some to

-speculate that the dissociated particles are protons which have an

extremely small r'adius,j'(lo—5 2)13.
The best equation14 describing the solubility of hydrogén in
a - 1lron at temperatures greater than 400°%C is

) —
S(ppm) = 42.7 pée 3230/T

ArmhrnSterls detefmined the solubility of hydrogen'in iron,
nickel.and 13 steels of varying compositions. The'samplesAare listed
in Table I and range in sfrnnture from ferritic to austenitic. The
Solubiiity of hydrogen in these steeis falls into three groups:

1, the ferritic low in alloying elements, 2, aﬁ intermediate gréup.
high in alloying elements, and 3, the éustenitic structured alloys.
The solubility of hydrogen in the auétenitic-alloys is severalltimes
as great as the ferritic alloy group. lThe addition of a small amount
of Al did not affect the solubility of hydrogen in the ferritic alloy
group.. From this data it can also be concluded that larger amouqfs‘

of hydrogeﬁ can be dissolved in the face centered cubic austenitic

13 | :
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TABLE 1
Composition - Sojubilijty Healt of $olutijon
. , : Mikromole/10¢ g at|1 mm
Material c | vm| s | p | si|cer | ni| otfer]] h00°c|500°d600°C Cal/g-mold
1 Carbonyl iron 0.011 - - - - - - - 0.60] 1.16 1.93 1330(
2 Mild steel 0.39 | 0.73]0.0340.022p.19 |0.048 0.12 0.45] 0.97 1.58 1420(
3 Mild ste=zl 0.39 |0.70|0.0490.016pD.128]| - - 0.79] 1.29 2.18 1360
4 Mild ste=zl 0.12 10.47.10.0410.0160.003 | - - 0.69} 1.35 2.15 1310d
5 Mild steel 0.10 10.39]0.0320.015p.C0O7} — - 0.45} 1.0d 1.79 1620&
6 1.5% Mm steel 0.2011.46 0.02é0.0270.205 - - 0.58f 1,21 2,07 1480
Al 0l27 "
7 3% Si Steel 0.0510.23]10.0130.010}- 3.17| - -~ AléO_'0.0 0.46] 1.54 2.42 1860¢
[ . . . Y . R
-
8 4% Ni Steel 0.3210.6410.0200.023p.245]| -~ 3.64 0.50] 1,09 2,02 1620
9 13 Cr .2 C ferritic 0.32 ] 0.47 - - Dp.28 |12.784 - 0.33{ 0.73 1.46 16404
10 16% Cr Steel 0.09 1]0.46]0.0140.012P.395]15,.64 0.33 0.40| 0.84 1,56 1590¢
11 28% Ni steel 0.025] 0.18 - - pP.O6 ~ {27.88, 1.51] 2.44 3.54 970(
12 13% Mm steel 1.40 n2,98|10.0190.048p.32 = - 1.63] 2.54 3.25. 800¢
13 13 Cr .3 C austenitic ]l0.32 | 0.47 - - 10,28 112.78 - 4.37] 5.200 6.18 4204
14 18 Cr-18 Ni steel 0.07_ 0.37]0.0090.006{0.147 ]18.30 9.92 5.24| 6.37 7.55 430(
__lcu 006 _
15 Nickel 0.13 {0.13 - - 10.94 - 199.52|Fe 0,09 5.93 7.94 9.83. 590(




steels than in the body-centered cubic ferritic steels.

The solubility of the hydrogen isotopes has also been studied.
Sievert et al found the solubility of deuferium in iron to be a little
less than that of hydrogen, and the difference increased with increasing
temperature. ‘Hawkinsls compared fhe solubility of hydrogen, deuterium,
and tritium in a austenitic stainless steel (138.3 Cr, 10.66 Ni) at
temperatures in the range‘from 300 to 7500C at pressures of 0.1 to 2.5 mm

of Hg. The solubilities were given in the following form:
’ A
Lo S = —- + B
& T

where S is the solubility in micromoles per of 100 gm of steel at

1 mm of Hg and T is degree Kelvin. The experimental valges were as

follows:

. . . et
Isotope : A B Cal/Mole
Hydrogen 366.9 . 1.314 3370
Deuterium 382.2 . 1.259 3520

Tritium® 400.2 1.267 3680

(a) T = 96%, H = 4%

The solubility of hydrogen in steels no longer obeys Sieverts'

law

at temperatures less than 400°C. At temperatures less than 400°c
the solubility deviates markedly from the extrapolation of higher
| . L 1T
temperature data in the direction of greater solubility. This

experimentally observed abnormally high solubility of diffusible

15



hydrogen below 400°C tends to confirm the hypothesis of lattice traps
for the hydrogen atoms. Since the number of sites for traps increases
with cold Qorking, a greater amount of hydrogen can be dissolved in
cold worked steel.

Hydrogen Entry: Hydrogen can enter steel in numerous ways. The
following is a list Qf the commonly accepted methods of chargipglstee}s
with hydrogen:

1. Pickling

2. Corrosion, such as rusting

3. Eléctroplating |

4. Grinding using water as the coolant or moisture in the air

5. Hydrocarbon lubricants

6. Paint strippers

7. Sulfide corrosion of steel

8. Breaks in protective coatings such as Cd, Zn; Fm or Al which are

more aﬁodic than the steel. |

9. Cathodic protection
lione of these methods are applicable to intended use as a reactor vessel
but shoﬁld be considefea as potentiai sources of hydrogen in fabricéting
the vessel.

| Effects of Surface Treatment -and Environment: If the entry of
hydrdgeh, rather than diffusion, is the controlling factor in permeation
nf hydrngeh through steel, as appears to be the case under most conditions,
then variations in the nature of the steel surface willvinfluence the
permeation.

Smithells and Ransleyl studied the effect of surface treatment on

iron and nickel. The results are summarized as follows:

16



3.4.1.3.

TABLE 2

o H_ Pressure Hydrogen Permgation
Treatment Temp K “mm of Hg cm” /sec/cm” (a)
Polished . 673 0.77 .47 x 1077
Etched 673 0.77 4.4 x 1077
Polished 863 0.073 1.28 x 1077

Oxidized and 363 ©0.073 0.76 x 1077

reduced at ‘ '
- 600°¢C

Furtheroreduced 863 0.073 1.54 x 10_7

at 800°C

The oxidation was done by introducing a:small amount of oxygen

-into the permeation equipment and heating the sample to form a thin

oxide film. At 600°C there was only a partial reduqtion of the oxide.
Such an oxidation and reduction treatment doubled the hydrogen permeation
rate of nickel as compared to a polished surface. Etching the ifon'sA
surface with acid had the greatest effect, increasing the permeatioﬁ

rate by a factor of 10.

Diffusion and Permeation

The entry and diffusion of hydrogen in metals occurs as atoms
dissociated from the molecule, or as positively charged ions (protons).

The molecnle of hydrogen, H,, does not diffuse in metals nor do the

2

molecules of other diatomic gases.

The driving force for diffusion of hydrogen in steel can either be

a hydrogen concentration gradieht or a stress gradient. As an exanmple,

in a‘sample‘charged uniformly with hydrogen, the hydrogen can diffuse

to a region of maximum stress just in front of a crack tip in a part

17



under load. The diffusion rate of hydrogen does not change rapidly with
temperature. Sykes, Burton and Gegg18 calculated the diffusivity, D,
for iron as listed in Table 3. The results are compared to the
permeability résults of Bermgk and Klotzbacklg’for a Ni-Cr-W steel.
Over the temperature-?aﬁge of 300 to 6OOOCFthe diffdsivity changed
by'only a factor of 2 while fhe permeability changed by a factor of 20.
Thus, the major factor in increasing the permeability is the increaée
in solubility with increasing temperature.A |

The following equations -have been determined by various investigators
to define the rate of diffusion:

D = .oozze'2914/Rt

: 2
by Geller and Sun 0

D = 38.8 x‘10—46—3050/RT

by Stfbss and TompkiﬁéZI'for the temperature range of 150 to 900°c and
D = .0014¢ S200/RT
by Johnson and Hill22 for temperatures greater than 200°c.

At loQ temperatures investigators report diffusion COfoicients
at 25°C ranging from 1 x 10._9 to 1 x.lo_5 cm2/sec; these values differ
by a factor of 10,000.

Pressure does not appear to have any effect on the rate of diffusion.
Bardenheuer and Thaﬁkeiser23 have shown that hydrogen will diffuse in
steel -against a back pfessure of molecular hydrogen of 300 atmospheres,
the limit of their equipment.

Crystal structure has an'effect on the rate of diffusion.

Hydrogen will diffuse through thé more open body-centered cubic structure

of alpha iron more rapidly than the face-centered cubic structure of

gamma iron. The equations for the diffusion coefficients are:

18



. ' -2914/RT
iron D

=".0022¢
iron D = .0107e_9944/RT
20

‘according to Géller and Sun.
Sykes, Burton and Gegg calculated the diffusivity of hydrogen in

austenite using Sieverts' solubility data. The results. of their

calculations are shown in Table 4 which should be compared to the déta

for ferritic steel in Table 3.

TABLE 3
Tempgrature : Diffusivity D ' Permeability
C sq cm/sec N(a)
-5 ‘

20 1.5 x 10 : -
100 : 3.5 x 107° 0.00026
200 6.7 x 107° - " 0.0045

-4
300 1.00 x 10 0.029
-4
400 - 1.38 x 10 ‘ 0.11
-4 .
500 1.70 x 10 : 0.26
-4
600 2.04 x 10 0.59
-4
700 _ ‘ 2.34 x 10 1.00
. . _4 ) !
300 2.69 x 10 - . -

(a) N is the number of cc of gas at NTP diffusing through 1 pg cm of a

plate 1 mm thick in 1 hour at a pressure of 1 atm.

TABLE 4
Temperature » Diff sivity Permeability
°c . cm /sec . vol/hr
~ -5
800 6.0 x 10 .55
900 8.7 x 107> 1.2
1000 1.3 x 1074 4 : 2.4
1100 1.9 x 1074 ' 3.9
-4
1200 2.5 x 10 6.5
19



The steel composition can affect the diffusion of hydrogen.
Geller and Sun20 reported that additions of silicon, chromium and
nickel decreased the diffusivity of the alpha and gamma. modifications
of iron. ‘At room temperature the evolﬁtion rate of hydrogen from
supersaturated samples of a 4.33 percent silicon steel was much less
then a 25.37 chromium iron alloy. The diffusion coefficients for a
nunber of steels are tabulated in Table 5.- Hobson24 observed very
low. diffusion rates for a 14% ér, ferritic stainless steel. At lOOOC,
the diffusion coefficient was 3.2 x 10—7 cmz/sec for the stainless

steel compared to 1.34 x 10_'5 for a 2% Ni-Cr-Mo steel.

TABLE 5
Temperature °c
Steel Composition 200°%¢ - 600°¢C 300°C

. -4 -4 -4

Fure a 1ron 2.5 x 10 4,0 x 10 5.9 x 10
' . . -5 -4 ' -4

Fe with 1.06% Si 3.3 x 10 1.8 x 10 2.9 x 10
. . -5 -4 -4

Fe with 1.85% Si 5.1 x 10 1.3 x 10 2.2 x 10
- . } . =5 . . .=5 -4

e with 3.11% Si. 2.1 x 10 7.4 % 10 1.6 x 10
. . . : -6 ... -5 -4

e with 4.33% Si 9.3 x 10 4.3 x 10 1.3 x 10
- . . : -5 =5 . -4

Fe with 27.45% Si 3.2 x 10 9.1 x 10 1.7 % 10
: - - -4

Pure Y iron 6.3 x 10 6 3.8 x 10 S 1.0 x 10
-6 -5 - =5

Y- Fe with 18% Cr 8.9% Ni 1.1 x 10 1.1 x 10 5.0 x 10

‘ ' 71 ' ‘
Chang and Bennett  studied the effect of Cr, Ni, and Mo on the
rate of hydrogen permeation in iron. They found that Cr had little

effect on the permeation in y iron, but greatly reduced the rate of

t
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permeation in o iron. Nickel and molybdenum had little effect.
‘Permeation in an Fe-4.25 ér alloy was iess than one-tenth the rate
ob;erved for Armco iron over fhe-temperatﬁre raﬁge of 400 to 750°C.
Carbon also affects the diffusion of hydrogen in iron. .Bhat
and Lloyd25 observed that increasing the amount of carbon reduced

the permeation rate of hydrogen at room temperature as is reported

in Table 6.
TABLE 6
Carbon ’ ' . Time to Start Rate of
Content Treatment " Evaluation Min Permeation cm™ /hr
.06 normalized from 17050F 18 . .44
.31 - normalized from 16500F 25 .28
.59 normalized from 1560°F 39 - .22

Bardenheur aﬁd Thankheiser23 showed that the microstructure of the

carbide also affects'the diffusivity. They observed 12 times greater

hydrogen permeation»rates when the cementite (iron carbide) was in

a giobular form than when it was in the form of coarse lamellar pearlite.
If the rate of hydrogen flow is determined by the rate of diffusion,

than‘the permeation would be inversely proportional to the.thickness of

the metal wall. Such a relationship exists from material thicknesses

greater than 1 mm thick. For thicknesses less than 1 mm thick, there

is a two order magnitude decrease in the diffusion coefficient in going

from 1 mm to 0.10 mm of thickness according to Smialqwski26

Conflicting results have been publishéd concerning the effect of

cold work on the diffusivity of hydrogen in steel. This can best be



eppreciated by the work of Schumann and«Erdman-Jestnister27 who observed
that the permeation rate first increases with increasing cold work aﬁd
vpasses through a maximum at about 10 to 20 percent cold wofk. Further
cold workingnehen rapidly decreases‘ﬁhe eermeajon rate. At 60 to 90
percent eold work, the permeaBility was nearly zero. Thus, four
markedly different behaviore are reported for the effect of céld work
on the permeation of hydrogen through steel. These experiments were’
done by cathodically charging the steel with hydrogen.

Frank, Lee and Williams28 deteérmined the diffusion coefficient of
hyarogen and deuterium in SAE 1010 steel in the tempefature range of
26 to 86°C. The ratio of the diffusion coefficient of hydrogen to that
of deuterium was 1.37 + .02 which is very close to the square root of
the ratio of the masses, 1.414. HoweQer, the ratio of the permeation
rates varied witﬁ te@perature, reflecting the varietion in the ratio'
of the solubilities of hydrogen and deuterium with temperature. The

permeation ratios versus temperature are tabulated in Table 7.

TABLE 7
Temperature - ' PH/Pd
86 | 9.5
80 , ) 10.7
79 _ : | 10.1
60 o 6.1
52 | 4.4
50 6;7
42 5.8
34 4.9
26 4.5
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Effecfs of Coating: A coating such as cadmium can more or less make
steel impermeable to hydrogen. Cadmium plating is a known barrier
hindering the evolution of hydrogen from charged pieces of steel.
Chromium and tin have been reported as diffusion barriers. A thin
film of oxide also retarded the diffusion of hydrogen while a coating
of lacquer had little effectzg. Rudd and Vetrano30 investigated

hydrogen permeation of types 321 and 430 stainlesé steel, Hastelloy B,

calorized Type 430 stainless steel, glass-coated type 304 stainless

steel and three Hastelloy B samples coated with a proprietary material.

Their tests were conducted in the range of 550 to 820°C at hydrogen
pressures of 1.1, 1.5 and 2.0 atmospheres. The permeabilities of the
uncoated specimens were uniformly much greater than those of the surface
treated metals. A 3 to 7 mil coating of a glass enamel on 10 mils of
surface calorizing was 10 to 100 times more effective as a hydrogen
barrier. than was 60 to 120 mils of untreated steel.

Permeation in Non-Metals

Continuing studies ot dittusion in glass have been made 1ncluding
particularly the outgassing of glass surfaces by diffusing out water,

and the permeation of helium through glasses?l’31

Water readily
dissolves in silicate glasses where its presence‘is seen by the IR
absorption band around‘2.9 microns. Because of the open network
structure of these glasses, helium is highly soluble and diffuses
readily. Othgr diffusers in silicate glass are sodium ion and other
alkali metal ions, (which diffuse in glass but also move by eletrolysis),
fluoride .ion which diffuses to and may outgas as HF from glass surfaces

from its reaction with available water, and oxygen which is part of the

network structure but which can diffuse to and be released as O2 from

glass surfaces under electron bombardment. Hydrogen permeability
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of glass is also known particularly in fused silica glass, where it
is thought to exist as interstitial molecules. The diffusivity of

interstial H, in fused silica follows classical diffusion theory with

activafion energy on an Arrhenius plot of 10.4 kcal/mole. Hydrogen
also reacts in fused silica fo form hyaroxyl which giveé rise to
“anomalous'" diffusivity and hydrogen outgassing at.higher temperatures
(above 700°C). |
Hydrogen diffusion in non-metallic compounds is being studied by
Vergﬁese and co—workers,58 who have reported on hydrogen'in BeO,

Al , and'SiC. Tritium diffusion was found to be consistent with

203

classical diffusion solutions in BeO and A120 Arrhenius plots were

5
given over the temperature range 200°C to 1200°C. Permeation of

hydrogen in tube specimens of A120 showed a square root. dependence

3
of loading gas pressure, indicafing that the diffusing species might
possibly be the hydrogen atom. ©No effects of defect structures or
radiation damage were seen, but a strong (4-5 order of magnitude)
effect of an Mg0 impurity was seen with A12U3.

Verghese calculated a 5 to 6 fold decrease in tritium permeation
for 2 mm thick stainless steel, when covered by a 10 micron film of
Alzos, at a temperature of 500°C. He warns that this result could be
greatly modified by radiation-induced damage or‘transmutation—induced

impurity levels in a high neutron flux environment.

3.4.1.4.1. Permeation and Diffusion in Glasses

The following summarizes data from several references concerned
with the effects of glass composition and structure on permeation rates.
Increasing crystalline (ceramic) content reduces permeation.

" Helium Diffusion in Glass

Altemose33(1961) measured helium permeation rates through 20 types
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of glass and fused'silica.’ Séherical glass samples were used and
equilibrium flow rates were measured by pumping.thebggs sample
continuously through a mass spectrometer. Sensitivity was 10_6
cc-torr/s for helium. Pérmeation rates measured were in the range

5 1072 to 2 1078

cc(STP) s+ cm®(area)mm ’ (thickness) cm_l(Hg)
(pressure difference), and temperature in the range of room temperature
to 600°C.

Diffusion coefficients were obtained for some of the glasses, from
the initial transient gas flow ratés. For these glasses, a table
of values of D ahd of solubility S are given at various temperatures.
For example, the average solubility of Code 7740 glass was 0.0056
cc/cc/atmosphere helium pressure. Values‘of D obtained are in the
range of 10_'5 to 10--8 cm2 s-l.

Activation eﬁergies were obtained from Arrhenius plots and range
from 478 to 12.4.kca1/mole. Generally, the perméation rates decrease
wifh increasing values of activation energy. Good correlation was found
betwéen the activation energy ¢ and Lhe mule perueuL-MAuf nelwurk
formers (SiOz, 8203, PZOS) which were preéent, so that pefmeation rates
of these glasses may be calculated from their compositions.

These results are discussed in terms of an irregular glass
lattice. structure as shown by Zachariasen54 which contains glass
forming oxides in a ghain—like network with openings large enough
for small gas molecules to'permeate. Addition of alkali oxides aﬁd
alkaline earth oxides is pictured.as plugging or blocking these openings.
The efféctive size or number of modifier particles are an important

. . . 34
factor in determining permeation rates. Altemose™ made a few

measurements of hydrogen permeability in fused silica as follows:-



Temperature Permeability X

200°C .38 10710
400°¢ 5.3
600°C 23.0

Fused silica thus shows a substantial hydrogen permeation at these
low values of temperature.

Effect of Alkali Oxides on the Diffusion of Helium in a Simple

Borosilicate Glass

In a further study of helium diffusion in glass, Altemose35(1973)
determined helium permeation in a series of glasses of varying alkali =

oxide content. The major effect of Na,O content increasing from 2

2
to 13% was a systematic decrease-in permeation rate and diffusivity,
indicating that the ﬁa+ ion is essentially filling space in the glass
ﬁetwork. At 7 mole percent alkali oxide, as the alkali ion size is
increased from Li+ to Na+ to K+, the changes in diffusivity and in
activation energy indicate that the large ion more effectively plugs
the network interstices. Ions larger than K+ appear too large to fill

the network and consequently spread the network as well.

The Role of Hydroxyl in the Diffusion of Hydrogen in Fused Quartz

R.W. Lee42 reviewed the diffusion of hydrogen and water in fused
silica. The hydroxyl distribution resulting from hydrogen loading
was studied by infra red sectioning technique, and deuteriub degassing
was studied. A model for diffusion of molecular hydrogen in fused silica
distinguishes between ''metastable'" and fstable“ hydroxyl. The data on
steady-state hydrogen permeation through fused silica hés»a first-power

dependence on hydrogen pressure and suggests that the diffusing species
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is interstitial H,. However in non—stéaqwstate hydrogen diffusion
and in water vapor reactions, a divergence from simple diffusion theory
is found. The diffusing species apparently is different for hydrogen
loading than for water vapor loading; however, the introduction or |
removal of hydroxyl apparently is important for ‘both.

The '"'stable' OH is regarded by Lee to involve attachmenf of a
proton to a non-bridging oxygen ion which is part of the silicate
network. The 'stable" hydroxyl is formed during thé fused silica
manufacturing process; natural fused silica has a low hydroxyl content,
synthetic fused silica has a much higher 'stable" hydréxyl content.

Theé "metastable'" hydroxyl involves groups for which the oxygen ion
is not part of the network; the groups are posifioned near network
modifier ions, and aré mobile.

In high-hydroxyl synthetic fused silica, the permanent hydroxyl
levels are several orders of magnitude higher than dissolved molecular
hydrogen levels. Here diffusion data shows the metastabie hydroxyl
is relativély insignificant and the net absorbtion of hydrogen agrees
with molecular hydrogen solubility |

S =DP/D
n

using data for permeability (P) and diffusivity (D) for hydrogep in
fused silica gives

Sn = 9.4 10—8exp(1.38 kcal/mole/RT) molecules/cm3
This répresents interstitial solubility of molecularAhyergeﬂ which shows
a first power dependence on the loading hydrogen gas pressure.

Infra red and mass spectrometric data supporté the view (above)
that the bulk of the hydroxyl content in high-hydroxyl, synthetic

fused silica is of the permanent variety. However, metastable hydroxyl



3.4.1.4.2,

in low-hydroxyl natural fused siliéa can reach a level 10 times that
of permanent hydroxyl. Thus large amounts Qf hydroxyl can be added
to or removed from natural fused silica, but not the synthetic variety.
The large amount of "metastable'" or mobile hydroxyl in natural
fused silica gives risé to 'anomalous" outgassing of hydrogén on
heating to temperatures in the range 700-1000°C. Hydroxyl reactions
also affect measurements of diffusivity and permeability of hydrogen
in natural fused silica. Similar effects on outgassing, diffusivity
and permeability of water vapor in natural fused silica are discusséd
by Lee.

s
Permeation and Diffusion in Ceramics

The references indicate that the low permeation rates of ceramics

make them the materials of choice as barriers for tritium.

Tritium Diffusion in A].QO3 and BeO

Tritium diffusion in aluminum and beryllium oxides was studied
oy Fowler56 (1977) by recoiling tritium into specimens and measuring
the time rate of tritium release during postirradiation heating.
Reésults were consistent with classical diffusion solutions and gave
single values for the diffusion activation energy over the temperature
range of measurement fbr single-crystal, sintered, and powdered
specimens. The best fit of all data to Arrhenius plots yields the
vglues, which are consistent with previously reported results in

the literature:

Activation Energy Q BO Tempé Range
(kcal/mole) (cm”/s) (¢)
AL,0, 31.5 6.4 107° 300 - 1000
Lucalox ' 41.8 39.8 | 360 - 570
BeO 30.8 1.3 107° 300 - 1200
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An initial tritium concentration of .1 ppm was produced by irradiation
in both the A1203 and BeO specimens. Diffusion coefficients determined

. . ' - - 2 - .
were in the range D = 10 15'to 10 ° cm S 1 for bulk specimens and

D= 10—12 to 10—18 szs—l for powder. Temperature ranges were 500°C
to 1200°C for buik.specimens and 200°C to 1200°C for powder.

It was shown that radiation damage did not affect the diffusion
results. A significant fraction of released tritium was removed when
sent throﬁgh a cold trap. It is believed to represent tritiated
water vapor formed at surfaces when tritium exchanges with water already
present. Heated specimens thus releaSed-a mixture of tritium gas
and tritiated water. The effect was shown not to affect the D values
obtained and was ignored.

Lucalox is a commerical polycrystalline alumina containing .2%

MgO added to increase ductility and grain boundary strength. Microprobe
surface scrans showed substantial amounts of MgO within grains and

small amounts of Si at grain boundaries. Tritium diffusion is 4 to 5
orders of magnitude higher for the doped alumina than %or undoped
aluﬁina. This reflects enhanced diffusion within‘tﬂe doped grains.

The form of the diffusing tritium is unknown. Recouil injec£ion
initiélly produces tritium atoms. It has been'shownl57 by ion injection
and in spectroscopy that appreciable hydroxyl formation occurs in
injected fegions in alumina and silica. The formation of molecular
hydpogen is éossible in the present wofk_as the mean free path to a
lattice site occupied by a hydrogen atom is shorter than the path to
the free surface. The absence of a hydrogen gas effect on tritium
rélease rate indicates the surface formation of molecular hydrogen is

not a rate-limiting step. Roberts states that thelobservation'of high

diffusion activation energies suggests that hydrogen does react with



the substrate and the diffusion species may involve a molecule
associated with a defect complex.
The accélgrated.diffusion of tritium in MgO—aoped'alumina (Lucalox)‘
compared with that in pure A1203 appears to indicate an impurity |
effect on diffusion, since grain-boundary effects can not acco§nt for
the size of the change in diffusion rate. The existénce of this effect
would influence the use of aluminum éxide as tritium barriers in
fusion reactors.

. A tritium diffusion barrier containing A1203

or BeO might'consist
of a ceramic layer on a metal substrate. The equilibrium permeation
rates through the composite would be controlled by the diffusion
coefficients in the composite, the surface tritiuﬁ cqncentrations,

the tritiuﬁ partition coefficient at the interface, and possibly by
the tritium transport along grain boundaries. A simple expression: for
“the equilibrium tritium permeation rate for a tritium barrier divided
by the permeation rate for the substrate alone is obtained.if tritium
concentration is assumedi to be uniform across’ the interface, éerolat
the exit face, and grain-boundary effects are neglected. This

calculation is carried out for the metals Nb, W, Mo and S.S. For

stainless steel coated with alumina at 500 C, the following is obtained:

Temp. °C Log (R'/R)
300 . -6.3
400 » -6.2 Substraté thickness .2 ém
| '500  - 5.8 © Coating thickness .0l mm = 104
600 - -5:3
800 D -4.8

Thus at moderate temperatures, the 10 micron coating of alumina has a
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potential for reducing tritium permeation of 2 mm thick stainless steel
by 5 to 6 orders of magnitude.

fdydrogen Permeation of Sintered Aluminum Oxide

Robertsss(1979) measured hydrogen permeation of high-density
high-purity sintered alumina tubes as a function of éemperature
and pressure using tritium as a tracer. The permeability ¢ at
1250 to 1450°C and hydrogen partial pressure between 2 to 50 kPa is

2 -1, -0.43
a

¢ (H atoms cm cm s kP 1

) = exp(48.95) exp(-318.2 kJ(g.atom)fl(RT)—
Diffusion coefficients and solubility values deduced from the permeation
éxperimenté are consistent with earlier measurements. No accelerated
permeation due to microstructural defects or changes during the
experiments was observed. |

Permeation was determiﬁgd in a heated tube by circuiating a
hydrogen, tritium and helium gas mixture through the.inside and
sweeping.perméating hydrogen from the oﬁtside with helium. The sweep
gas was sent through an ion chamber to defermine tritium. Permeation
rates were obtained from the steady state values at cénstant temperature.
The changing rates which occurrédAdurihg the approach to equilibriumn
after temperature chaﬁges)or initial heating were used to determine
diffusion coefficients for hydrogen in alumina.
| 'Dependenge of hydrogen permeability rate on the partial ﬁressure
éf hydrogen within the.alumina tube was'measﬁred at pressures.of
15 to 380 torr. Permeability'appears to vary as the .43 power of hydfogen
pressure.

Dependence of permeability on temperature was determined in the
range 1200 to 14500C. Thé values (normalized to 760 torr) follow

an Arrhenius plot giving the activation energy 318.2 kJ/g.atom
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76 kcal/molé). Diffusion coefficients also followed an Arrhenius plot.
The data on pefmééfion and diffusion appears to follow classical behavior.
The pressure dependence of permeability suggests atomic rather than
molecular transport of hydrogen through:élumina. The square root
dependence of permeability on pfessure is similar to the hydrogen
permeability behavior of metals, where the hydrogen dissociates
at the metal surface and diffuses as atomié hydrogen. The measured
diffusion coefficients agree well with earlier results of single
crystals. Thus grain boundaries and small closed pores did not
contribute significantly to accelerated pefmeation of hydrogen in
sintered alumina.

Microstructural examination showed no change in crysfal structure
or grain boundaries to have occurred during the permeation runs. There
was a small increase in porosity and some sag of the tubes resulting

from creep during heating in the H, -He environment, indicating that

2
further bloating aqd grain growth could occur at highér temperatures
than 1450°C.

In materials which do not have rapid diffusion paths, the permeability,
‘¢ , may be expressed as the product of the solubility, $, and fhe'diffusion
coefficient, D./ The solubility of hydrogen in alumina was Qalculéted
from valuesvof pegmeability and diffusion coefficient obtained here
for comparison with earlier determinations. Roberts values ranging
from 1017 to 1018 H atoms per gram'Alzo3 (for the temperature range

of this study) agree reasonably well with other workers results.

Hydrogen Permeation Through Non-Metals (Al_O_ and SiC)

. . : 55
This paper by Verghese58 (1979) reviews the results of Roberts
on permeation of hydrogen in alumina and adds some new information

on hydrogen permeation through SiC tubes, obtained in the same
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equipment. The new information on SiC is reviewed here.

The perﬁeability of the SiC tube was measured over the temperature
range 1423 to 1723°%. Hydrogen partial pressure varied from 5 kPa to
18 kPa. Permeability values were changed to equivalent values at
;01.3 kPa (1 atm) assuming a square root pressure dependency although
the actual pressure depemdence of hydrogen permeatioﬁ in Sic has not

been established. The best fit to an Arrhenius plot is given by an

activation energy 555 kJ/g.atom. Estimates of hydrogen diffusion

coefficients and of hydrogen solubility in SiC were also obtained

in this work.

The hydrogen permeability values for SiC shpw more scatter than
for A1203. Also, the diffusivity and golubility vaiues dé not show
good agreement with earlier result; on SiC. These higher values of
permeability and of diffusioﬁ coefficient .can be interpreted in
terms of accelerated diffusion through pores or other microstructural

defects in the SiC tube material.

Permeation in Ceramic Coated Metals

Permeation rates were measurgd spectrbmetrically by Turnbuil
et. al for several gases through a variety of metals and ceramics.3
High rates (0.06'to 0.2 liteericrons/hr/cmz/mm) were measured for
304 stainless steel, Inconel, Xovar, nickel and 52 alloy at 200C.
In contrast, the ceramics alumina and Fosterite showed permeation
rates below the limits of the equipmen£ sensitivity (0.00002 liter-
micron/hp/cmz/mm)‘at 750 C. |

In 1961-68, Eastman? Ernst, Fox? Kessler, Longsderff, Rhoads
and Stern,Sl working at RCA, investigated a large number of ceramic

materials as possible barriers to the permeation of combustion products
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into such vacuum devices -as thermionic converters and heat pipes.
Particular atteﬂtioﬁ was paid tg hydrogen permeation. As noted
above, Eastman gnd Fox measgred low hydrogen permeation rates for
aluminum oxide. |

‘As a consequence of these measurgments'and the prior work of
Turnbull, a concentrated effort was made to produce a high integrity
alumina barrier on a metallic substréte. It was desired to'oéerate
.the devices at 1200-1600C. TFor temperature reasons, the substrates
were refractory metals, notably molybdenum or its alloys. The initial
approach was to apply an alumina coating to the substrate. Flame
spraying, plasma spraying and cataphoresié were tried with and
without subsequent sintering. It was not found to be poséible to
form a continuous, vacuum tight, alumina layer which was also well
bonded to the substrate. .Alternative approaches with someﬁhat greater
success were found in chemical'vépor deposition of molybdenum on thé
inside of pre-~formed alumina shells and in shrinking green alumina
shells‘onto pre—formed moly parts. However, the CVD proved ihadequateiy
vacuum tight, although well bonded, and the shrunk cap structure
eventually failed in thermal cycling, indicating inadequate bond
strength. »

Similar efforts were_maae by Eastman, Freggens, Harbaﬁgh, and’
Longsderff,61 alsolat RCA in 1968-70, to produce permeation résistagt
coatings for austenitic stainless steel and guper alloy heat pipes for
operation in the 500-1000 C range from flame heat sources. It was
shown qualitatively that the chrome oxide formed on stainless parts
could reduce permeation rates, but that the results were erratic.

It was concluded from indirect evidence that the oxide layer served

primarily to prevent catalytic decomposition of water vapor (and



subsequent permeétion by the nascent hydrogen) by the nickel on
unoxidized étainless surfaces, rather than as a direct barrier to
hydrogen permeation as such. HoweQer, the oxide layér was extremely
well bonded tovtheAsubstrate and survived thermal cycling well.
These desirable characteristics #uggésted that barrier layers could
be formed from substrate alloy constituents.

In 1973-4, Eastman,61 at Thermacore, devised a means of protecting
stainless steel heat pipe envelopes from internal corrosion by water
as the working fluid. The process involved the use of aluminuﬁ—
bearing steel vessels on the surface of which an aluminum oxide layer
was formed by diffusion of the aluminum to the surface and oxidation
there. A patent (#4,082,575) on this proceés was granted. A heat
pipe using this approach was operated for more than 35,000 hours,
including over 11,000 on/off thermal cycles, without degradation.

In 1975, Eastman, at Thermacore, showed that this same structure
had markedly lower hydrogen permeation rates than conventional stainless
steelsAwhen used as an envelope for a sodium heat pipe operating at
700 Cifrom a flame heat source. The improvement appeared to be by a
factor of roughtly 200.

Samples of the Steél alloy, Armco 18—SR,'were supplied by
Thérmacore to Argonne National Laboratory for hydrogen permeation
measurements in August 1976. The measurements were quite favorable,

a reduction of perﬁeability by a factor of 150 at 600 C as compared to
more conventional ferritic stainless alloys. '’
Similar layers have been formed at Thermacore on Armco 2 SR

(1.7% Al) by oxidation in humidified hydrogen. Although Lhis structure

has not yet been tested for hydrogen permeation, it does show the water
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compatibility referred to above.l Samples,ha&e been supplied to
Oak Ridge National Laboratory for permeation testing;
J. T. éell at ORNL62 has reported a reduction in ﬁermeétion
rates for 406 stainless ste¢1 (3.5% Al) when héated in a tritiated
steaﬁ environment. It is believed these results derive from,formation

of a surface Alzo layer by high temperature diffusion followed by

3

. steam oxidation.
It has been shown at Thermacore that the alumina layer has a

useful self-healing characteristic. If the coating is accidentally

chipped or scratched, it Qill re-form by further diffusion of aluminum

to the surface followed by oxidation in air (or steam).
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3.4.2.

Optimum Aluminum Content for Austenitic Stainless Steels

In the previous section of this report it was shown that oxide
films on ifon can markedly reduce the permeation rate of hyd;ogen
through iron. When aluminqm‘is added to'steei and is fired in an
atmosphere which is oxidizing to the aluminum but.is_reducing to the

iron, the aluminum will diffuse to the surface and form a strong

adherent film on the surface. The exact nature of‘the film is not

known but one would expect it to be modified by the other alloying
elements in the steel.

Investigations of this phenomenon of formihg a diffusion barrier
on steels by oxidation has been limited to ferritic alloys. The
ferritic alloys are magnetic and the questién arises; can aluminum
or another element having éimilar oxidation characteristics be added
to the austenitic stainless steels? Alsd, the question of the
oxides'compatibility with liquid lithium must be addressed. (See 3.4.3)

According to Zapffee63 chromium, Vanadium, titanium, molybdenum,
columbium, zirconium, tungsten, tantalum, aluminum, silicon and
phosphorus are all fe?rite forming elements. A ferrite forming
element contracts the gamma loop of the iron-carbon phase diagram.

An austenitic forming element is one which expands the gamma loop.

The aUStenitizing elements are cafbon, nitrogen, nickel, cobalt, iron,
manganeéé, ruthenium, ogmium, rhodium, iridium, platinﬁm and palladium.
0f these elements aluminum is a much more'powerful sfabilizer of
ferrite than chromium. When four percent aluminum is added to 406
stainless steel, it completely erases all of the austenite.

Oerteil and Schepers64 investigated adding small amounts of

aluminum- to 18-8 stainless steel. They reported that aluminum increased
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the hot strength of the steel with some reduction in. elongation

and in area. At 1OOOOC, they observed the properties in Table 8.

TABLE. 8
Al Content Tensile Strength Elongation Reduction in Area
(%) (psi) (percent) (percent)
.07 14200 26 " 50
1.31 o 15500 18 38

Marsh65 reports that up to 3.5 percent aluminum is soluble in the face
centered cubic structure of austenite at a ratio of 70 iron té 30
nickel. |

Aluminum may also be added to the steel, diffused into the surface
and then oxidized as has be‘en described. Crosb.y66 investigated
chemically vapor deposited aluminum on steel using triisobutyl aluminum
(TIBA). In the process, TIBA was mixed with isobutylene and argon,
vaporized and then therﬁally reacted on a heated steel specimen;'i
Metallic aluminum up to 2 mils thick was deposited oﬁ the specimen.
The plating parameters were as follows:

~Pressure - 760 mm
Specimen temperature - 260°¢
Vaporizing temperature - 200°%c
.Plating chamber temperature - 1750C
Mixed gases temperature - 175°¢
Lime between the vaporizer and the platiﬁg chamber temperature - 200°¢C
TIBA flow rate - 0.83 ml/min
Argon flow rate‘— 515 - ml/min

Isobutylene - 75 ml/min
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: .67 . I .
Recently Banerji  discussed a'poor man's austenitic stainless

steel. These élloys are essentially free of nickel and chromium.
The alloys are designed to expand the gamma loop with manganese and
carbon and to add.sufficient alumihum for good hot strength, cold
workability and gdod oxidation resistance. In working these metals,
Benerji noted that when the steels are heated in the range of 670 to
870° C, a thin protective surface coating forms which does not spall
even after prolonged héating. Also'the surface could be anodized to
provide a continuoﬁs aluminuﬁ oxide coating for added oxidation
and corrosion resistance.

An alloy of (10.2 Al, 34.4 Mn, 0.76 C, bal Fe) exhibitea the

fcllowing physical properties at room temperature and 650°C. Data

for type 304 stainless steel are included for comparison.

- ROOM TEMPERATURE

650°C
Al-Mn Type 304 Al-Mn Type 304

Yield 55,350 psi 33,350 psi 40,000 psi 12,000 psi

Stength
Tcnaile .

Strength 109,350 psi. 84,650 psi 60,000 psi 40,000 psi
Reduction

in Area 72% 76% 32% 53.3%
Elongation 73% 63.3% 34% 38.7%

The alloy was about 15 percent lighter than type 302 stainless

and exhibited a remarkable abilify to be strengthened via work hagdening
and strain aging. The data tabulated does not reflect the Al-Mn steels

ability to be strengthened from work hardening and strain aging. With
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a 60 percent reduction in area‘and by aging at 7006 for one hour,
the hardness of the Al-Mn steel is a Ra of 80 compared to Ra of
68 for type 302 receiving the same degree of work hardening.

A black emissivify coating can be forﬁéd on type 321 stainless
steel by firing it in a hydrogen atmosphere in the temperature range
of 800 to 1100°C. The black film 1is gdherent and is formed by the
ﬁréferential oxidation of the titanium in the stainless steel.v This
fiim has not been investigated as a potential barrier to the permeation
of hydrogen but is similar in nature to that of the aluminum bearing

steels.
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4.

Compatibility with Liquid Lithium

Both the ferritic and austenitic stainless steels-are compatible
with lithium up to 580°C in a dynamic system and up to 800°C in a
static system;68'The investigations which established the above facts
were bonducted dn unmodified surfaces, that is, not_heat treated to
fofm a preferential oxide on the surface. For this reason it is
necessary that the thermodynamic stability of the oxides.be considered.

A reaction can occur at a given temperature and pressure only if
the Gibbs free energy of reaction is negative. The thermodynamically
stable products of reaction are those substances that can form with
the greatest decrease in the free energy of the system. Changes in
chemical stability with increasing temperature can always be £raced to
changes in the relative importance of the th terms that determine |

the Gibbs free energy of the possible reactions. Always AF =AH - TAS

where AF is the Gibbs free energy of the reaction, AH is the heat of

the reaction, T is the absolute temperature, and AS is the entropy of
the reaction. Although the final equilibrium that can be attained
among the reacting substances is purely a function of the chemicai
components present and of temperature and pressure, the path of the
reaction and the rate of the reaction depend on a variety of additional
variables. Among these Qariableslare particle size, the extent of
mixing, rate of diffusion, the pressure or absence of inert gas, and
even such physical properties of the solid or liquids concerned as
strength, coefficient of thermal expansion and viscosity. For these
reasons Gibbs free energy can be a useful guide to predict the stability
of materials whicq have a positive difference in their free energies

but if the difference is negative, it is not practical to predict the
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usefulness of the system without farther analysis.

In the case of liquid lithium in a stainless steel container
with an oxide on the surface of the steel it would be undesirable to
employ any oxide which does not have a free energy less (that is more
negative) than lithium oxide Li20. Free energy of many of the useful

oxides70 are plotted in‘Figures 2 and 3. In these figures, the free

energy of Li,0 cuts across the free energy relations for zirconium

2

oxide ZrO2 at 4800C, for aluminum oxide A1203 at 3600, and for hafnium

oxide Hfo2 at 300°C. Below these temperatuges the free energy of Li20
1s less than the mentioned compounds and, therefore, if lithium metal
is in contact with these oxides, the oxide will be reduced by the
lithium but it would be impossible to predict the rate of attack.
further examination of the figures reveals other oxides which have
ffee-energies less than Li20. These oxides are magnesiﬁm oxide, Mg0,
beryllium oxide, BeO, thorium oxide, Thoz, calcium oxide, Ca0, and
yttrium oxide, Y203. 0f these compounds, Be0 and Y203 have excellent
strength and will form adherent oxides on their host metal when the
eiement is used for alloying. Less than two percent‘of beryllium
added(to copper or nickel prevents solder or noble metal brazing alloys
from wetting the base metal when the solderslare melted in a hydrogen
atmosphere. The oxides of Th, Mg and,Ca are weak and in general do not

form tenacious oxides on the parent metal,

~
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4, CONCLUSIONS

Tritium loss represents a serious potential environmental and

personnel hazard in fusion reactors unless suppressed at the source.

Tritium loss by permeation can be suppressed in fusion reactor
vessels and associated high temperature plumbing.

The approach investigated is highly promising for effectiveness;
cost and simplicity of fabrication.

A thin A1203 layer can be an effective tritium barrier.

An effective suppressive coating éan be produced from steels
containing .5 to 5% Al.

A low cost process has been demonstrated for forming such coatings.
The process has been demonstrated to date only on ferritic alloys,
but seems feasible.on non—magneticAaustgnitic alloys.

High cost non-magnetic alloys (e.g., Inconel 601) méy have the
desired properties.

Lower cost alloys éan be developed.

The mechanism by wﬁich permeatibn is suppressed is not well
understood. It may involve one or all of several factors:

inhibition of H, dissociation, low solubility and low diffusion

2

constants.

Further work is justified in two -areas:

a. Research into the mechanism of hydrogen permeation in these
specialty coated alloys.

b. Development and characterization of improved, non-magnetic

alloys having low tritium permeation.
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5. RECOMMENDATIONS

The present program represents a minimal investigation of a
highly pro@ising method of preventing dangerous levels of tritium
permeation from future fusion reactors. The process involves selection
or development of a sﬁitable steel alloy containing aluminum as a
minor (.5 to 5%) alloyiﬁg agent. The vessel is formed of this steel.
After formation, the vessel is heated in air or humidified hydrogen
to diffuse the aluminum to the surface and oxidize it in blace. The
aluminum layer provides the permeation barrier. It is readily
re-formed by reheating if accidentally chipped or otherwise breached.

The process was originally developed to prevent hydrogen permeation
into high temperatureAheat pipes and has been demonstrated only in
alloys suitable for that service. There has been no effort to date
to tailor alloys for fusion service. The mechanismbby which hydrogen
permeation is suppressed by these thin (l—%/ﬁt) coatings has not
been investigated. There is indirect gvidence that'in addition to
reducing hydrogen:diffusion, the coatings méy also suppress hydrogen
dissociation at the sufface, thus inhibiting the process at the start.
It is recommended that a two-pronged program be initiated with‘the
objective of developing well characterized tritium containment
materiéls for fusion reactors. Such a program might.have the following:
fasks:‘

Task 1 — Mechanism of Tritium Permeation in Metals with Intégral

Ceramic Coatings.
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