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RECENT EXPERIMENTAL RESULTS ON SOLUTIONS OF

DEUTERIUM IS LITHIty

H.R. Ihle and C.H. Wu

Institut fur Chemie der Kernforschungsanlage Jiilich GrcbK

Institut 1: Nuklearchenie

D-5170 Jiilich, FRG

ABSTRACT

The existence of a number of stable
molecules containing lithium and hydrogen
isotopes in the saturated vapor over dilute
solutions of hydrogen isotopes in lithium
causes an unexpectedly high density of
hydrogen isotopes in the vapor at high
temperature.

An evaluation of the partial pressures
of the gas species Li, Li,, LiD, Li2D, LID2
and D2 over solutions of aeuterium in
lithium measured in the temperature range
770-970 K, and extrapolation to higher
temperatures, leads to the conclusion that
the ratio of the atom fraction of deuterium
in the gas to its atom fraction in the
liquid exceeds unity above *.124O K; this
ratio is independent of the deuterium atom
fraction in the liquid at low concentrations.

Therefore the thermodynamic supposition that
hydrogen isotopes can ba separated from
lithium by fractional distillation even at
extremely low concentration exists. A direct
verification of this phenomenon was made by
Rayleigh distillation of Li-D solutions in
the temperature range 970-1600 K. These
measurements yield also the ratio of the
deuterium atom fraction in the gas to that
in the liquid and are in good agreement with
the data obtained by extrapolation of partial
pressures. The enrichment and depletion of
deuterium in dependence on the number of
theoretical plates of a distillation column
at total reflux is calculated using our
results.
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INTRODUCTION

Experimental measurements of Sieverts constants fox

hydrogen isotopes in liquid lithium at low concentrations

are required for calculations on CTR-concepts using liquid

lithium as blanket material. The Sievert? constant,

for solutions of deuterium ir liquid lithium which contained

between 1 and 100 ppm deuterium was determined mass spectro-

metrically between about 770 and 970 K.

Durir.g these measurements we attempted to observe,

besides D_, also LiD, which has been investigated by optical
2spectroscopy , and triatomic molecules in the system Li-D,

3 4which were predicted to be stable by ab initio calculations * .

Thermodynamically one is lead to expect that the saturated

vapor over solutions of deuterium in lithium contains the

molecules with one deuterium atom in high relative density,

if the deuterium concentration in the liquid is low and the

temperature is high .

EXPERIMENTAL

The techniques used to measure the partial pressures

have been described in detail previously ' .

RESULTS

Fig. 1 shows as an example the resulting partial pres-

sures measured by mass spectrometry as a function of tempera-

ture; at a deuterium concentration of 10 ppm.

existence of stable LiD with a binding energy of

0.14 eV was proved by mass spectrometry . It was found that

p.. and PLJ.D rise much more steeply with temperature than

does pD2«
 T h e dependence of the partial pressures on the

concentration of deuterium in the liquid phase at 773 K is
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shown in Fig. 2. It is seen that the deuterium pressure

varies proportionally with the square of the concentration

x , whereas P L i D and P L I D
 v a rY directly proportional with

x_. Combination of the results of these measurements leads
1/2

to temperature functions of Sieverts constant, Ks D = P Q 2 ̂ B '

where x_ is the atom fraction of deuterium in the liquid;

the solubility constants for the other deuterium containing

molecules were defined correspondingly. The temperature

dependence of these gas-liquid equilibria is best charac-

terized by the respective heats of vaporization of the ob-

served molecules. They are shown in Table 1.

Table 1. Enthalpy of Vaporization of Gas-species over

Dilute Solutions of Deuterium in Lithium

Enthalpy of Vaporization

AHv*,873kcal.

37.2 ± 1.1

48.0 ±1.4

72.0 ±2.5

44. 5 ± 2

58. 5 ± 2. 5

39.0 ±0.2

25.0 ±0.2

Molecule

Li

Li2

Li3

LiD

Li2D

LiD2

D2

Li^D has the highest heat of vaporization of all the deu-

terium-containing molecules investigated. Li, has been observed

as a new lithium polymer vapor species. LiD_ was discovered

very recently. The dissociation energies of molecules in the

Li-D system, deduced from gas equilibria, are shown in

Table 2. The experimei.t?l atomization energies are hiyher
,3,4than those predicted" Owing to the high vapor pressure
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Table 2. Reaction Enthalpies and Atcmizaticn Energies of Gas-

species in the System Lithium - Deuterium

Reaction

Li2(g) * 2Li(g)

2Li2(g)* Li3(g)+Li(g)

3Li(l)s Li3(g)

Li(l)^ Li(c)

Li2(g)+D2(g)=; 2LiD(g)

Li2D{g)+Li{g)=; LiDCg)+Li2(g)

Li2D(g)+Li2(g)^ LiD(g)+Li3(g)

LiD2(g)+Li(g)i; 2LiD(g)

Enthalpy

:.H°,Kcal

25 .5-0.2

10.7:0.2

73.CrO.4l

38.5--O-1J

15 -5:0.7

11 .5:0.5

21 .5-0.5

12.5

Atoir.ization

Energy

D°,Kcal

25.5-0.2

40.2:0.3

42.5-0.3

57.3:0.9

9-5.0:1 -0

94.8:1.0

127

Molecule

Li 2

L i3

LID

Li2D

LiD2

of lithium, these measurements were restricted to temperatures

below 1000 K. The instrumental sensitivity i?.ade possible the

detection of a partial pressure of 10~ Torr within the

Knudsen cell in the presence of a large excess of lithium

vapor. The evaluation of the equilibrium constants for the

gas-liquid equilibria involved lead to an expression for the

ratio of the atom fraction of deuterium ir the gas to that in

the liquid, which is found to be greater Uian unity at tempe-

ratures above »124O K by extrapolation of the results obtained

experimentally.

To verify this finding, Rayleigh distillation experiments

were carried out up to the boiling point of lithium ( = 16OOK )7 .

The results proved that the expected high deuterium density

in the saturated vapor exists. These experiments were conducted

in the vacuum chamber of the mass spectrometer, which was also

used for the partial pressure measurements (Fig. 3).

A known amount of dilute solutions of deuterium in lithium
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was distilled off, vhile the shutter was kept closed. Frern

the change in concentration before and after distillation,

measured by the known -relation between partial pressure and

composition, one calculates the ratio of the ator. fraction of

deuterium in the :as to that in the liquid: R = x^ /x^ ,.
D.gas D,liquid.

The Rayieigh distillation results, compared with calcula-

tions from extrapolated vapor pressures/ are shown in Fig. 4.

The evaluation of R from vepor pressures was carried out

using the relation
KLi-D + KLiD + I

where: K = PL, ,/

*
KLiD = PLiD/XD,l

The other symbols have their usual meaning. Note that for

x^ , < < 1 , R becomes independent of x .,. Hence at high tem-

peratures R exceeds unity, regardless of how low the concen-

tration of deuterium in *_..£ liquid might be.

Table 3 shews the variation of composition of the liquid

x „ and of the partial pressures p.,with the number of theo-

retical plates N in a distillation column calculated fx'om our

results assuming "ideal" solutions. By operation at total

reflux at "1100 °C with a feed concentration x_ . = 10~ , a
iJ, J.

few theoretical plates would lead to an increase of x . and
V,A

the partial pressures by several orders of magnitude. In
2

this calculation the term 2KQ «xD ^ in equation 1 has teen

neglected.

It is concluded that depletion of deuterium in the

liquid phase by distillation is thermodynamically possible.

The kinetics of the gas-liquid exchange will of course play

an important role in a possible practical application for the
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Table 3. Deuterium Atom Fraction x,. , and Partial Pressures

in Dependence on the Number of Theoretical Plates N

N

0

1

2

3

4

5

6

7

8

9

10

0

- 1

- 2

- 3

- 4

- 5

- 6

X D ,

1 .00

2.07

4.28

8.85

1.83

3.81

7.96

1.68

3.63

8.23

2.08

1.00

4.84

2.34

1.13

5.47

2.65

1.28

T = 1

• 10-6

- -,o-6

. 10-6

- 10-6

• 10"5

- 10~5

• K " "

• 10"4

• 10"4

• io-4

• 10"3

• 10"6

• 10"7

• 10-7

• io-7

• io-8

• io-8

• I D " 8

373 K; xD , (Feed) = 1

(N)

ENRICHMENT

2.26 •

4.67 •

9.66 •

2.00 •

4.14 •

8.60 •

1.80 •

3.79 •

8.20 '

1.86 '

4.69 •

10-7

10*7

io"7

10"6

10-6

10-6

10-5

IO" 5

10"5

10~4

10~4

DEPLETION

2.26 •

1.09 •

5.28 •

2.56 •

1.24 •

5.98 •

2.89 •

10-7

io"7

io-8

10"8

ID'8

10"9

io-9

• io-6

PL iD(N)

8.65 •

1.79 •

3.70 •

7.66 •

1.59 •

3.30 •

6.88 •

1.45 •

3.14 •

7.12 •

1.80 •

8.65 <•

4.18 •

2.02 •

9.7O •

4.74 •

2.29 •

1.11 •

10-B

io"7

10"7

10"7

ID"6

10"6

ID"6

10"5

io-5

io"5

K T 4

10~8

1Q"8

10"8

1O~9

10"9

10" 9

10- 9

4 .

1 .

7 .

3 .

1 .

6 .

2 .

1 .

5 .

2 .

1 .

4 .

9 .

2 .

5 .

1 .

2 .

6 .

19

79

67

29

41

09

66

18

52

84

81

19

81

29

37

26

94

88

j (N)

• io ' 1 1

- 1O"10

• 1O"10

- 10-9

• 10"8

- 1O"8

• 10"7

• 1O"6

• lO"6

- io"5

. ID'4

• IO"11

• io"12

• io"12

• io- 1 3

• 1O"13

. 10"1 4

• 10"1 5

removal of tritium from lithium.

The experimental results reported are for the system

lithium-deuterium. The corresponding tritium-pressures should

be slightly higher.
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ESTIMATED VALUES OF SOME CRYOGENIC PROPERTIi-S <u m ;»;;<»;;.% 3SI']J;;

C. K. B r i g g s , R. G. H i c k n a n , ft. T. Tsugawa. .in*! r . «'. Sm:ers

Lawrence Livermore L a b o r a t o r y , U n i v e r s i t y o f t'.il i f
L i v e r n o r e , C a l i f o r n i a '.>455»>

ABSTRACT

The literature on cryogenic hydrogen isotope* fri»r:
4.2 to 25 K is reviewed for triple points, vapor prv**i:rc».
liquid viscosities, surface tensions, and liquid and solid
densities. Data are extrapolated to yield values for I»1.
Empirical equations are given for »11 isotopes for each
property. At the estimated i«i."l K triple point of 1:1 '»-1
in D2-DT-T2 solution, the estimated properties are: -.aper
pressure, 19 420 Pa (145." Torr) ; viscosity S5«> • l')-~ F.i*<;
surface tension 4.25 ' 10--* X/rs; liquid density, <).o-l4t. •
106 iaol/n3 (224 Kg /is 3) ; solid density. o.OSl * !.»<• 301 '̂-*
(256 Kg/ni-5) ; and shrinkage upon freezing. -13 vol^. \t
4.2 K, estinated values are: vapor pressure, 2.4 • Jf»"i;' j\i
(1.8 x lO"1- Torr) and solid density, 0.055 • l«e* -^2 '-*
(26" Kg'mS).

IXTROHUCTIOV

Controlled thermonuclear fusion as a source of energy has Seen a

dream for the past generation. There is considerable activity in the

magnetic confinement and laser-induced approaches to thi- R°-'«I- Hoth

require heavy hydrogen DT, as fuel. !o aid cryogenic engineer*, we

reviewed the literature of DT for triple point tenperature. vapor

pressure, density, viscosity, and surface tension for the liquid .inJ

solid phases along the saturation line, fron 1.2 to 25 K. We extrapolated

the known data to estimate values for I)T and T, wherever gaps in knowledge

appear. The data given are strictly for norna1 (nj H, and n, and for

This work was performed under the auspices of the U.S. Energy Research
and Development Administration, under Contract No. W-7405-Eng-48.

:v-i2



vur.icv of the
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;rr' •>!" hy.:r >;v:: i<o!.-r---.

" J T ' I e

: ' •> . ( -

i r t i ^ l f c m s f . a r a j u J vi^ui l i b r a l ton t o the t h r e e - . : opponent r . i x t u r e

1' ,- iM-I . . " * ' Ilic t r i p l e p o i n t o:' t h i s s o l u t i o n h:i»-- net b e e n r.e:»s;.rei',

anil ti>e e<t m a t e d l>i v a l u e o f 1 9 . "1 K n n s t b e tssed f o r n i : 1 P-T m i x t u r e .

The t r i p l e - p o i n t t e n p e r a t t i r e s o f the h y d r o g e n s Jo not forns i smooth u r \ e

as a t ' u i u t i o n of "nolecul . t - w e i g h t ; r e n e a s u r e n e n t of t h e rcori- : , . s l i .c^

wonKl be v a l u a b l e .

Normal hydrogen contains the rotational energy character: : : . : of room
temperature. !:quiIibriim hydrogen contains the rotational eicrgy charactt
ist ic of any other specified temperature. If quickly cooleJ, il-> and P->
remain metastably trapped in the normal fora; HP an«! PT de-excire To the
equilibrium form by transitions allowed in the mixed isotopes: 1'T ar«d Tj
de-excite bv radiation-induced reactions.
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SATURATED VAPOR PRESSURES

Of great practical import ..ice are the vapor pressures along the

saturated (equilibrium) solid to vapor and liquid to vapor phase boundaries.

We use the SBS recommended vapor pressures, which include H , HP, D,, and

T,. " We refined these data in a recent review and replotted then using

the I'lausius-CiajJeyron equation, altered for a perfect gas. For the solid,

we assume a latent heat of sublimation 1. that is linear with temperature:

L = R(A • BT} (1)

where R is the gas constant (8.514 J/mol*K), A and B are constants, and T

is the temperature. Insertion into the Clausius-Clapeyron equation yields

a form attributed to both Kirchoff and Rankine:

lnP = - Y * BinT • C, (2)

where P is the saturated vapor pressure and C is a new constant that deter-

mines the units of pressure. Equation (2) also closely describes the

liquid, although it is more empirical because the heats of vaporisation do

not follow the form of Eq. (1). Using Eqs. (1) and (2), we calculate the

latent heats from 0 K to the solid and liquid at the triple points. All

constants are given in Table 2, and derived latent heats are given in

Table 3. The error of our vapor pressure estimates must surely be large

compared to solution irregularities. Heme, we use the DT vapor pressure

Table 2. Vapor pressures of hydrogen isotopes, Pa (Torr).
(Estimates are underlined.)

Fmpirical formula: lnP = - _- + BlnT + C

Solid-vapor constants Liquid-vapor constants

Isotooe

nli,

HP

-:

hi

T2

A

98.63

109.2

137.1

151.5

156.4

B

1.982

2.840

2.378

2.349

2.333

C

10

8

10

10

10

, Pa

.72

.023

.11

.56

.50

(Torr)

(5

(3

(5

(5

(5

.832)

.130)

.217)

.667)

.610)

89

112

137

155

166

A

.00

.4

.1

.8

.0

B

1.680

1.412

1.067

0.6712

0.6416

C

10

12

13

15

16

. Pa

.83

.23

.95

. 7 7

.09

(Torr)

(5.

(7.

(9.

(10

(11

937)

335)

058)

.88)

.20)
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Table 3. Triple-point latent heats of hydrogen isotopes, J/rol.
(Lbtimates are underlined.J

Isotope

Lrnpi ricr. 1 formula: I. = Kf.A • BTj

Sublimation Fusion Vaporization

nil,

HI)

nD,

DT"

1050

1300

1510

Ib45

1700

204

240

210

935

113*.

1506

1405

1490

o^ use with solid and triple point liquiJ. Gas constant R S.314 J/nol-K.

to approximate the D^-DT-T^ mixture. At 4.2 K, the vapor pressure of DT
-10 -1""

is calculated to be only 2.4 * 10 Pa (1.8 * 10 " Torr).

LIQUID VISCOSITY

The liquid viscosity estimates are based on H,, HD, and D, data
18 *" *"

which we recently reviewed. Viscosities were plotted for temperature

vs molecular weight. The isothermal curves were linear, and extrapolations

were carried out for DT and T-, with the liquid viscosity rj expressed by

the empirical equation

n = .65
(3)

where T is the temperature and A is a constant given in Table 4 for the

isotopes. As liquid hydrogen is cooled to the triple point, the viscosity

rises more steeply in the last one or two degrees than expressed by Eq. (3)

The actual values at the triple points (Table 4) are 3 to 5% higher than

those calculated from Eq. (3).



ic J. *ur:'jcc tension.
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('unhiding binary II-I' solutions reduces the viscosity beJc that

expected fron a regular solution of the two constituents.

Ihe raaxinuir. decrease in regularity for a 1:1 nixture of liquid H-,-0,

is -11..V.,. This Jfcrv.-i.se falls with the difference in molecular weights:

-".<>". fur H,-HI» .inJ -5.11 for IU'.-1>,. By extrapolation se estimate

"i.iximuri viscosity decreases of -".0, -3.8, and -3.i*« for D,-T1t D..-DT,

.inJ IH-].. However, the actual mixture is estimated to contain about 3:4:3

It,-!'I-'I , respectively, for a chemically equilibrated solution of 1:1 B'-T

at the triple point of 19.71 K. ' Although it is difficult to estimate

the regularity decrease for a ternary solution of almost equal parts, we

estimate decreases of -5 to -10° for 0.,-DT-T.,. Using the -5» value, we

calculate a liquid viscosity of 550 » 10* ?a*s at the 1:1 D-T triple

point of anout li>.~l-K*.

LIQUID-VAPOR SURFACE TENSION

Surface tension measurement have been taken on liquid H^, HD, and

l),~ " and have been recently reviewed. The isothermal surface tensions

plotted vs molecular weight are again almost linear and allow ready extrap-

olation to the DT and T, estimates. We employ the empirical equation for

surface tension >;

Y = \ - ByT, (4)

where the A and B are given for the isotopes in Table 4.

The surface tension of binary H-D solutions also shows a lower actual
21 23

value than that expected for a regular solution. * For equimolar

solutions, the maximum surface tension decreases from regularity are -3.8,

-2.7, and -1.5% for H2-D2> H -HD, and HD-D2. Considering the molecular

weight differences, we estimate -2.3, -1.3, and -1.0% for D
2 "

T 2 ' D 2 " D T >

and DT-T-. For the ternary D_-DT-T2 solution, this decrease could be -2

to -5% below regularity. Employing the -2% we estimate a triple-point

surface tension of 4.23 * 10 N/m for liquid D -DT-T2 at 19.71 K.
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National Bureau of Standards reciJisni-isdi-d '..iliifs" intrluklt- ars>urr-

ments of II, , HO. I*,, and I , l * ' S : > '""^ '"'" which we recently revitrhi-d.!*

Estimates for OT .ire in te rpola tor 1'ron i sotherr.a I -..sUv.ilar fci-i^t p l i ^ i .

The liquid density . to JS K. is estimate.! l>y t!u- e~pir ica! !"or-.;ii.i:

"I. = Al. * BL T J ' '•"•'

where T is the temperature and the constant* \, and ;i iro .«•> l i f ted in

Table 4. Volume changes upon conluninj; !>inary >i'lutions ,:t" tho hydrojji-ns

have been s tudied, but the r e su l t s are cont rad ic tory ," " an.! wo >!•» not

attempt to est imate the deviation t'ron; r egu la r i ty . Ihv e<ti3.iTfJ lj>)::ii!

density of 19.71 K P,-PT-T, is 0.044(> • !iit- r«,| '•?.'' i JJ4 J.ft •-""*! .

SOLI!- MAMTY

Some densities for H,, HI*, an.' D^ have heen ~c3s:jred "̂y ^-.ilV

methods.''"5 More data are available on ti,, !il>. !>,, anJ I, ?•>>• x-ray,

neutron, and electron Ai ffraction. " ' he have susiarirei! rhf=o data

recently * with the empirical expression for solid density •>.:

PS = A, - BST
5.

where As and Bs are constants given in Table J. The T" forn is dictated by

a few 10 to 11 K D points, which could be high. The !i, data can also be

represented by the T~ form of Eq. (5i. Insufficient data exist for the

other isotopes. Equation (5) is applicable to both tne usua! hexagonal-

close-packed structure and to the face-center«d-cubic structure that foras

below 4 K. The errors inherent in the available density data are larger

than the- volume change of the crystallographic transition." There are no

solid solution density data, and no estimates of deviations from regularity

are possible. For solid D.-DT-T^ of about 3:4:5 composition, the estimated

19.71 K density is 0.051 * 106 mol/m3 {256 Kg/mJ). At 4.2 K it is not

possible to estimate the chemical equilibrium so we employ the molecular

DT estimate of 0.053 * 106 mol/m (267 Kg/m ).
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(.'tiiixider.ihlc shrinkage occurs upon freezing. For II,, HD, and I',,

it is -11.'I, -11.3, and -II.ii vnli. ' For DT and 1, we estinate -15 and

-IS'., respectively. fhesr larger values for !»I and 1, result fron a

single I, density point measured at 4.2 K' anJ are therefore open to

speculation. Nevertheless, considerate physical distortion is expected

is liquid :«,-l>T-l, freezes.

SIMl'I.l DROPJI 1 IX.WPU.S

!o illustrate the uses of the preceding data, we estimate sor.e values

for a few properties of a I>-,-i>7-1, dropiet. We first directly conpare the

forces of surface tension and gravity for a droplet falling in free space,

he solve for the droplet radius a:

n YF~
a = «; — - — , {.j

\ 2 rLg '

where > is the surface tension, r. is the liquid density, g is the accelera-

tion due to gravity; and F is the ratio of gravitational to surface tension

forces. If F is 0.01, the radius is 170 un; for F = 1 with considerable

expected distortion, the radius is 1700 um. The stability of the drops

may be surprising, even with a small surface tension, but the liquid density

is also low. Thus, the expected droplet radius for liquid DT is about half

that calculated for water, which has a surface tension 12 tines as great.

The oscillations of the DT droplet may also be calculated. The
38

frequency of the second-order dumbbell oscillation f- is

33
and the time constant for damping the oscillation is

•2 • fir • m
For triple-point liquid DT with a 170-iim-radius droplet, the oscillation

frequency is 880 Hz with a damping time of only 24 ms.
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P. C. S j u e r s , K. C. i i ickr 'an, and r.. I , > >i:r.iw.;

Lawrence l . ivtrrrore

ABSTRACT

A ."opposite of e x p e r i n e i l . i l t-H i-3> > ph.»v"t.-~.i j.if-r.sr. . : i i . j
at t!:e t h r e e - p h a s e l i n t i s asser.:>l«-iJ fror. t h e : : : --r J : ,;ri .
Tin." pirns*.* d ia^ ra r . i s a -;roorii c i s a r sixtpe w: :.::«'u' .3 «••:;:•. J-: : *•
p o i n t , i n d i c a t i n g complete r . i s r i h i If tv «••:" i ic i : i . : .an j .-..:3:.;
p h a s e s . A d d i t i o n a l da t a i s uscvi t c f>li~..u-- th»- : - i j - ' -.
Pj-DT, and DT-T-> b ina ry phase Ji.itT.jr.rf. Ij;fr.t- art- .i-^-t -:•:<-.!
in to t h e t e r n a r y DT-?JT-I-> ph.isf di.;i:r.::". '-. s^r:..»i-
' t -presei i t in£ the c b e n i r a i •"•iii:i l i b r i i s - of tht- Thrt.'. - - ; L . ; : V -
i s ;iJdeti t o the ph.ine dia;;rar-.. At <.'••••-•"[ cr.l «-c-i 1 -br i •_::•:, •»,
estir-^ate thr-t 50-50 l i q u i d 3-T j t 19.7 •: i s i:i I-C.J! 1 :'••• r : - j -
wi th -<2 nole " T vapor anti 34." T so l i . ? . !r.:'r.;ri-J -.p--. : r. -
scopv i s sugges ted as a ~ear.s oi co~3orjent ar.alvs i~, '•:
l i c u i u ar.ti s o l i d f i x t u r e s .

*i-.'ork performed under x.'r.£ a-j~pices L->: the L'.>. rr-.s-r^v r,v~r, ;r.
a:iJ Development A d m i n i s t r a t i o n , u:uier . T.tr.!.-t W . :%-,'- ;-f-:̂

There i s e r e a t c u r r e n t i n t e r e s t in c o n t r o l l e d h/ciroge.-: f i ; ; , : .^ rv

~acnc-tic conf inement , e l e c t r o n bear .s , or l a s e r i r .u los ior : . The fuel th,= :

i g r . i t e s a t the lowest t empera tu re i s r>-T. This i s a c t u a l Iv a r . i x tu re oz

tiiu t h r e e compounds, D^-PT-T^, broueht to ch.or-iral ecu: 1 i b r i <IT v i t i ; one

ano the r bv be'.-i p a r t i c l e c a t a l v s i s . Since hvdro.cen l u s . i i : r:.sv he

c a r r i e d out wi th l iqu i i j o r s o l i d fuel p e l i ' ' . ^ . , i t i s ot i n t e r e s t t o

c o n s i d e r the 07-DT-T, phaf.e d iapr . in . '.>o p a r t of i t h;:> been r e a s u r e d ,

"xcept for c e r t a i n nea.surer.ents on pure !), and 1 ̂ . Most wi-rlc has hn-n

done on the n ina rv combina t ions of H^» i:I), and D.,. and tl is w i l l t o r n

thi- nuc leus for our e s t i m a t e s .



i hi- hviJrojieT.s s o l i d i r v to a h e x a g o n a l - c l o s e - p a c k e d f o r a upon f r e e z -

i n g . Hie t r i p l t — p o i n r t e r p « . r a t u r e s of i n t e r e s t t o u s h e r e a r e : e H 7 ,

1'i.Su !•'; H:., ! ' . . 6O K; r j i , , 1 8 . 7 ! K; i»T, e s t i m a t e d a s 1 9 . 7 1 K; and e T . , ,

J G . ' i J > ' . ** '~ A l i s t o! ->ther p e r t i n e n t p h y s i c a l p r o p e r t i e s i s g i v e n i n

;j c»™'.i".ii>n p a p e r t o t h i s o n e .

.':.i- v a p o r p n - ^ u r t ' - . u s e d in c a l c u l a t i o n s : o r t h i s p a p e r a r e d e r i v e d

! m r . '. ; i <•<;!..it i ••.",-. i r. tli-.- ••o'.r.p.ininn r e p o r t . '.•.'•-• have r or. s- i ck- r e d t h e

;::.!-.. - . ' i .!.•:.-.r. !•<•:.. jvi •-! : n p n - 1 i~ in.«rv f o r " a s - . v l l .is p o s s i b l e i n f r a r e d

r i f t • ' . ' i s . - • i : i . ! J v . s i s .

blNAKV HTi)R'"".KN ••KASF. DIACKA.'-̂

in »-••.-;> solutions h.is shown :o'.al r.iscib i 1 i * v with the nolar

vc-.ur.t ir.r vitiiijj.l". of the linearly added pure-co~ppnent values.

i . . - . t h e s - ' l u t i i v i s . i r e r e t u l . - r r . ' K a r l v S o v i e t v o r k c l a i r n e d t o o b s e r v e

S 4>
p ; i . i s e s(.-; . . ir; j t i o n i : : t ' : e s o l i d p : i a s e . ' " I . a t r r S o v i e t an-J A c e r i c a r .

r e : s e . ' r . - i i ' <'::!•! t o t a l r i :-• t : r> i 1 i t v i n t :u - s o l i d s t a l e but left o p e n t h e

K ' - I ' j
q u e s t i o n of p o s s : ' - ] f p h . i s t s c p . i r . i t i o n . T h e o r e t i c a l s t u d i e s a l s o

p r e i i i ( t i - o r - p ] e t e ^ o l i . ! . . i s . - i ' i j 1 i t v , a t l e a s t t o 1 i q u i d - h e l i u r

1- i - l t i
t t - r .p i - r . i t . i r e s .

I'll- t.-H , — !'_, p!'.ris« .' i .ij.-r.i~ 'as bet;i stmiied hv thern.il methods ir. four

Ki-urces. Three provide data on the liquid-solid lines but tail to

.•n,ilv;'c tin- vapor above. ' The fourth studv lenteis or. the three-

phase repinn, wluTc ! !,-P, solutions exist sir'u! t aneous 3 v in solid,

liquid, and v.ipor lorns. ' !his work confirms .'he existence of t'ne

three-phase line .:;. well as providing vapor pressures and vaj or c raposi-

tions. However, noi.e of these sources provides data on the compositions

*Normal hvdrogen (nH,) contains tlie molecular rotational energy character-
istic oi room tecpe'rat ure equilibrium. for Hi and D->, this is
metastabl.- trapped on quench in-: to low temperatures.. Equilibrium
hydrogen (eH->) possesses the ?qui 1 ibrium rotational energy at any
temperature, to he specified, other than room temperature. I'pon
coolinp, catalvsts are required to quickly equilibrate Hi and D T . HD
and VlT equilibrate quicklv due to transitions allowed bv mlecular
asvmmetrv. DT and Ti also equilibrate quicklv due to beta particle
catnlvsis.(-)
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of the corresponding liquid and solid phases. Hence, we Bust assure the

data of the first three sources to be three-phase data in order to

construct the composite eH_-D_ phase diagram shown in Fig. 1. The phase-

diagram surface is a smooth cigar shape, without eutectic points, of

vapor, liquid, and solid lines. The liquid line is slightly above the

straight reference line connecting the triple points of the two pure

coaponents. The ends of the "cigars" are closed at these tripJe points.

The validity of the composite data of Fig. 1 may be checked by

calculating vapor compositions through the vapor pressures. The Soviet

researchers find a maximum deviation from solution regularity at

17.90 K (about 53 mole % D2) where the measured 18.9-kPa (141.8-Torr)

vapor pressure is 5% higher than the calculated value. * We shall

extend this calculation by use of our soiid-and-liquid vapor-pressure

formula for H- and D,.* The calculated mole fraction of D9 in the
V

vapor phase, N~, is

NLPL

V 2 2
N^ L L L L O a )

Y l 2*2

based en the liquid phase, or

NSPS

V 7 2
N2 = S 3 S S < l b )

N P + N PV 1 2 2

based on the solid phase, where N is the mole fraction and P the vapor

pressure of the pure component. The superscripts, V, L, and S refer to

vapor, liquid, and solid phases; the subscripts 1 and 2 refer to the

lightc and heavier isotopic species. For D?, P^ is an extrapolation of

the liquid vapor pressure equation below the triple point. For H?, P"

is an extrapolation of the solid vapor pressure equation above the

triple point. Using our vapor pressures .ind the liquid and solid

*The vapor pressure formula is si7ictly derived for nH. but should be
indistinguishable within error for elU.
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Fig. 1. Experimental data for the thieo-phase eH.-D., system.



compositions of Fig. 1, we use £q. '1) to calculate vapor compositions.

These compositions, shown in Table 1, conpare favorably with the actual

experimental data. We snav feel secure that the data of Fip. 1 represents

the three-phase line of eH^-D,, to a few percent.

The binarv liquid-solid phj.se di.-i.er.ins for H,-HI) and HP-D., have also

been measured. These forr. "cigars" i hat are nucU core slender than the

one for eH^-D,. The liquid line is indistinguishable fron the straight

reference line joining the triple points. We nay, therefore, derive

isothermal liquid compositions fror: this line, and then use the liquid

portion of Eq. (1) to calculate the approximate vapor lines. This pro-

cedure nay also be used for the binary sysceras D_-T?, D,,-DT, and DT-T-,

even though no experimental data is available.

The results of these calculations are summarized in Table 2. The

origin is the 50-50 mixture point lying on the straight reference lines

between triple points. (This is shovn as point 0 in Fig. 1). An

isothermal line is drawn through this origin, whic.'i intersects the vapor

and solid lir.es at points V and S in Fig. 1. The derived points, V and

S, in mole percents for the various binary components, are listed for

the vapor and solid lines in Table 2. These lines may, therefore, be

reconstructed by placing a curve from triple point to triple point through

this single calculated reference point. The error in the use of a single

reference point for very thin phase-diagram "cigars" cannot be larg«,

compared to the uncertainties of the estimates themselves.

Table 1. Comparison of three-phase compositions of eH_-D_ vapor.

Temperature
(K)

16

17

18

Experimental
(Fig. 1)

15

30

58

D? in vapor - mole %

Calculated

Eq. (la)
(Liquid)

13

28

56

Eq. (lb)
(Solid)

15

33

64



.'. .-.i-it!! c ! tin- r. in.-irv :iv<ir<>t'i-n-:;:;a«.i--<ii;uT •-• ". i ; . : r v " : n r
t!ir« •<•- pi. .!•,<• . " j u : i ! t>r i'jn >'cs t :r..!t t-s i n p.jnr.t ::«."-• -/.

H , - U ,

r)'r-7

'Udian t r i p l e point
tcrapi-rature,

K

16.26

15.20

17.66

19.67

19.21

20.17

[ M . ( 2

0. 302

0.184

'J.120

0.09 7

J.O52

0.0A5

:•«•]«

Of.*';

lie

Vapor pressure calculation [Fq. (1)] fror; experimental liquid data

I Kip. 1].

Vapor pressure calculation usins straight lines between triple points.

'Extrapolations of experimental data using '.

We must fir.p'ly estimate the reference points for the solid lines

for IJ -T , D9-DT, and DT-T . We note that the "cigars" thin considerablv

as the relative molecular-weight differences or relative triple-point

differences of the pure components decrease. The reference points so

far calculated seem to best fit the function, T,

T2" T1
(2)
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where T, is the triple point of the pure lighter component and T_ the

triple point of the heavier. We then extrapolate the solid line reference

points to the various binary species as a function of I. This data is

also Ksted in Table 2.

THE TERNARY PHASE DIAGRAM

The binary data may now be assembled to yield an estimate of the

D--DT-T phase diagram in the three-phase region. This is shown in

Fig. 2. The diagram is a triangular prism, with a pure component at each

edge. The mole percent is plotted along each side of the prism; temper-

ature is plotted vertically. A binary phase diagram lies on each side of

the prism, closed at the triple point temperatures at each edge of the

pri.sm. The straight lines connecting the triple points in the binary

phase diagrams may now be extended to form a reference plane in the

three-component phase diagram. The reference plane is tilted, because

it is connected to the three different triple points. The vapor, liquid,

and solid lines of the binary diagrams now become curved surfaces in the

ternary diagran.. The liquid surface will lie slightly above the reference

plane and be bowed upward. Within error, however, we may take the

reference plane to represent the liquid surface. The vapor surface lies

above the reference plane and the solid surface below. Both planes may

have considerable curvature, upward and downward, respectively. This

curvature cannot be accurately estimated in our simple sxsdel and will

require experimental measurement.

Let us simplify the problem by considering D-T liquid of 50-50

composition. This is the liquid line shown in Fig. 3. It runs from the

DT triple point of 19.71 K to the 50-50 D2~
T7 t r l P l e P°int estimated at

about the same temperature (19.67 K ir. Table 2). Although this line is

bowed upward above the reference plane, we may study its essential

behavior by considering the line to be located in a 19.7-K isothermal

cue across the phase diagram. Such a cut is shown in Fig. 3.

Within the 19.7-K-isothermal cut, we may apply the estimation

procedures previously used to obtain vapor lines. The key is the D_-T_

binary phase diagram, where the 19.7-K vapor line intersects at 36 mole %



Chemical equilibrium surface
Mole '- r

19.7 K surface

21

OJ

i-

DT

Fig. 2. Calculated triple-surface phase diagram of D.-PT-T .



Chemical
equilibrium
line

DT50=?

Fig. 3 The 19.7-K-isothermal cut of the D.-DT-T phase diagram.

T, and the solid line at 57% T_. This means that the "cigars" for the

three-phase D2~DT-T_ mixture will be closed at the pure DT end but will

be open at the D_-T~ end. We now calculate the mole percent vapor con-

positions using the liquid term of Eq. (1) expanded to three components.

The result, plotted in Fig. 3, amounts to virtually a straight line

across the 19.7 K isothermal cut. We cannot define Eq. (2) for three

components and therefore indicate the solid line by a straight line.

We need still another means of locating ourselves in the ternary

phase diagram. We, therefore, consider the chemical equilibration of the

reaction

U, + T, 2DT (3)



to take place in a time rapid compared to our experiments. The kinetics

of this reaction have never been measured but tritium workers feel that

minutes or tens of minutes is the order cf magnitude for equilibration

time. In Eq. (3), we assume a moles of D_ and b moles of T_ being

initially nixed, wirh 2x raoles OT existing at equilibrium. The equilib-

rium constant is K, which is 4.00 at high, i.e., room, temperatures and
3 19

is estimated to be 1.80 at 19.7 K. ' The actual value of pressure for

the vapor phase calculation of Eq. (3) does not natter, since the sane

number of moles appear on either side. We have the form

K = T T^T r (4)
(a - x) (b - x)

The mole fractions at chemical equilibrium are:

(5)v (Hi)

where

—
x -

(a + b) K - /(a + b)2K/ + 16 abK
2(K - 4)

Using Eqs. (5) through (8), we calculate the 19.7 K chemical equilibrium

which is shown as a line in Fig. 3 and a surface in Fig. 2. This line

intersects the vapor, 50-50 liquid, and solid li'.nes at points \, L, and

S, respectively. The arc VLS is the tie-line across the phase diagram.

The compositions at the^e three points are listed in Table 3. These are

approximate, since the actual vapor and solid lines curve in the three-

dimensional phase diagram. Also, deviations of tht> vapor pressure from

true additivity will modify the calculations based on Eq. (1).
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Table 3. Predicted equilibrium compositions at triple-phase
point, starting with 50-50 liquid D-T.

Hole X

Species Vapor Liquid Solid

D 2 3*? 30 27

0T 39 40 39

T _22 _30 _34

100 100 100

D 58 • 50 4o

T 42 50 54

Point L' in Fig. 3 represents the room temperature chemical

equilibrium constant. Should chemical equilibration take longer than

expected, a series of ncnequilibrium tie-lines could exist in the region

LL' of Fig, 3.

It is evident that considerable room for experimental work on the

D2-DT-T_ phase diagram exists. The vapor pressures of the mixture at

known compositions and tenperatures should be measured, probably by mass

spec.roscopy. The compositions of the liquid and solid in equilibrium

with the vapor should be measured. We suggest the use of infrared

spectroscopy for this purpose. Although of low intensity, an induced

molecular moment exists, and fundamental vibration-rotation resonances

at 3.0-4.5 Urn are expected for a 0.1-0.5 mm thickness of liquid or solid

D2~DT-T?. Since hydrogen remains diatomic to the lowest temperatures,

and vibrational frequencies are modified by the molecular weights, the

three components are expected to show infrared absorptions at s'ightly

different frequencies. This has never been neasured for tritiated

hydrogen. We have, therefore, calculated the infrared spectrum of

eDj-DT-eT- at 19.7 K. This spectrum Is shown in Fig. 4. A three-peak

spectrum exists for each component (with the peaks indicating amounts of



rotational energy; i.e., ortho-para species). In practice, cor-sarisorc of

the peak areas with suitable standards would allow quantitative analysis

of the components of the liquid and solid states.

Also of extreme interest are the chemical-equilibrium constants and

reaction rates for Eq. (3) in all phases about the three-phase region.

Again, infrared spectroscopy appears most suitable for the task of liquid

and solid analysis.

Wavelength —
4.0 3.5 3.0

60 70 80 90
Frequency - THz

Fig. A Calculated fundamental infrared vibration-rotation
spectrum for eDp-DT-eT- at 19.7 K.



IV- --i

REFERENCES

1. H. M. Roder, G. E. Childs, R. D. McCarty, and P. E. Angerhofer,
Survey of the Properties of the Hydrogen Isotopes Below their
Critical Temperatures, National Bureau of Standards Technical Note
641, U.S. Department of Commerce, Washington, D.C., 1973, Section '.7.

2. P. C. Souers, R. G. Hicknan, W. Z. Wade, and R. T. Tsugawa, A Simple
Model of D?-DT-T2 Equilibrium at Cryogenic Temperatures. Lawrence
Livennore Laboratory, Rept. CCRL 51681 (197A).

3. C. K. Briggs, R. G. Hickman, R. T. Isugawa, and P. C. Souers,
Estimates of some Cryogenic DT Properties, Lawrence Livernore
Laboratory, Rept. UCRL 76708, presented at the International Tritiun
Conference, Gatlinburg, TS, October 1-3, 1975.

4. P. C. Souers, R. G. Hickman, W. Z. Wade, and R. T. Tsugawa, Estimated
Infrared Spectra of Cryogenic D2-DT-T2, Lawrence Livernore Laboratory,
Rept. UCRL 51674 (1975).

5. M. Lambert, Phys. Rev. Lett. _4, 555 (1960).

6. H. F. P. Knaap, M. Knoester, and J. J. M. Beenakker, Physica 27,
309 (1961).

7. H. F. P. Knaap, R. J. J. Van Heijningen, J. Korving, and J. J. M.
Beenakker, Physica 28, 343 (1962).

8. V. S. Kogan, B. G. Lazarev, and R. S,, Bui at ova, Sov. Phys. - JETF 7,
165 (1948).

9. R. F. Bulatova and V. S. Kogan, Sov. Phys. - JETP _21, 89 (3965).

10. J. R. Caines, E. M. de Castrc, and J. G. Gaunt, Phys. Lett. 8,
167 (1964).

11. N. G. Bereznyak, I. V. Bogoyavlenskii, L. V. Karnatsevich, and V. S.
Kogan, Sov. Phys. JETP 30, 1048 (1970).

12. D. White and J. R. Gaines, J. Chem. Phys. 42, 4152 (1965).

13. N. G. Bereznyak, I. V. Bogoyavlenskii, L. V. Karnatsevich, and A. A.
Sheinina, likr. Fiz. Zh. 19,472 (1974).

14. M. Simon, Phys. Lett. £ , 122 (1964).

15. C. E. Hecht and A. M. Sapse, Physica 41, 255 (1969).

16. W. J. Mullin and H. K. Sarin, Phys. Lett. 29A, 49 (1969).



17. N. ';. Bereznyak, I. V. Bogoyavlenskii, L. V. Karaatsevich, and A. A.
Sht-inina, Sov. Phys. JETP 32, 838 (1971).

18. N. H. Bereznyak, I. V. Bogoyavlenskii, and L. V. Karnatsevich, Sov.
Phvs. JETP 36, 304 (1973).

19. K. >!. Jones, J, Chetn Phys. r7' ' ° 6 2 (1949).

20. F. Daniels and R. A. Alberty, Physical Chemistry (John Wiley, Sew
york, 1956) pp. 245-7.



THE Ur.AKIUM-TRlTIUM SYSTEM - THE 3TOP.AJE

R. S. Carlson

Monsanto Research Corporation, Mound Laboratory

ABSTRACT

The thermodynani.es of the arar.iua- tr i t i urn
system were determined over the pressure ranee of
2 x 10" ** to 20 ats fron experimental :onpos i t ion-
pressure- temperature data. Both enthalpv and or.troc:
were shown to vary slightly with composition by ar.al-.
sis of van' t Hoff plots for the U-D system and thi.-
U-T system. The evolution of heIiun-3 torr.e in the
lattice of a fully tritiated =-japle of uranium was
studied over a period of several months, and the
relative proportion of hsliua-3 and tritium in tr.e
evolved gas fron an aged UT. sample was determine::
at several temperatures. The desorpticn ani ab-
sorption characteristics ~-t a typical jiraniur,-
tritium storage bed have been studied sr.d observed
for several '/ears.

Mound Laboratory has had an intir.a:e involve---:-::- with

the science ai.d technology of preparing, handling , sr.: deter-

Bining the fundamental properties of r.etai hydrides, i-iutor-

ides, and tritides for a number of years. Of the- tritidos

we have determined the thernodynamic properties ri ?d-T,

Pd-Ag-T, V-T, and U-T. One of the more J^eful of thr-se

materials is uranium, because of its ability to rapidly

retrieve, store, and dispense tritium gas. Cran.-;~ as uranium

tritide is commonly used at Mound Laboratory in tritium-

hdndling gas racks where it performs the functions r.entionea -

those of storage and purification of a tritium-containing gas

stream. Figure 1 is a diagram of a tr i tium-hand 1: nc; gas rac):

intended for studies of metal hydrides ever a :.:-'_• = s ure range

of about 10 9 atm, from 10~6 to ID3 atm. A I'-bei, a vessel

containing uranium tritide, is an essential part of such a
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~.i-- rack. In thi.-; : jf t I'.-.ilar .-:•/. • .-n , a wlljJiurj iiffuser is

u::--i for : urifi^aticn of hydrooi-n an: :• utvrr:i, and tritium

i; ; '.irifioj by circulation throu;h i loo: -oRtainin-j the- U-bed.

2 is a photourJ!;h of this ro -K. It is located in

-l • t a i n 1 •-•.-. - st.el tune hood 6 ft wide- wh i c-h has an a 1 .•' flow

in excess of 230 linear ft/nin with one door open. Type 347

stain] <_-f»= stool is the naterial of cons truer icn ir. the? U-i-ed

3n.i in Li;.:- doubly contained hish pr^ssur:- vo.-sel in the verti-

cal tube furnace. This material has performed satisfactorily

at t c-:r.pe r at ures UP to 700°C and at lower tenrt'ratures up to

I J J ; atn of tritium. 'iucio stainless 5 tec-1 welded bellows

valves and Koke silver-soldered bror.ze bellow valves are used

t'r. r jujhc u t and have given no trouble. Hit packed valves are

U:'<v'i in the high pressure portion of the rack arid do not leak

if the valve stem is not moved whil<> under high pressure.

Thv o:posits is also true. A HIP sirrocontrol valve permits

withdrawing gas froij the systen at 13,000 psi and raising the

r.ressuro on the- other side of the valve to 100 ..m (as an

oxini Ici following which the valve can b<- closed leak tight

3: t hf S'-ot. This operation is roy.oat abK- many tiinos but <ias

•: • 1 ••• a • 1 : not reliable at low pressures; th.it is, at perhaps

2". '.' ••• •; i a n J under. A new rack built today W . T J M of course

b'. iouijlv enclosed. tieatinq the expos-- : U-b'd shown, which

.-:.i CJ ••tr-acity of about 60 lit'-r.-:, to "yclc the contained

tr it:u~ of about 1 n o 1 e would r <• 1 •& a s e about 50 C i .

'Ih'." figure is cited to indicate the losres that would

'i :ir w 1 t r. >ut double containment by simple diffusion alone.

.-'.•• -. it i~b:< .-. t t ••npor.i turc , diffu:'. iin proc^<>ds rapidly

'-•n̂ ;:':. s - • t:..it a :toraqe t-ink nnco uso-i to contain tritium

;. 1 1 ! •"•):•••.•• r - o n t. i n u o r •'> con t air. i na to cold 'la"''?, contained

',v 1 f : .: , r, if to;' r..ranro'j3 purges. .Such ..« tank can easily

: : : ! :•- - r i t i u"i to contained hydrog'-n or -2.5 ,.Ci/nil of
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hydrogen at STP. It should be remorbered that 40 hr/wk of

exposure to 1800 uCi/m3 of tritium (gas) or 5 iiCi/m3 of HTO is

equivalent to an adsorbed dose of 5 rem/yr.

The problem is the presence of heliun-3 decay product in

the tritium. A static system for separation of heliun-3 fron

tritium will fail or, in other words, be of low efficiency in

its ability to separate the isotopes because of "blanketing"

of the gas-solid boundary by helium-3. Whether the boundary

is palladium or uranium is relatively insignificant when the

relative thermodynamic properties of the two materials are

taken into consideration. The rate of generation of heliun-3

in tritium is such that, after 10 days, 0.3% of the gas mix-

ture is helium-3, yet this seemingly insignificant aaount

results in almost unsurmountable problems in static purifi-

cation systems. Therefore, a dynamic purification system is

imperative. Such a system should include, in addition to the

palladium or uranium membrane, a storage vessel to permit a

substantial volume of material to be handled and a rotary

var.e blower. A valveless pump such as a blower has the abilitv

to operate at pressures down to any level of vacuum desired,

whereas a valved pump will cease pumping when the system

pressure drops below that required to open the valves. In

the operation of the U-bed, introduction of impure tritium

is periodically halted to allow the U-bed to absorb all the

tritium in the loop; then the heliu^-3 is punped off to the

stack after passing through one or more- scavenger u-beds to

absorb any residual tritium. The cycle is then repeated.

Holiun-3 buildup in the lattice of uraniun tritide also

contributes to the problem. Pure tritium is obtained fron a

U-bed by repeatedly cycling the system in such a manner as

to desorb a substantial fraction of the tritium and heliura-3

into a large volume, allowing the U-bed to cool, then re-

absorbing the tritium, leaving the helium in the gas phase



to bo pumped off. It is helpful in such a procedure to dis-

card the first small ali«uot of helium-rich gas.* Heliun is

desorbed from a U-bed at lower temperatures than tritium

sinco it tends to accumulate in bubbles in the lattice, in

contrast to tritium which occupies definite lattice sites

A second method by which essentially pure tritiun car* be

obtained is to record the maximum temperature to which the

U-bed is raised during the purification cycles; and then

during the final desorption cycle of pure gas, the U-bed is

heated to a temperature several degrees below the previous

maximum. While I realize that tritium fuel for C7R nachines

can tolerate some heliura contaminant, the foregoing is to

be taken as advice.

Investigation of the properties of uranium tritide at

Mound Laboratory has revealed son; of the characteristics

of helium release from a uranium tritide lattice. As men-

tioned, helium exists primarily as bubbles in the lattice, a

topic to bo fully described in the following talk by E. C.

Bowman and A. Attalla of Mound Laboratory. Heating a

uranium tritide lattice does not remove all the trapped

helium-3. Furthe more, undisturbed uranius tritide slowly

evolves helium-3 at a rate far less than the generation rate.

Figure 3 is a plot of the helium release froro uranium tritide

with time. These data were obtained at Mound Laboratory by

R. C. Bowman and C. J. '.Jiedenheft. This material was new

uranium tritide which did not have a previous history of

exposure to tritiun and/or high temperature for any sub-

stantial length of time. It has a surface area of approxi-

mately 0.4 m"/g. A simila." experiment was conducted on

uranium used in connection with studies of the thermodynamics

•As an example, during the 5th cycle (purification) heliusi-3
5.8% in initial 0.019 liter; 0.05* in following 0.75 liter
(out of 20 liters total desorbed gas).
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•jf ' :•• •-. .•• -i :• i .in f. J i r i ; J > - :;•/.-•; t <-•."• <' < - s t i.:nu Kd'i t o h a v e a :-• J r f a ~ '"'

u r-.-.i •.. f 1 . :J - 2 . -. rr. '/-,) . At th<j LfjiriinnJ of this exj-c-r irt-r.t ,

th<- hijh ;,-JI itv sj-ipl. r. f uranii'i* I uKe-d had exr-tr: t:ic-'J a

total of jj : iijximti 1 •/ S.; hr of eZL,osure to tritium at t6*«'.ra-

tun;.; -;f 4 Vj-<, './•;, ti.<- f i r: t h.ilf of th<- cx:.o^jre teisj it

a "./U fjtio of ^. } or loKi.; the- sc-cond r>ulf of the t a o s a r ' :

to tritium b»• i n 7 tit .'i T/U ratio of 2.65 or greater. It car.

be- i-ostul<!t!-J th.'it Joi/Oj!1: ioii of h •"-1 i a:n - i into a ijiof.iua

lattice at high t(-,r.i,i.-raturo would have crc-atea niore sana=c-

thun such dt.-£.fj-• it ion at r-jos t tsu- r a t ur e . Of course, it can

al.io kt f-ostuiat'-d th.jt relaxation or "r.ealir»9 processes also

; r.jcc-J faster at elevated temperature. It will be observe

that r •_• 1 I.-JS'.1 r-roL.eeJs ~ore rapidly for the first 1.3 yr :;i\.r.

pre-ag.;i uraniun tritiic- than with now araniu-. tritiie. Of

course, the ^ro-a^od jrisiua v.-as no*, or.ly canaged but still

rotairi'-.i some fraction of the :.eliua-3 previously trapped in

thu lattice Li-fore the '.-xu-rir.er.t connenced, ever, thou-gh the

sa.Tipi.- ri.iu hf_n h-.-atc-'i to ~ 'J J: C and stripped of all tritiu::,

follow. ; Vjy thoi- jgh j ur^ir:g with deuter i u~ and a second

.i"af i rr.j to / J'J ° C to ri_-:rove the deuteriuni, and followed fir.ally

by i. r-.uiirg uf tritium to a composition of UT;-.e-. This naterial

was alljwed tj stani for 104 days at room temperature; the

evolved heliu*i-J overpr c-s:- ur e was then measured and the gas

sa:n;.-l<-? analyzed by -ass spect r one t r y . It was pure helium-3

and rcpr ••••j«.-nt •• d 5. -i t of all the helium-3 born in the lattice-.

This no 1 i UITI- i iivi'rqj': wa =; : uinpcti off and the data in Ficur*- _5

vii'to :;ubscr;i':;t ly obtained which a«re<_s wo 1 1 with th-"1 5.4-.

data point. It car. bo concluded that a danaac-d -jrar.iur. lat ti "»•

cannot be com,-' 1 o to 1 y ."snnealod at tnnreraturcs below 7 p A 5 " and

that the ; r< - i nduce>d lattice d.-fects rufa?tanti illy ir.~rpj.--o

the rate of helium roloas<"- Troni uranium trit'.dr-.

•Analysis (p:m) Fe, 20; - i , 25; Ma, 5; Kg, 10; :: i . - 1 j.- A i ,
2 5; ru, < 6 ; C r , -" R .
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One other observation which may be of interest is that

absorption of tritium dynamically on a U-bed proceeds snoothly

and initially with great velocity generating substantial heat.

Ob"iously tne absorption of tritium eventually becomes self-

limiting because of the exothermic nature of the reaction.

Absorption ceases when an equilibrium temperature is reached,

that is, equilibrium with reference to the coraposition-

precs..re-temperature plot of the uranium-tritium system.

This temperature is about 400°C under normal conditions of

about 1 atm tritiue. pressure. Emergency cooling is not

really necessary because of this, as a runaway reaction is

not possible; hovever, evolved heat must be removed to pro-

mote continued absorption. The observation I am referring to

here is. that after the compos ition "of the U-bed has reached

about T/U = 1.5, the absorption rate seemingly slows down.

In other words, it is more difficult to absorb tritium on a

half-filled U-bed than on an empty U-bed. This is contrary

to the C-P-T plot which indicates a plateau or two-phase

region of great width, from about UTo.o i to UTs^j, which

implies no change in equilibrium pressure over chat range.

I believe this problem is related to the diffusion coefficient

of tritium in the grain of uranium-uraniora tritide in that

after the grain of uranium is partly saturated, diffusion

into the depth of the grain becomes the controlling factor

in preventing rapid absorption of tritium into the uranium

lattice.

Thus, a doubly contained U-bed, which has provisions for

both circulation of gas through the bed and sufficient cool-

ing capability to remove the heat of reaction and which is

operated with sozie consideration of the relative properties

of helium-3 and tritium in the lattice, has been found at

Mound Laboratory to be one of the more useful devices for

handling and storing tritium.
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The thermodvnami c properties of the- uraniun-tr itiun sys-

tem were investigated over a pressure range of 10J ata froa

l±9-572°c. The apparatus and material used were identical

to those which were later used for the hc;iium-3 release experi-

ments, and exposure of the uranium metal to heliuni-3 daoage

at high torapera ture recurred during this experiment. Initially

slices of high-purity uranium metal were deuterided and de-

gassed until the- massive metal was reduced to £ fine powder.

After all the deuteriu.ii had been removed by evacuating the

system at 700°C at pressures in the Micrometer region, the

system was purged once with a small amount of tritium which

was removed by the same method used to reraove the deuterium.

A predetermined amount of tritium was now added to the

uranium powder doubly contained in the high pressure reactor,

and compositior-pressure-tsmperature (CPT) points were ob-

tained (Figure 4) by cycling the temperature up and then down

stepwise, then recording the pressure and the temperature

after they remained at equilibrium for 20-30 din. Equilibrium

as hero defined implies temperature and pressure changes no

greater than *0.5°C and i0.2» of observed pressure for the

period mentioned. All values for pressure are for desorption.

Van't Hoff plots of 1000/T°K as a function of log pressure

were then constructed at compositions of UT2.90. UTc.o»» and

by extrapolation UTo.oo- It will be noticed that the iso-

therms are not flat but are <at lower pressures and are closer

together at the high composition end of the plot. When van't

Hoff plots of 1000/T°K as a function of log P are constructed

(Figure 5) , it will be noticed that the lines represc-nMr.cj

the three different compositions while straight are not c:'ito

parallel. No amount of redrawing sufficed to rerier the

lines parallel. The conclusion is that AH and As ary wit.ii

composition for the uranium-tritium system.



2.U 2.18 2.*0 2 9} 3*1 2.H 1 H J 03

Fig. 4. Conposition-Fressure-Tenperature Plot of
the Uranium-Uranium Tritide System.
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Fig. 5. Comparison of van't Koff plots for Uranium-
Uranium Tritide System.
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To test this conclusion, an experiment was performed

on the uranium after all the tritium was removed, whereby

the system was deuterated to form UD3 (Figure 6), and van't

Hoff data were gained directly by lowering the composition

stepwise to one of several values, which were then calculated.

Next all valves were closed and the system was cycled up and

down twice obtaining seven temperature-pressure equilibrium

points during each cycle. When these data had been obtained,

the composition was lowered to the next value and the cycles

were repeated. All data were corrected for hot and cold

volume and for small changes in composition caused by trans-

fer of gas from solid to sjaseous phase. In addition,, the

outer chamber of the doubly enclosed reactor was filled with

argon, and this gas was periodically analyzed by mass spec-

trometry. Any deuterium buildup v«s noted and appropriate

corrections were made. Van't Hoff plots constructed directly

from these data were fitted to the equation log P atra =

(-A/T°K) + B, and AH and AS values were calculated from these

constants and plotted as shown. In most cases the second

set of data from each temperature cycle at any composition

was slightly lower in value irhan the first set of data and

these values were chosen to avoid any problems that might have

been related to the uranium deuteride "remembering" a previous

corposition by not having relaxed completely to the new D/U

ratio. It will be observed that AH and AS are at their

highest when the D/U ratio is relatively low and when there

is a high degree of disorder in the uranium lattice coupled

with a plethora of sites capable of accepting a deuterium

atom. Conversely, values of AH and AS are lowest when the

lattice is almost completely converted to 8-phase uranium

deuteride at which point the amount of disorder created by

the introduction of a new deuterium atom would be lowest,

and the competition for bonding sites (the AH value) would

be at the highest level. It will be observed therefore that

AH and AS in both uranium tritide and uranium deutcride are



102

10

10r

u

01

J-i

5

2

10

10

10 '

5

2

j

5

2

U

1.0

500 400
Temperature, °C

300 200 125

1.2

1

\

log P

log P

1 1

\

1 1

\

\ |

-4038.2 , rt_.

\

\

350-572*

119.5-3=

1

- " -

\
C

>o°r.

•

— —

V

\

1-8 2.0

1000/T, CK

2.2 l.l* 2.6

Fig. 6. Thermodynamic Properties as a Function of
Composition for the Uranium-Deuterium System.



- o n : ( , - ; ; ! : , : , • ••: •• r , : • • ' . ' .-.:. :

t r : a t i t i . i • • r r / r . . • • . ; • * • . - . : • • : >

r i J i o i s " r . a •: i :. : r. , r » z > : . • . s ] r 3 r

o t ' r . e r r . • t s ! r . y : r i :•- . y •• t • " • .

n e t o r J 1 : i _ r : 1 y .• r . • : i • r • : 1 r.

: j r ' . r

]

. : . '. i r- 1 •

f i i r l v

r <"• s o u r«- s :

, A : -3 o r, n c-

1 1 9 - " ! .



»i o u



T a b l e 1 . T h e r m o j y n a m c P r o . v r - r t i t . s o f I! r a n i a n H v i r i :<

UH v1-"-'

Tl " - ̂

U D ;.-."•

UD2.6 ?':

U T 3
a

UTc.DOe

UT:.:<.
C

UT2.5 DC

a Reference

•̂  Reference

c Re ference

u Re ference

2

3

4

:.HS
(kca1/ao Io)

-30.5 :

-28.9c

-30.a k

-23.4

-33.75

-27.2

-23 .6

-27.7

(CJ 1/°.-:

-4 J

-41

-44

-42

-43

--52

-41

/no!.-)

. 4

. 43

. 3

.09

r.
• "-a

. 2

Present work by R. S. Carlson

Average of data in References 1, 2, 3

h Avo-raae of data in References 2 and 3



in.LHN RJ.I.1ASI. FOT-1 URANIUM TRITIDi:

M. 1. Malinowski I'. R. Coronado

Sandia l abora to r i e s , I.ivermore, CA

ABSTRACT
^ -y

The release of "He from coarse (0.6 m~/g) stoichiometric
uranium tritide has been measured as a function of time up to
a tritide age of 1200 days. Less than 2* release occurs
until approximately 280 days, after which the release increases
dramatically, with the ̂He release rate approaching generation
iate after 1000 days. This release is particle-size dependent
and can be fitted with good results with a semi-enipirical
model which assumes diffusive movement out of the solid after
the initial hold-up period.

INTRODUCTION

Thermal decomposition of uranium tritide is commonly used as a

safe, convenient means of supplying high-purity tritium for laboratory

applications. One of the many factors which could influence the

purity of the delivered gas is the release of He from the tritide

lattice during either thermal decomposition of the uranium bed or

during long term storage of the tritide at room temperatures. It

seems appropriate, therefore, to accurately measure the helium

release from UT, as a function of time. In addition to providing

useful information directly applicable to the operational performance

of uranium beds stored under tritium overpressures, these release

experiments would also result in data which would aid in an atomistic

understanding of He release from metal tritides, an area in which
1 ? 3

experimental and theoretical work :is now actively being pursued. '"'

The experiments described in this paper were performed on fully

stoichioraetrjc UT,. The tritium lost through decay has been continu-

ally replenished with gaseous tritium to maintain a constant tritium/

metal atom ratio in the solid. The release behavior of sub-stoichiometr

uranium tritide should be considerably different from that of fully

stoichiometric UT_.

IV-53
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'I r i t ide lYepanif ior.

Kach uranium t r i t idc sainple is foir.i.-d 'n-situ in a ^TCLII]

container by the direct reaction of hijih purity urarohEri r^ta] -• a"ti!J

'>.' ! pure tritiicn j;as. As sliown in Figure i , the t r i title i> Iĉ '.'u

in a gold-plated container with a volurs? of ajiproxinately 55 *.•;..

Attached to this lohrr.c is a snail "foack-to-back" valve iirranixnu-n

which 1.' used to sanple the t r i t iun overpressure gas, a proceuu

descr i be i be1ov.

The prirr.ary container VOIIEIC, sarz>lins voii—.e, uranjur:

sanple mass, and aranuit of overpressure s;as are sired such That Then-

will be sufficient tritium in the overpressure gas TO naintaiia

stoJchiorH;tr>- in the t r i t i de for ~ 5 years.

Prior to t r i t i J ing of the r c t a l , the .cold-plated "prlrary"

container is outgassed at '- 600°C for 11 hours -~ 10 Tori" on an icn-

pUjTiped system. Then electropolished uraniun chunks are placed irulo the

priniar>' container, the container is sealed to the ti-.o valve rani fold,

and the entire assembly is evacuated and leak-checked. The container

and uranium chunks are outgasr-ed together at r- 40!'DC until a prc.ssi;3 ̂

of < 10 ' torr is achieved on the ion-pinnpcd cutgassing rani fold. The

san:ple is valved off, cooled down, and moved to a different ramifold

for t r i t id ing .

Tritiding of the sainjjle is performed by a conventional Si everts '

technique. High purity f "- 991;,) T7 is supplied to the gas rjck frcn

a thoroughly scrubbed uranium bed. Normally the uranium is heated to

approximately 200°C to in i t ia l ly accelerate the t r i t id ing process. A.-

soon as the tritium is absorbed, the saimple heating is discontinued ar.d

the reaction is allowed to go to corrcplction. Ibis recthod of tri t idini;

uranium tvpically produces UT, with a surface area/mass ratio of '- <).<'

m"/g, as determined by B.ii.T. surface area determinations. 'Iritiun-

to-meta] atom ratios of 2.95 -• 3.05 arc typically achieved, and the

total gas uptake of the sample is known to an accuracy of - - 2':.

X-ray measurements on deuterides prepared this way indicated ;--!IT_ is
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Figure 1. T\-pical Unmiim Tritidc S;unplc Container.
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4
fonncd with no a-UT- being produced.

After the tritiding of a sample is completed, an overpressure of

"- 800 torr of T, is left over the sample. Since the equilibrium

overpressure of UT, at room temperature is ̂  4x10 torr, this gas

phase tritium will presumably replace any tritium lost in the lattice

due to decay and, hence, maintain the stoichiometry of the tritide.

Then, the sample is valved off, the sampling volume (see Fig. 1} is

evacuated, ill valves are closed and capped, and for safety reasons,

a secondary container is mounted around the primary container and

the entire assembly is stored at ambient temperatures.

Gas Samplings

The composition and total pressure of the overpressure gas in the

primary container are periodically measured by withdrawing samples of

gas. This is done by the "back-to-back" valving on the primary rontainer.

An accurate determination of this sampling volume is necessary to

compute the total gas withdrawn during each sampling; therefore, this

volume, typically ^ 1 cc, is measured on each san^le container to

accuracies of ̂  ± 0.005 cc on a separate system prior to assembly

of the manifold to the primary container.

The data from these gas samplings are used together i*ith the data

obtained at the time of tritide fabrications (Viz. sample mass, mass

of tritium in the solid and overpressure) in irass balance calculations.

The ^He release and tritium-to-metal atom ratio of a tritide result

from these computations.

EXPERIMENTAL RESULTS

The helium release from six separate uraniuni tritide saniples is

shown in Figure 2. In Figure 3 are plotted the tritium-to-metal atom

ratios for the same samples. Note that the different symbols refer to

the different sample numbers.
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r̂ iny. observations regarding the helium release

I ~i,v.-.ii in Mi;. 2i can he uiade: flj Ijess- than 2; helium release occurs

nit i 1 -anplc ages of I.etween 25!) to 300 days; (2j after the initial

delay in helium release, the release abruptly increases; and f3} the

on>et of accelerated release in samples 4, 5, 6, 16 occurs at a slightly

later age J'»d days vs. 250 days - than in samples 1" and 18. As

indicated in I igure 3, to within experimental accuracies, the stoichio-

:retrie.- of the samples arc being maintained.

DISCUSSION'

ihe first of the observations above to be addressed is (3), the

fact that the helium release data frcm all the saiiples seen to cluster

into two distinct groups, namely sainples 4, 5, 6, and 16, and samples

1" and IS. The probably cause for the difference in release behavior

between these- groups is the method of preparation. All sainples in

the first croup !nos. 4, 5, b, 16) were prepared as described abo\re,

that is, were tritided at "« 200°C. The samples in the second group

(nos. 17 and IS), houever, were tritided at lower initial teir^ieratures

of l(ni°(". Hie lower the tritiding temperature, the more brittle the

uranium/uranium tritidc is, resulting in a finer (smaller particle

size) in. powder. Therefore, it is likely that sainples 1™ and 18 have

a finer particle size than the 10", of the other samples. The likli-

bood of thi< prwsihj ] ity is supported by the data shoi»n in Figure 4.

Hie helium release data from IJT- produced by repeated deuteriding

and outgassing prior to tritiding is shewn compared to the smoothed

data from I-'igurc 7>. lliis deuteriding/outgassing procedure is known

to produce IJT- with particle sires smaller than is obtainable by a

"single shot" tritiding of uranium chunks. It sec-jus likely, therefore,

that the I IT- particle si;e does have a profound effect on ^He release,

with finely powdered uranium releasing earlier than coarser uranium.

These results are corroborated by similar experiments underway at

Mound Laboratory and at Los Alamos Scientific Laboratory."

An estimate of the ranges of approximate particle sizes of the

in. for which the data shown in Figures 2 and 4 were taken can be made
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from B.i.I. surface area data taken on l!T- fabricated using differ-

im: prc-1n-utvicnt<•. Single-pass material, formed by directly tritid-

ing uraniuri chunks, has a specific surface area of - 0.6 m"/g, while

U'U formed after two to three deutcri.1 ing/out pass ing pretreatnents has
• ' ' - >

;i specific area (if typically '• 7>.Z m""/g- Assuming that the uraniura

tritide is in the form of equi-sined spheres, these specific areas

correspond to particle sizes of ̂  1 urn and '- (1.2 urn, respectively.

The other characteristic of the helium release, namely the hold-

up period followed hy accelerated release is, at this time, not

well understood. Hie presently proposed explanations for this

behavior involve cither percolation theory or the nucleatior. and

growth of bubbles. '"'''" 'me strong particle size dependence of

helium re'ease mentioned above, together tvith recent >MR results

by Bowman" indicating the motion of "He prior to accelerated release

would seem to favor the bubble explanation over p^rcolative arguments.

Inert gas bubble formation, gi"owth, rupturing and subsequent gas

release have been both extensively studiei with implantation methods

and modeled theoretically. Unfortunately, at present, TIO UT-

samples have been examined by scanning electron microscopy to determine

if this growth and rupturing mechanism dominates the "̂ le release process.

The release of helium from bubbles would occur after the bubbles

reach a grain or particle boundary. Once this boundary is reached,

rapid release of gas from the nubble by, for exanqile, grain boundary

diffusion, might be possible. In fact, an empirical fit to the data

of liguro 2 after accelerated release can be made using a simple

diffusion-controlled model.

This "diffusion" model assumes ittat the rritiae particles can be

approximated by infinite slabs all of thicknesses 21 , with constant

generation rates of "lie/volume. The helium concentration on the slab's

JT —
The results for diffusion from spheres is identical within a
geometrical factor of order unity.



surface is assumed to be zero. For this geometry and boundary

conditions, the diffusion equation can he solved for the total

helium in the slab. The result
•33

V * 1 = m\l - 7 m=l ̂ 4 exP C-2(m+l)
2Bt)j (1)

where

t = tritide age measured from the time of accelerated release, t

'•'o - original T 7 mass,

a = T 7 decay constant,

3 = D/4£2, with

D = i.;e diffusion constant of ^He, and

21 - the slab thickness.

The total mass of tritium (M(t)) retained by the tritide as a function

of time is therefore

acc (2)

The JHe release, Fft), is defined as

p, , _ Total
 JHe mass generated - Total He mass retained

r(t) —5 •
Total He mass generated

o

Equation (3) has been fitted to the data by a least mean squares

method. The result for the first sample group (nos. 4, 5, 6, and 16)

is shown in Figure 5. The fit to the samples in the second group

is similai. The fitting parameters used for both groups are listed
-9 -1

in Table 1. One could take the derived value of 6, '«» 8x10 sec and,

assuming a value of 21 % 1 vm, calculate the effective "diffusion con-

stant" to be ^ 8x10 cm"/s. However, this diffusion constant may not

bear any direct coTespondenc-e to th<> actual diffusion constant of

He in UT, for two reasons. First, the fits described above have no
"

,
atomistic foundations and, second, the effective diffusion length (2)
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may he related to quantities other than rarticic sire, >!:ih a- grain

size. These semi-ercpirical fit* seen to he useful. ho:vevt-r, for

predicting the anoints of "*He released hv -he trifide for tire-, .ifu-r

accelerated release. Tits nude with '"W data ap to ' Sm; ,j;;% - have

successfully predicted the release at 12i>n days.

Table 1. Parameters for the Seni -Lrpirical fit to "He Release Data

Sanple \os. Vitt jjn; ''?r&]?}SI*

-1

i gays ; __L5?iL

4, 5, ;-, 10

1", IS 251 S.95x!<r9

If ore uses the curve fit to the data to calculate the normalized

release rate of fie from UT, (release rate of "He divided by the

generation rate), one obtain^ the curve shown in F:igure <>. It is

evident that after "- 1000 days, "He is being released fron the solid

at generation rate. However, up until this age,, helium has accumulated

in the lattice. Figure " shows the ratio of helium atcns TO tritium

atoms in the lattice, and the Uniting a:roun*s of helinn in the tritidc

are evident.

As described above, this sercu-enpirical ncidcl doc* not have a

finn atomistic foundation. For a r..icroscopic description of "He

release to be complete, the effect:, of temperature, gr.iin and particle

r.î e, lattice strains, bubble growth and surface oxides must he included.

The measurement of helium release fron: coarse UT_ reveals a

hold-up time followed by a period of accelerated release. The release

is particle-size dependent, and can he fit to a semi-empirical theory

•\ constant amount, since stoichiometry is maintained in these samples.
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with KO»J results. Additional experimental and theoretical work is

iitxx---\iry before an atomistic understanding of the release process

v. i 11 hi- achieved.

Thanks »o to H. Stiinip of LawTence Live more Laboratory for

;;t-rCorr.ing valuable mass spectrometer work, to M. C. Nichols of

Sandia Laboratories l.ivermorc for X-ray measurements, to Mound

Lai'on.tory for B.I..T. measurements, and to K. L. Wilson for

valuable conversations.
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STUDIES OF HELIUM DISTRIBUTION Ill METAL TRI TIDES

R. C. 3owr.an, Jr.
A. Attalla

Monsanto Research Corporation, Mound Laboratory

ABSTRACT

The distribution of helium (sHe) in LiT, TiT;,
and UT3» which are regarded as representative aetal
tritides, was investigated using pulse nuclear
magnetic resonance (NMS) techniques. Analyses of
the NMR lineshapes and nuclear relaxation tines indi-
cate the 'He atoms are trapped in .icroscopic gas
bubbles for each triticfe. The effects of concen-
tration and temperature on the "He distributions were-
investigated as well.

INTRODUCTION

Since the first generation of Controlled Thersonuclear

Reactors (CTR! is based upon deu ter i un-t r it iur. (DT) fusion.

metal tritides are certain to be involved. Whether aetal

tritides are used intentionally as fuel material, tritium

storaqe agents, and tritium getters or are accidentally forr.ed

by chemical reactions between tritiu.T. gas ar.d various struc-

tural materials, their physical characteristics will, be

important criteria in CTR designs. Although many properties

of tiie metal tritides can be predicted from the available data

on corresponding hydrides or deuterides, the effects of the

transmutation of tritium into helium { He) ~annot be readily

established from the behavior of hydrides or deuterides.

Besides the possibility of extensive radiation damage to the

metal tritide lattice from tritium decay, the presence of

large quantities of 'He in t!ie DT fuel would be detrimental

to obtaining and sustaining the fusion reaction. Hence, the
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Table 1. Summary of Information Obtained "sing Pulse !JKR

Symbol Type of Information

I n i t i i 1 FID Amplitude -- Spin Cone-lit r at ion

Ext rapo 1 d t e<i Echo Amplitude -- Spir. 7c.ictritration

Frequency Shifts i J Knight, Chc-sical, etc.

Linewidth Tf Local and External
Fields

Spin-spin Relaxation Tine T j n Homogeneous Spin
Iinteract ions

Spin-lattice Relaxation Time T, Spin Dynanics

the local environnent. When the nuclei are situate— in

rigid lattice positions, the relaxation tines cey

T 2 d '• ~t -- T i n --~i f2)

where T 2 $ is the dipolar spir.-spir, relaxation tir.e which can

bo calculated using the Van Vlo-;k' fcrnaiisn if the- lattice

positions arc known. on the other hand, the molecular notion

in m.i •• r.y-; r-ofi i c -;uar,ticies of ga • averages the dipolar inter-

actions to z.-ro and yields

Tad •-••T? •• T : n T j . (3)

The differences in the nuclear relaxation t u t s are dramatic

with T * and T, JJ, increasing by 7 to 4 orders of magnitude.

However, there are also two possibilities for relaxation tines

to have the intermediate behavior

If the diffusion rate in a solid is sufficient, the

relaxation timer, obey either Eq . (3) or F.q. (4) d e p e n d i n g 1 0 on

the mobilities of the diffusing species and the strength of

the dipolar interactions. If the dimensions of gas bubbles
o

are sufficiently small (i.e., 51000A), collisions with wall

surfaces will dominate ̂  the relaxation rates and tend to re-

duce T£ and Tj;,, relative to Tj. Careful analyses of the NMR

dctta jan distinguish between wall relaxations in microscopic



gas bubbles and bulk diffusion in solid particles. For 3Jc-

tho sane general considerations are valid with the possifcle

addition of spin exchange effects occurrinij at low tempera-

tures and high densities. 'Jn.u.'tunitely, complications can

occur in metallic materials whi-.-h nako the analyses sonewiut

less than straightforward. £xanpl?s of sone of these conpli-

cations for JHe in the octal tritide^ will be- discussca later.

EXPERIMENTAL DETAILS

The metal tritides were prepared l>y direct reactions

between high purity metals and tritiaa gas. Sanples suitable

for ."MR measurements were loaded into 9 na o.d. pyrex tubes

which were evacuated and sealed. A Bruker variable frequency

B-KR 323S spectrometer was used for both the spin counts and

r laxation time measurements. Because the Hie resonance

si^r.als wore generally weak «».nd often require:: large receiver

bandwidths due to short decay tines, extensive signal averag-

ing wa~ usually necessary. The signals were digitized by a

Bionation 8100 transient recorder and stored in the neaory of

a Nicolet 1074 signal average" for signa 1-to-noisc enhancement

arid bjsf'line subtraction. The spin standards were proti ns in

H:Q/D2'J solutions containing s m a M qisont ities of MnC 1 j to

shorten Tj. Relative sensitivity corrections were nade be-

tween the 3He and proton counts. The accuracy of the spin

counts is * 10-20% depending upon concentrations and relaxation

times. All I1MP. measurements were performed at roon temperature

which usually varied between 19-22°C.

RESULTS AND DISCUSSION

Representative pulse NMR spectra for He t LiT, TiT, 7,

and UT3 are presented in Figure 1. The LiT FID with its long

exponential decay is exactly as predicted for atorr>s in tas

bubbles. Although TJ for TiT| 7 is an order of magnitude
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shorter, it is still consistent with 3He atons *n gas bubbles

since the calculated T2d for 3He atoms in octahedral inter-

stitials is '15 Us. The 3He lineshape for UT3 is Gaussian

and T5 nearly equals the predicted T2d value of ~10 Us.

Recent analysis* of the magnetic field dependence of the UT3

lineshape as well as very long T2m values (see Table 2) indi-

cates the short T| is caused by magnetic field gradients

arising from the paramagnetic UT 3 powder and the He atoms

are trapped in gas bubbles in this material as well. The

nuclear relaxation tines for ..ainpies maintained at roon

temperature for approxiinately 2-3 years are given in Table 2.

In each case, the He relaxation times are seen to obey the

general relations of Eq. (4). This behavior also indicates

that He atoms are being trapped in microscopic bubbles in

each metal tritide. Analysis of the relaxation trees for He

diffusion in the solid leads to large effecti%'c diffusion

constant'; which would be inconsistent with the high "He con-

tent found. In other words, if the heliun mobility in the

metal tritide lattice was sufficient to yield the relaxation

times in Table 2, the he 1 i L it atoms should be reaching particle

surfaces in short times. S^nce the helium is expected to

escape the lattice at these surfaces, the net "He content in

the lattice would be very small. However, at least 80-90%

of the helium generated in these tritides has been observed.

Hence, the relaxation times in Table 2 inhcdte the He atoms

are trapped in gas bubbles sufficiently small that surface

relaxation at the bubble walU reduces T 2 m relative to Tj.

Since the relaxation mechanisms for JHe spins in pure gas are

very ineffective, the predicted Tj is ~10 sec for macroscopic

quantities of gas. Howe"er, interactions with conduction elec-

trons or paramagnetic imparities at the bubble wall can greatly

reduce Ti to the values in Table 2. •\s expected, the magni-

tudes of Ti are very dependent on the host metal tritide and

follow the trend of decreasing as the predicted susceptibility

increases from LiT to UT3.
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Table- i. The Effects of Age and Storage Temperature
ori the 'He Relaxation Times in LIT. Resonance Fre-
r:u<Ti'jy ir 4 5.7 MHz.

Aye Storage Temperature T2rn Tj
(days) <°C) (ran) (s)

184 23

J-16 2 3

S73 23

798 2 3

346 75

573 75

346 100

54 3 1C0

until the stresses on the liT lattice induced by the expand-

ing bubbles causes a mechanical failure and the bubl-'ie rup-

tures. The elastic properties of th-'- LiT lattice are

ten;oratore dependent and should greatly affect the dis-

tributions of the helium bubble dimensions for different

tempo r;i <: j r;s . Unfortunately/ this -situation for LiV is

complicated by the presence' 1^ of large (i.e., -5-15 atom

percent) quantit'.es of moleculai tritium (also trapped i •-. the

qas b abb 1 <•:-.', . -..'h i ch was produced by the radioly.is effects

of the beta-e lectrons . However, the general distribution of

helium in LiT is well represented by the present qualitative

model. Crude estimates ^f the helium bubble sizes can be

obtained by comparing the 3He and molecular tritium relaxa-

tion times for LiT with the results of Scuers et al.* for

molecular protiuir: in gamma irradiated LiH. Souers et J I .

found 2 distinct correlation between the proton relaxation

times and the average gas bubble dimensions. If tie C J E

babbles in LiT consist of a mixture of molecular tr:'. .-;a and

helium atoms and if the tritium data for LiT correspond to
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the protium data in LiH (which is expected since both nuclei

have spin quantum tiumber 1/2 and their magnetic moments differ

by only -7%), the average bubble size after ~1 year are

estimated to be -50 A for room temperature and -500 A for

100°C. Naturally, a distribution of bubble size is expected

and a better estimate is not possible from the present data.

The retention of helium in UT3 at room temperature is

shown in Figure 3. Here, the closed symbols represent the

helium contents obtained by pressure-volume-temperature mass-

spectrometry analysis of the gases released during thermal

decomposition to ~1000°C. The results of the 3He spin counts

correspond to the oper. symbols. The spin counts yield helium

contents which are -10% lower than the thermal analyses. It

seems very unlikely this discrepancy is due to the presence

of 3He atoms being individually dispersed in the UT3 lattice

since no contributions to the NMR relaxations that obey Eq.

(2) have yet been found. Two other explanations are: 1)

the 7T/2 and ir pulse widths are not much shorter than T* -

which permits a partial reduction in the measured magnetiza-

tion (i.e., signal amplitudes) - and 2) systematic errors may

be occurring from the use of the proton standards although

no apparent difficulties were found during previous studies

on LiT. Nevertheless, both techniques indicate that nearly

all the helium generated from tritium decay is retained by

the UT3 lattice for -700 days. After this time significant

amounts of the helium are being released as free gas until,

after 1200 days, only 75% of the helium formed in the UT3 is

still retained. During recent measurements of the He

relaxation tiroes in UT3 samples kept at room temperature, T 2 m

a. 1 "'1 were found to increase by a factor of 10 and 3, respec-

tively, for sample ages between 100 and 1000 days. These

i'suits can be used to interpret the release of helium from

UTj ••.a follows: The helium atoms form small gas bubbles which

can expand by trapping additional atoms. This process continues
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in a random fashion yielding a distribution of bubble sizes

where the average bubble size increases. Ultimately, a gas

bubble reaches a critical dimension or pressure and will

rupture releasing the helium contents of that babble. As

tho UT3 ages, more bubbles approach the critical conditions.

The criteria for bubble bursting is unknown but probably

depends upon the strength of the UT3 lattice and the particle

or grain sizes (i.e., gas bubbles formed near a surface should

burst at lower pressures than bubbles in the interior of the

particle). Preliminary NMR data for UT3 samples kept at

elevated temperatures suggest the helium bubble sizes are not

very temperature dependent, which is very different from LiT.

However, trapped molecular tritium has not been observed in

UT3, and its absence may influence bubble growth processes

since the helium atoms must form their own trapping sites in

UT3.

In very recent work, Weaver and Campl? studied the dis-

tribution of helium in samples of TiTi . i» and TiTj. 7 using NMR

techniques. They concluded that helium is trapped in gas

bubbles in old TiTx (i.e., ages >1 year), but helium atoms

occupy octahedral interstitials in young TiTx crystals.

Weaver and Camp propose a percolative mechanism for the forma-

tion of gas bubbles from the interstitials. The results in

Table 2 for a 3-year old sample Of TiTi .? are certainly con-

sistent with helium atoms in gas bubbles. In order to deter-

mine whether the percolation model of Weaver and Camp or a

bubble growing model analogous to the UTa example described

above is a better physical description of 3He retention in

TiTx, additional TiTi.9 samples were prepared approximately

seven months ago. These samples are being kept at room

temperature, 75°C, and 100°C. Unfortunately, not enough data

are currently available to fir.nly establish either model.

Studies in this area are being continued.
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CONCLUSIONS

The present studies indicate that pulse NMR is a valuable

method for evaluating the distributions of helium atoms in

metal tritides. The nuclear relaxation times for three repre-

sentative metal tritsdes, LiT, T i T j ? , and UTj, indicate that

helium atoms are trapped in microscopic bubbles - at least,

in samples -2-3 years old. Although the present studies

indicate the helium bubble sizes depend upon both temperature

and age, additional work is required before quantitative

descriptions are possible. Nevertheless, NMR can be used to

characterize the helium distribution in metal tritides with

CTK applications. The main limitations of NMR are lack of

sensitivity (i.e., '5 x 1O 2 0 spins are required for o--->"tita~

tivc measurements) and complications for bulk powder magnetiza-

t ion e f f ccts.
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!LEiMsL CHARACTERISTICS OF METAL TRITIDES
AND SCANDIUM-TRITIUM"SOLID SOLUTIONS*

W. G. Perkins, W. J. Kass and L. C. 8eav1s

Sandia Laboratories, Albuquerque, New Mexico 87115

ABSTRACT

Tritidfe, of such metals as scandium, titanium, and erbium
are useful materials for determining the effects of helium
accumulation in metallic solids, for example, CTR f i r s t wall
materials. Such effects include latt ice strain and gross
deformation, as reported elsewhere, which are related to Ĥe
retention and ultimate release. Long term gas release studies
have indicated that, during the early l i f e of a metal dUr i t ide,
a large fraction of the 3He is retained in the solid. At more
advanced ages (2-4 years, depending on the parent metal), the
3He release rate becomes comparable to the generation rate.
Statistical analysis of the data Indicates that the acceleration
in 3He release rate depends on accumulated 3He concentration
rather than str ic t ly on ags. 3ne outgassing results are
presented for thin films of ScT2, TITj. and ErT2, and the
cri t ical 3HC concentrations are discussed in terms of a
percolation model. Phase transformations which occur on t r i -
tide formation cast some doubt on the validity of extrapolating
results obtained for metal tr it ides to predictions regarding
the accumulation of helium in metals. Scandium is unique
among the early transition and rare-earth metals in that the
metal exhibits a very high room temperature tritiurs solubility
(T/Sc»0.4) with no phase transformation. Indeed, even the
lattice parameters of the hep scandium latt ice are only
minimally changed by trit ium solution, and we have succeeded
in obtaining single crysUl SCTQ_3 samples 1n two crystal-
lographic orientations. Using a'very sensitive technique,
we have measured 3He emission from both these samples, as
well as from fine-grained thin fi lm scandium-tritium solid
solution samples (Sci'o.3-0.4). The fine-grained film samples
release 3He at 2-3* of the generation rate, while the emission
rate from the single-crystal samples is ^ 0.05S of the gener-
ation rate, indicating a strong grain size effect.

*Th1s work was supported by the U. S. Energy Research and
Development Administration.



INTRODUCTION

The early transition metals and rare-earth metals form dihydrides
which are quite stable at room tenperature and even at mildly elevated
temperatures.' Indeed, for ErHx (0.5 <. x < 1.8), even at 700 K (427°C),
the decomposition pressure is only 0.13 mPa (1 x 10~6 Torr). Because
of this stability and the fact that the hydrides behave electronically
like metals, the ditritides are attractive vehicles for the study of
helium accumulation effects in metallic systems. Indeed, Hickman^ has
recently suggested the use of tritium decay to accumulate ^He in niobium
as an alternative to helium-ion implantation. Significant concentrations
of 3ne may be retained in metal tritide samples, as is indicated by the
work of Rodin and Surenyants^ on titanium tritides.

One purpose of the present paper is to present our results on the
3He release and retention characteristics of ditritides of scandium,
titanium, and erbium. However, we also will present some Initial data
on the 3He release and retention characteristics of scandium-tritium
solid solutions. It should be noted that formation of the metal di-
tritide Involves a phase transformation frow the hep metal lattice to
the CaF2-type hydride lattice, and that the phase transformation may
cast some doubt on the application of hydride results to predictions of
the behavior of high concentrations of helium in the parent metals. On
the other hand, hep scandium can accommodate sclid solutions of tritium
up to concentrations of T/Sc = 0.4, with no change in crystal symmetry
and little change in lattice parameter.5 Thus, 3He release and retention
experiments performed on scandium-tritium solid solutions may be more
representative of the behavior of the helium-Implanted metal.

EXPERIMENTAL

We have measured the -*He release from metal tritides by two tech-
niques. In the older, "static" technique, a film (% 2 um thickness) of
the desired tritide was deposited on a substrate (generally molybdenum)
and then sealed in an evacuated, baked (725 K) glass bulb which was
equipped with an extended range Pi rani gauge. Selected bulb-gauge
combinations were calibrated at a series of known ^He pressures ranging
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from 1.3 mPa to 13 Pa (1 x 10"5 - 1 x ltH Torr).6 Recal1brat1ons and
bulb gas analysis have indicated that all the gauges used over a seven-
year period have given reproducible 3He pressure readings, within ±10%,
for the pressure range indicated. Compositions of the tritide films
were inferred from gas and metal analysis of companion film samples which
were prepared simultaneously with the actual samples. The quantity of
3He released from each film was inferred from periodic pressure measure-
ments (at "•< 30-day intervals). The glass bulbs were also equipped with
breakseais which allowed mass spectral analysis of the bulb contents.
Except 1n rare cases, the gas was found to be > 99% ^He.

More recently, we have performed "dynamic" gas release measurements
in an all-metal ultrahigh vacuum system. In this system, various
tritium-containing samples are contained In small chambers (% 15 cm^)
which are separated from the main vacuum system by solenoid-actuated
valves. The rate of 3He release may be determined either by measuring
gas accumulation during a fixed hold period or by measuring the steady
3He flow rate into the dynamically pumped system. Flow rate and quan-
tity measurements are made using a UTI 100B residual gas analyzer which
is calibrated for ^He by measurement of flow through a standard leak.
Full details of the technique will be published elsewhere.

RESULTS

Static Technique

There are a variety of ways to present the results of the measure-
ments, either in terms of ^He release or retention. In the static case,
we infer the quantity of ^Ke retained in the tritide by calculating
the quantity generated and measuring the quantity released. In the case



of the dynamic measurements, we determine the ^He release rate. Figure 1
shows the ^He retention of titanium ditritide samples as a function of
sample age. Actually, the data are normalized for tritium quantity by
plotting the retained ^He-to-Ti atomic ratio. For these data, we note
that the titanium tritide retains nearly all the ^He generated out to
^ 1100 days a*je, at which time the release rate changes rapidly from
a very small value to values oscillating about the generation rate. It
is as though the 3He retention saturates at some critical concentration,
which is of the order

3He{retained)/Ti = 0.32.

It is interesting that Rodin and Surenyants^ found similar behavior for
TIT].5 samples, but that they found the ^He release rate to increase
sharply only for ages >, 1500 days. This apparent discrepancy can be
explained by postulating that the acceleration In $He release rate is
concentration dependent rather than time dependent. The ^He concen-
tration calculated at 1500 days for TIT] 5 is

3He(generated)/Ti = 0.31,

in good agreement with our data. Rodin and Surenyants obtained their
data in a slightly different manner than ours. In their technique, a
tritide sample of given age and known Initial composition was sealed
in an evacuated bulb for a fixed period of time (6 to 45 days), after
which the gaseous 3lte was determined by mass spectrometry. Division of
the ^He quantity released by the quantity generated during the storage
period then yields a good approximation of the normalized release rate
(which would be defined exactly as the ratio of the release rate to the
generation rate). Our data v.an be compared very well with those of
Rodirc and Surenyants, provided we plot normalized •'He release rate as a
function of 3He concentration generated 1n the tritide, as shown in
Fig. 2.

From Fig. 3, we note that erbium tritide exhibits the same general
behavior as does titanium tritide, with the exception that the saturation

concentration is somewhat lower. A plot of normalized 3h'e release
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rate vs. 3He concentration (Fig. 4) Indicates that the cr i t ical concen-
tration for accelerated 3He release 1s

3He(generated)/Er ~ 0.25.

Finally, similar plots for scandium tr i t ides (Figs. 5 and 6) indicate
that this material exhibits the same general retention and release pat-
tern, except that the sharp increase 1n release rate occurs somewhat
earlier yet, at

3He(generat-i)/Sc * 0.20.

I t should be noted from Figs. 2, 4, and 6 that, after cr i t ical 3He con-
centration is achieved, the normalized release rate appears to vary
widely from month to month, with the release rate ranging from 0.5 to 5
times the generation rate. The long-term average (^ one year) release
rate, however, is nearly equal to the generation rate.

Dynamic Technique

We have used the dynamic technique to measure 3He release from
scandium di t r i t ide and from scandium-tritium solid solution samples.
The d i t r i t ide sample exhibits behavior similar to that observed for the
static samples, and i t wi l l not be discussed further here. The scandium-
trit ium solid solution samples are rather interesting, however, because
they represent the possibility of injecting significant quantities of
3He into the metal latt ice without phase transformation. Indeed, using
single crystals of scandium as starting material, i t has been possible
to obtain SCTQ.3 samples which s t i l l exhibit x-ray diffraction patterns
characteristic of the hep Sc single crystal.

Normalized 3He release rates for the SCTQ.3 single crystals and for
a polycrystalline ScTo.2 thin fi lm are shown in Fig. 7. The large dif-
ference between the release rate for the f i lm and that for the single
crystals may result in part from relative grain size eifacts.
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Mechanical Behavior

All the thin film samples used in this study eventually exhibited
some tiechanical damage, which usually became apparent well after rapid
^He release had begun. The damage observed ranged from the appearance
of small fiaked areas up to nearly complete flaking of the film from
its substrate. The behavior was very similar to that reported earlier
by Beavis and Miglionico,^ which they concluded must result from the
agglomeration of He into bubbles from which it is subsequently released
due to mechanical failure of the material,

DISCUSSION

It appears that, during the early life of a metal ditritide, the
•*He generated via tritium decay is effectively immobile. Farnum^ used
x-ray diffraction data to conclude that the ^He was immobilized in the
octahedral interstitial site of the CaF2-type ditritide lattice. More
recently, Weaver and Camp ® have used NMR spectra to study ^He in young
('̂  1 year old) and aged (% 8 years old) titanium tritide samples. For
the young tritide, their results suggest that the ^He occupies an
octahedral site whose immediate environment is highly strained. For the
old tritide, however, they find the majority of the retained 3He in gas
bubbles. Thus, at some point in the life of the aging tritide, a dra-
matic transformation occurs.

It has been pointed out by Wilson, Bisson, and Amos,^ and by Weaver
and Camp^ that phenomena which occur sharply at a given critical con-
centration can often be described in terms of a percolation model.'^
That is, as the concentration of randomly-distributed, immobilized ^He
atoms grows, the probability of the occurrence of near neighbor ^He
interaction also increases. A connected cluster of nearest neighbors
3He atoms first appears with nonzero probability at a concentration of
3He/Metal r 0.2. By the time 3He/Hetal reaches 0.32, percolation theory
indicates that nearly every ^He atom in the solid will be contained in a
connected cluster."'^ it is interesting to note that our range of crit-
ical concentrations (for the onset of rapid ^He release) almost exactly
spans the mathematical concentration range inferred from percolation



theory. Using the percolation theory as a mathematical guide, we may
summarize the 3He release characteristics of a metal tritide as follows.

1. During the early life of the sample, the vast majority (> 99%)
of the 3He generated is retained. Only those ^He atoms gener-
ated near a grain surface are released.

2. As the critical concentration Is reached the Internal 3He
atoms become more mobile as a result, perhaps of cooperative
strain effects, or of a concentration-dependent diffusion
coefficient.11 Some of the 3He is released directly from the
solid, while some remains in the lattice and some accumulates
in bubbles. It is probably the random rupture of such bubbles
that accounts for the large month-to-month variation in the
normalized 3He re' ase rate for aged tritide samples.

Many factors which may have bearing on the retention and release
of 3He from metal tritides remain unknown. Before one can unequivocally
identify the mechanisms involved 1n the aging of these materials, it will
be necessary to quantify the effects of temperature, grain size, and
surface chemistry.



- /- -7

REFERENCES

1. L. C. Beavis, J . Less-Common Metals 19, 315 (1969).

2. W. M. Mueller, J. P. Blackledge, and G. G. Libowitz (eds.),
Metal Hydrides, p. 434, Academic Press, New York, 1968.

3. R. G. Hickman, "Helium Doping of Niobium with Tr i t ium," Report
No. UCRL-75252, University of Cal i fornia, Lawrence Livermore
Laboratory, Livermore, Cal i fornia, 1975.

4. A. M. Rodin and V. V. Surenyants, Zhur, Fiz. Khim. 45, 1094 (1971),
Russ. J . Phys. Chem. 45, 612 (1971).

5. C. E. Lundin, "Structural Study of the Erbium-Erbium Dihydride and
Scandium-Scandium Dihydride Systems," Contract Report DRI #2489,
Denver Research Ins t i tu te , Denver, Colorado, 1969.

6. J . L. Provo and C. J . Biver, private communication.

7. J . L. Provo and W. Welbon, private communication.

8. L. C. Bea/is and C. J . Miglionico, J . Less-Common Metals 27, 201
(1972).

9. E. H. Farnutrt- "Calculation of Helium Induced Strain in ErT"2 and
ScT2," Report No. SC-.RR-70-753, Sandia Laboratories, Albuquerque,
New Mexico, 1970.

10. H. T. Weaver and W. J . Camp, Phys. Rev. B U> 3054 (1975).

11. W. D. Wilson, C. L. Bisson, and D. '£. Amos, J . Nucl. Mater. 53_,
154 (1974).

12. V. K. Shante and S. Kirkpatr ick, Adv. Phys. 20, 325 (1971).



TRITIUM EFFECTS IN AUSTENITIC STEELS*
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ABSTRACT

Conditions of tritium absorption and helium build-in simu-
lating those expected in long service in a fusion reactor had
little effect on the ductility of Types 304L and 309S austenitic
stainless steels. Long (25 to 50 years) exposures of prospective
component and structural materials to reactor conditions were
simulated in short-duration tests by matching tritium concentration
gradients in test samples at time of testing with those expected
in reactor service, without regard to time required to obtain
desired tritium concentrations. Tritium effects on ductility of
304L samples were not significantly different from those caused by
protium or deuterium. Surface finish and metallurgical condition
can influence the tritium concentration gradient by increasing
diffusivity and solubility and by trapping tritium at extraordinary
sites. Build-in of 3He in concentrations as great as 0.14 cc/cc
of metal caused no significant ductility losses except when tensile
tests or postexposure anneals were conducted at temperatures high
enough to cause helium agglomeration. The lack of significant
He-induced effects at near ambient temperatures agrees with results
of ion bombardment studies made by other investigators.

INTRODUCTION

During design of tritium handling facilities for fusion reactors

the potential for tritium permeation from containment systems, tritium

embriftlement of structural components, and effects of tritium-decay

helium must be understood. Absorption is a necessary step in the em-

brittlement process. Absorption, in turn, depends on both temperature

and duration of exposure. Under ideal conditions the quantity

* This paper was prepared in connection with work under Contract
No. AT(07-2)-l with the U. S. Energy Research and Development
Administration. By acceptance of this paper, the publisher
and/or recipient acknowledges the II. S. Government's right to
retain a nonexclusive, royalty-free license in and to any copy-
right covering this paper, along with the right to reproduce
and to authorise others to reproduce all or part of the copy-
righted paper.



of tritium absorbed by a material is determined by the solubility and

dif f'usivi ty of tritium in the material. These quantities are, in the-

ory, relatively simple functions of exposure conditions. Tims, with

proper control, the effects of long-term exposures may be simulated by

tests of -hort duration. Such simulations are necessary to predict long-

time compatibility of potential structural materials with the tritium

environments expected for fusion reactor applications. Hydrogen trans-

port in most structural materials is, however, complicated by surface

effects, reversible trapping, and chemical reactions; these phenomena

have significant effects on the validity of exposure simulations. This

report describes an approach to exposure simulation and, by using austen-

ltic stainless steels as an example, illustrated several difficulties in

establishing the requirements for reasonable simulation.

SIMULATION TECHNIQUES

One approach to exposure simulation is to match tritium concentra-

tion gradients in experimental and service systems. For example, a

service exposure (assuming a permeation experiment) of t seconds to

tritium 'pressure p at a temperature Tq gives a concentration gradient

defined "!•>'

n=l
(£22J!1) (sin ^ (exp - D.t.nV*) (1)

where C\; is the concentration at a distance X from the exposed surface,

>. is the thickness of the foil, C is the tritium solubility under ex-

posure conditions, and [>s is the tritium diffusivity in the service

system. Solubility of hydrogen at pressure, p, is independent of time

ard is expressed by

C = Co pi exp(-AHc/RT) (2)

where AHL. is the activation energy of solution of the gas, and C o is

a constant for the system. Thus, one requirement for matching concen-

tration gradients is that

U.\ ML /T.-T, \
(3)
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where pr and T. are the tritium pressure and exposure temperature for

L Li

the laboratory tests. A second requirement for matching concentra-

tion gradients is that

where D, is diffusivity in the laboratory simulation. Since

D = D Q exp(-AHD/RTl (5)

where D is a constant, this requirement becomes

Comparison of Eqs. (3) and (6) shows that assignment of one exposure

parameter for the laboratory simulation fixes the other two parameters.

For example, with activation energies (in cal mol"1) for tritium dif-

fusion (AH-) and solution (AH ) of 12,400 and 1,400, respectively, in

Type 304L stainless steel,2 a ten-year service exposure at 300°K to

0.1-MPa tritium can be simulated by a three-month laboratory test made

at 361.6°K in 0.045-MPa gas. This type of exposure assumes that the

effects to be simulated depend on the trititim concentration at the

time of testing but are not affected by the time required to obtain

the desired concentration. Clearly this is not the case if tritium-

decay helium is of concern. The quantity of helium developed within

a material by decay of absorbed tritium during time t can be repre-

sented by

• / f(C,D,t
» r>

[He] = / f(C,D,t)(l-e~At)dt (?)
* o

where C and D are the solubility and diffusivity under the exposure

conditions and X = 1.82 x 10"'s"', the radioactive decay constant for

tritium. Analysis of Eq. (7) for several sample configurations and

exposure conditions indicates that matching of helium concentrations

throughout a material is not generally feasible unless exposure con-

ditions .ire such that tritium concentration remains constant with time

and that the time at soe.'dy state is very much greater than the time



to attain steady state. Under these conditions helium concentra-

tions in the laboratory and service systems, C and C., can be
S Li

matched by exposures which gj.ve

(8)

for a laboratory exposure of t . It should be emphasized that helium
Li

concentrations cannot be simulated for transient exposure conditions

where tritium concentration gradients vary with time.

The simulation techniques described above have been used to

study the effects of tritium exposure and helium build-in on the me-

chanical properties of austenitic steels. The remainder of the paper

emphasizes those studies.

EFFECTS OF TRITIUM

The effects of hydrogen en the mechanical properties of austen-

itic stainless steels have been widely studied,3 15 and results gen-

erally show that "austenitic steeli- as a class perform fairly well."5

However, hydrogen-induced losses in strength and ductility are often

observed. These losses have been attributed to localized accumula-

tions of high hydrogen concentrations. Although various mechanisms

have been proposed to explain how these localized accumulations lead

to embrittiement (see References 6, 8, 9, and 13 for example), thei'e

is little reason to expect that the effects of tritium per se should

differ significantly from those of deuterium or protium. This was

confirmed by testing several tubular Type 304L specimens (see Refer-

ence lo for description of this type of specimen) to failure in 69-

MPa helium, protium, and tritium after exposure to the test gas at

elevated temperatures. Exposure to the hydrogen isotopes reduced the

Juctility (Table 1) and caused surface cracks to form during plastic

deformation. These effects have been extensively studied for samples

exposed to protium and the present results indicate that tritium

effects are not significantly different.
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Table 1. Effect of Test linvironment on Tensile Properties
of Type 504L Stainless Steel *

Gas

He

H2

T2

Ik

Exposure Conditions

Temperature
K

425

425

425

425

425

, Time.
davs

32

32

32

8

s

270

320

300

2fa0

250

Tensile Properties

/«* 'ult.MN/«' %

560

48(1

490

4 90

490

lilong.

59

19

22

20

aAll tensile tubes tested at room temperature with 09-MPa gas;
data reported are averages cf at least two samples.
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The agreement between the effects of exposure to different hydro-

gen isotopes was further confirmed with charged samples tested in air

at room temperature. Foil specimens (0.025 cm thick) were charged to

saturation at 343°K in69-MPa deuterium and tritium. This exposure re-

duced the elongation-to-fracturc by approximately 50% in both cases.

Other studies with tritium-charged tensile bars tested in air also

showed losses in strength and ductility equivalent to those for com-

parably charged samples exposed in hydrogen (Table 2). This equiva-

lency indicates the validity of using hydrogen test results to predict

tritium effects (excluding those of build-i-.i of decay helium) on me-

chanical properties.

EFFECTS OF SPECIMEN CONDITION ON TRITIUM ABSORPTION

Tests of samples with various surface finishes and metallurgical

conditions indicate potential difficulties in using short-term expos-

ures to simulate long-term service behavior of any of the three hydro-

gen isotopes with austenitic steels. Tritium absorption studies2

have shown that surface finish and cold work influence the tritium

concentration gradient which develops during exposure of Type 304L

stainless steel. Cold work increases the apparent diffusivity; both

cold work and surface finish affect apparent solubility (Fig. 1). The

tritium concentration gradients shown in Fig. l(a) indicate variations

in diffusivity from 2.9 x 10"13 cm2sec"1 (Curve Ci) to 4.1 x 1 0 " n

cm2sec"1 (Curve C6) and in apparent solubility from 0.9 (Curve CiJ to

0.21 cc(gas)/cc(metal). Corresponding values of diffusivity (D) and

solubility (C) for the actual exposure conditions are

D = 4 ' ^ 1 0 — exp(-12,900/RT) = 1 x 10"J2 cm2/sec (9)

and

C = 1.28 p* exp(-1400/RT) =1.6 cc(gas)/cc(metal) (10)

These variations between measured and calculated values are caused by

surface control of tritium absorption, short-circuit diffusion, and

tritium trapping at extraordinary sites,2 and although the causes of

the variations are known, the effects of these phenomena are difficult
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Table 2. Effect of Hydrogen (Tritium) Exposure on Tensile
Properties of Type 304L Stainless Steela

Exposure

None

Hydrogen

Tritium

Strength, MN/m2

Yield Ultimate

215

220

217

610

530

530

Ductility
% Red. in Area -6

77

32

31

fclong.

73

33

34

aData averages for at least three specimens.
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Fig. l(b). Hydrogen Concentration Gradients in Type 304L Stainless
Steel



to include in exposure simulation techniques. Therefore, any attempt

to simulate long-term exposure by short-term tests should include

both careful control of exposure and specimen conditions to minimize

the effects of surfaces,and analysis to account for potential effects

of trapping and short-circuit diffusion. A simple technique to mini-

mize surface effects in austenitic steels is described in Reference

17, and Reference 18 presents a computer technique to analyze simul-

taneous diffusion and trapping.

EFFECTS OF HELIUM BUILD-IN

Tests of Types 309S and 304L stainless steels indicate that 3lle

formed in the metal by tritium decay does not seriously reduce the

ductility of these steels at ambient temperature. Foil specimens

(0.025 cm thick) were exposed to 47.5-MPa tritium at 343°K for 17

months; helium build-in was estimated at 0.14 cc (3He)/cc(metalj.

Subsequent tests at room temperature (Table 3) indicated that the

exposure increased the yield strength, but had little effect on the

ductility of the 309S specimens, although the ductility of Type 304L

was lowered. Microvoid coalescence (Fig. 2) was the primary fracture

mode, and there was no evidence of helium bubbles even after a 21-day

anneal at 425°K (Tig. 3). Reference to Eqs. (8) and (li>) inuicates

that if surface effects on tritium absorption are eliminated, the

17-month exposure at 343°K is equivalent to the exposures shown in

Fig. 4. Equivalency is based on the assumption thr': effects of

tritium decay depend on the quantity of 3He developed in the lattice.

Tests of sample? charged with tritium-helium showed that the

above assumption is not valid at elevated temperatures. Gas bubbles

formed on dislocation networks [Fig.5(a)\ and grain boundaries formed

[Fig.S(b)] during 0.5-hour anneals at 1273°K. Further, a tensile

test at 973°K showed that the helium, which had built in during

the charging, agglomerated during the test, causing the fracture

mode to change from ductile rupture to intergranular separation

(Fig. 6) and reducing the strength and ductility of both 309S and

304L stainless steels. These observations agree with the results
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Table 3. Tensile Properties of Types 509S ai>U 3041.
Stainless Steels Containing Hydrogen and Helium

Alloy

309S J

304 IP-

Test Temperature,
°K

300

500

500

50(K

500-;

300'

500^

300 3

973

973

973e

975<3

300

500

300^

300C

300°

300^

300^

973

973

973^

973<?

Lxposure
Before Test

.Vone

None

None

•j

j

_>

j:

None

None

None

None

a

c

d

None

None

d

d

Strength, MN/m:'
Yield Ultimate

241

255

234

2i'ti

305

305

379

3Sfc

151

131

-

32-1

331

-100

400

400

454

454

152

152

193

165

(.14

(.14

t i l l "

014

014

<>2~

6̂ >;>

662

305

2&9

234

15S

"51

~5~

75"

"24

757

744

744

220

255

200

179

1.longat ion,
r

; > .

5;)

•!S

55

45

53

25

29

1

< 0. 1

5o

49

52

2S

50

29

26

55

29

1

a. Foil specimens (0.02S4 cm x 0.381 cm x 2.54 cm gauge) tested in
air at 0.01 cm/cm per minute.

b. Specimens contained tritium and helium-3.

a. Specimens contained 2.2 cc hydrogen isotopes and 0.040 cc helium
isotopes per cc metal.

d. Specimens contained 0.14 cc hydrogen isotopes and 0.14 cc heliiw
isotopes per cc metal.

e. Specimens of type held 1/2 our at 973°K to permit :.elium to
agglomerate and to drive off hydrogen before testing.
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a) 304L, unexposed b) 304L, exposed

>

c) 309S, unexposed d) 309S, exposed

Fig. 2. Effect of Tritium Exposure on Fracture Topography of Austenite
Steels. Samples exposed in tritium for 17 months, then tested
to fracture at room temperature.
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3. Typical Dislocation Substructure on Tritium-
Charged Sample after 21-Day Anneal at 425°K



: /-in

Equivalent Temperature, *K 500 400 300

10 20 50 100

Equivalent Time, months

300

Fig. 4. Exposure Conditions Calculated to be Equivalent to 17 Months
Exposure to 47.5-MPa Tritium at 343°K. Calculations are de-
signed to give same amount of 3He after test.



a) Bubbles at dislocation node;;

340 A

b) Bubbles at grain boundaries
and dislocations

Figure 5. Helium Bubble Formation at Dislocations of
Grain Boundaries on Sample Annealed at 1273°K



a) 304L unexposed b) 304L, -UJ.14 cc 3He

c) 309S, unexposed b) 309S, M).14 cc 3He

Fig. 6. Effect of 3He Buildin on Fracture Topography of Austenitic
Steels Tested at 973°K
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of studies of helium embrittlernent of ion-bombarded Type 304 stain-

less steel.19 The lack of significant effects at near-ambient tem-

peratures also agrees with the ion-bombardment studies which showed

no effects of irradiation at temperatures below 923ak. These results

indicate that the wealth of data on helium effects available from

various irradiation studies is, to a first approximation, applicable

to helium effects resulting from buildin of 3He from tritium decay.

This conclusion, coupled with the equivalency curves shown in Fig. -I,

indicates that helium build-in should have little or no effect on the

mechanical properties of austenitic stainless steel components exposed

to >0.1-MPa tritium at ^300°K within a 25 to 50-year design lifetime.

CONCLUSIONS

The effects of tritium absorption and subsequent helium build-in

on the tensile properties of Types 3041. and 3U9S austenitic stainless

steel show that long exposures to tritium such as those expected in a

fusion reactor should have no serious effects on structural integrity

of t^ese materials. The effects of hydrogen are similar to those of

tritium and effects of tritium-daughter helium are similar to the re-

sults predicted from a-ion bombardment studies. These similarities

indicate that the large volume of hydrogen and helium data available

from other studies may be applicable to fusion reactor problems.

However, difficulties in applying short-time test results to pre-

dictions of long-time compatibility arise primarily because gas

trapping, metal surface effects, and short-circuit gas diffusion

influence exposure simulation parameters.
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HYDROGEN EFFECTS IN ALUMINUM ALLQY^

M. R. Louthan, Jr.
G. R. Caskey, Jr.
A. H. Dexter

E. I. du Pont de Nemours & Co.
Savannah River Laboratory

Atken, South Carolina 29801

ABSTRACT

The permeability of six commercial aluminum alloys
to deuterium and tritium was determined by several
techniques. Surface films inhibited permeation under most
conditions; however, contact with lithium deuteride during
the tests minimized the surface effects. Under these con-
ditions

(J»_ = 1.9 * 10"2 exp(-22,400/RT) cc(NTP)atm"Jisec"1cm"1uz

The six alloys were also tested before, during, and after
exposure to high pressure hydrogen, and no hydrogen-induced
effects on the tensile properties were observed.

The information contained in this article was developed during
the course of work under Contract No. AT(07-2)-l with the U. S.
Energy Research and Development Administration.
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INTRODUCTION

Aluminum and its alloys are generally considered immune to em-

brittlement by exposure to gaseous hydrogen. The tensile properties

of many aluminum alloys are not noticeably affected by testing in

69-MPa hydrogen;1'2 quantitative fracture mechanics data on 2219

aluminum show that the stress intensities at crack arrest are the same

in 34.5-MPa hydrogen and helium;3 measurements of fatigue crack growth

rate in dry hydrogen and argon show no hydrogen-induced enhancement of

crack growth rates;"* disk rupture tests of 7075 aluminum indicate little

or no sensitivity to hydrogen embrittlement.5 However, corrosion studies;

investigations of blistering,7 and studies with cathodically charged

alloys8 have provided evidence indicating that when sufficient hydrogen

is absorbed, hydrogen embrittlement will result.

Hydrogen absorption by aluminum alloys exposed to gaseous hydrogen

environments is probably severely restricted by a surface oxide film.

Early measurements showed that the permeability constant for hydrogen

in aluminum varied by four hundred fold,depending on surface treatment.9

Differences in surfaces also must contribute to the wide spread in re-

ported values for the permeation activation energy (>26 to M O kcal

mole 1 } 5 C and activation energy for diffusion (̂ 9.2 to ̂ 53.5 kcal

mole"1).11'12 Because the potential for embrittlement of aluminum

alloys is apparently related to hydrogen absorption, the nature of the

surface may also be important in embrittlcn'en* consideration*.

Aluminum is a candidate structural material in a minimum-activity

concept for fusion reactor blankets.'3 This concept requires that the

alloy selected have reasonable strength at elevated temperatures and be

compatible with low-pressure tritium from both a strength and permeation

standpoint. Savannah River Laboratory has investigated the 3H-A1 system

from both of these standpoints for several years. This paper summarizes

the results of those studies.



DISCUSSION

Permeation

The permeability of aluminum alloys to deuterium and tritium was de-

termined with several types of specimens. The majority of the deuterium

data was obtained with foil specimens using techniques previously

described for austenitic stainless steels.lk Measurements with type 3003

aluminum showed that the apparent permeability of aluminum to deuterium

was increased when lithium deuteride was in contact with the deuterium

side of the permeation specimen (Fig. 1). Least squares analysis of

the permeation data indicated that contact with LiD increased the perme-

ability coefficient and decreased the activation energy. This effect has

been reported for austenitic steels and is attributed to removal of

surface oxide films through reaction of the film with the lithium deute-

ride powder.llf In the present case, however, the reaction

Al2O3(s) + 6LiH(s) - 3Li2O(s) + 2Al(s) + 3H2(g)

is not likely to occur since AG ^ + 73,000 cal mole"1 for hydrogen

at 0.1 MPa. However, most air-formed oxide films on aluminum alloys

are hydrated, and LG° is negative for a reaction of the type

aAl2O3-H2O + LiH -> C1AI2O3 + LiOH + H2

Thus, contact with lithium deuteride could affect the characteristics

of surface films and thus the permeability to deuterium as was found

by Cockran.9

The permeability of aluminum alloys 5086, 5083, and 7039 (compo-

sitions in Table 1) to deuterium was in agreement with the 3003 data

(Fig. 2) and is represented by

<j> = 1.9 * 10~2exp(-22,400/RT)cc(NTP)atir, sec'"1™'1 (1)

Thus, small differences in alloy composition did not significantly affect

permeability at temperatures as low as ̂ 500°K, when lithium deuteride was

in the permeation cell. This observation is in agreement with Cockran's

results for 1100, 5050, and 8001 a.11oys.
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Temperature, °C

10- 9

350 300 250 200 150 100

* 3 Specimens with LiD in Contact
with Specimen Surface

• 2 Specimens without LiD

o- l0

X3
O
(!)

Iff-I2

10"

\ \

' \

\

V \

!

1.4 1.6 1.8 2.0 2.2
1000/T, »K

2.4 2.6 2.8

Fig. I. Effect of LiD on the Permeability of Deuterium through
3003 Aluminum
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Table 1. Aluminum Alloy Compositions

Alloy Nominal Composition, wt %

3003 0.6Si-0.7Fe-0.12Cu-1.2Mn-0.1Zn, balance Al

5083 C.4CSi-0.40Fe-0.10Cu-0.65Mn-0.2Zn, balance Al

5086 0.40Si-0.50Fe-0.10Cu-0.45Mn-0.2Zn, balance Al

7039 0.30Si-0.40Fe-0.10Cu-0.25Mn-4.0Zn, balance Al

2011 0.40Si-0.7Fe-5.5Cu-0.4Bi-0.4Pb, balance Al

2024 0.50Si-0.5Fe-4.4Cu-0.6Mn-1.5Mg, balance Al

6061 0.60Si-0.7Fe-0.27Cu-1.0Mg-0.2Cr, balance Al

6063 0.40Si-0.35Fe-0.10Cu-0.10Mn-0.7Mg, balance Al
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4 0 0

Temperoture, °C
350 300 250

S| E

V O 3003 Al
A 5066 Al

A 7039 Ai

U 5083 Al

= 1.9 x 10^ exp(-22,400/RT)

'.5 1.6 1.7 1.8

lOOO/T, CK

1.9

i

\

2.0

Fig. 2. Deuterium Permeability of Aluminum Alloys in Contact
with Lithium Deuteride. Several specimens of 3003
and two specimens of 5087 aluminum were used.



The data shown in Fig. 2 also indicate that cold work does not

affect The penneabi 1 i ty to deuterium. Several of the 3003 and the 5083

Al specimens used to obtain the data were initially in a cold-worked

condition. These specimens recrystal lized during the high-temperature

permeation experiments. However, recrystallization had no effect on

permeation. Duplicate measurements before and after recrystallization

were nearly identical, and no changes in slope or discontinuities in the

Richardson-Arrhenius plot are noted at either the recovery or recrystal-

lization temperatures. Thi"7. indicates that dislocation networks, grain

boundaries, and other such defects do not provide high permeability paths.

The lack of grain boundary effects is apparently in contrast to the auto-

radiographic results of Haynie and Boyd.15 Their studies indicate that

hydrogen is present in higher concentrations at grain boundaries than

within the grains of stressed Al-Zn-Mg alloy. However, the permeation

specimens used in the present study were not stressed significantly

during test; thus the result may be interpreted as indicating the impor-

tance of stress in promoting grain boundary segregation of hydrogen (and

perhaps stress-corrosion cracking) in aluminum alloys.

Another series of permeation measurements for 7039 aluminum with

both tritium and deuterium at lower temperature (to 400°K) was made

with tubular samples as shown in Fig. 3. These jamples did not con-

tain lithium deuteride because of the potential for deuterium-tritium

exchange during measurements with tritium. The deuterium permeability

for the same samples was in agreement with the tritium data when

corrected for isotope effects using the inverse square root of mass

correction, Fig. 4. As shown on the figure, these data are in reason-

able agreement with the measurements on 3003 aluminum foils without LiD

given in Fig. 1. The permeability data for both alloys are described

reasonably well by the expression

0 exp(-35,700/RT) cc(NTP)atm" cm"'sec"1 (21

This equation predicts room-temperature permeabilities 10~3 to

10"1* of those from Eq. (1) for specimens in contact with lithium deute-



-Cylindrical Permeation Membrane
-Aluminum Mandrel
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L£xploiivtly Bonded
Aluminum-Stainless Steel Joint Ion Chamber

Fig. 3. Test Apparatus for Measurement of Tritium Permeation
through Aluminum Alloys
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Fig. 4. Permeability of Deuterium and Tritium through 7039
Aluminum
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ride. As previously described, it is assumed that a surface oxide was

present on all the samples tested, regardless of the presence of lithium

deuteride. It is tempting to conclude that values for <f>0 and AH^ for

aluminum are irrelevant 6 and that permeability equations primarily de-

scribe only the effects of the surface films. Published solubility and

diffusivity measurements tend to confirm this conclusion; diffusion

activation energies between 9.7 and 33.5 kcal mole"1 have been

reported^1'12''7'13 and activation energies for hydrogen solution vary

between 9.5 and 16.3 kcal mole" 1. 1 8' 1 9' 2 0 Combination of these values

yields permeation activation energies between 18.5 and 49.8 kcal mole *.

Evaluation of the available data, however, indicates that apparent

differences in activation energy (and diffusivity and solubility con-

stants) are emphasized because studies have often been confined to a

narrow temperature range. Most of the solubility data are in reasonable

agreement and fall within a factor of two of the solubility equation

proposed by Eichenauer19 in 1968 for 99.999% aluminum:

C = 3.43 p!sexp(15,100/RT)cc(NTP)cm"3 (3)

where C is the solubility of hydrogen at pressure p and temperature T.

The highest reported values for hydrogen diffusion were those of

Eichenauer, Hattenback, and Pebler.11 Least squares fit of their data

gave a diffusivity D,

D = 0.011 exp(-9,200/RT)cm2sec"1 (4)

The highest reported values of D were selected because surface effects

decrease the apparent diffusivity, so the highest value should represent

minimum surface effects. Combination of Eqs. (3) and (4) yields

<t>H = 3.7 x 10"2 exp(-24,300/RT) (5)

for permeability <}>,, , which is in reasonable agreement with Eq. (1).

These results indicate that diffusion-controlled permeability is

represented by Eq. (1) and that Eqs. (3) and (4) provide reasonable

estimates of the solubility and diffusivity of hydrogen in aluminum.

The apparent lack of significant surface effects on hydrogen perme-

ability through the alloys in contact with lithium deuteride indicates
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that the surface oxide is highly defected and that the defects are high

permeability paths. Measured tritium diffusion coefficients in single

crystal and polycrystalline AI2O321 show that the activation energy for

hydrogen diffusion is significantly less for polycrystalline samples and

that the diffusivity increases with decreasing grain size. These data

support the contention that an air-grown oxide film on a commercial alu-

minum alloy forms a permeation barrier. Exposure at that barrier to LiD

dehydrates the oxide ana could create a significant number of high-perme-

ability paths. Such paths would be expected if removal of the water of

hydration either lowered the density or caused cracking and/or spalling

of the typical air-grown film. Thus, hydrogen permeation experiments in

the absence of techniques to dehydrate the A12O3*H2O would be under

surface control and low permeabilities would be observed [Eq. (2)].

Contact with lithium deuteride would dehydrate the film, create high-

oermeability paths, and permit diffusion-controlled permeation to be

measured.

Mechanical Properties

The mechanical properties of a wide group of aluminum alloys were

not affected either by exposure to or testing in gaseous hydrogen.

Foil-type specimens (0.025 cm thick) of annealed 3003 aluminum were

tested in room air at 225 to 385°K after exposure to 69-MPa deuterium gas

at 343°K for 28 hours (sufficient time to saturate the alloy). Half of

the specimens were simply exposed to the deuterium gas; half were in con-

tact with lithium deuteride during the exposure. Neither exposure signif-

icantly affected the mechanical properties (Table 2). Good compatibility

with hydrogen was confirmed for six other aluminum alloys (2011, 2024,

5086, 6061, 6063, and 7039) which were tested at 500°K in room air, 69-MPa

hydrogen, and 69-MPa helium (Table 3). These results, coupled with the

favorable results of long-time exposure tests with 7039 aluminum (Table

4) provide an excellent justification for use of aluminum-base alloys in

hydrogen service. Other studies with annealed 1100 aluminum showed that

long-time exposure to tritium and the resulting build in of tritium-decay

helium had no adverse effects on the mechanical properties (Table 5).
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Table 2. Effects of Dueterium Exposure on Annealed 3003 Aluminum

Exposure
Test

Temperature, 'K

383
343
303
263
223

383
343
303
263
223

385
343
303
263
225

Strength. MPa
Yield

30.3
29.6
42.7
39.3
42.7

34.5
39.3
42.7
32.4
48.9

42.1
38.6
40.0
38.6
47.6

Ultimate

81.4
91.7
111.7
110.3
111.7

77.2
86.2
97.9
100.7
106.2

83.4
92.4
95.1
99.3
107.6

Elongation, %

35
32
20
32
35

33
31
23
31
27

32
31
24
26
27

None

D2 Gas
a

LID + D2
gasa

a. 69 MPa pressure deuterium gas for 28 hours.



Table 3. Hydrogen fcffects on Aluminum Alloys

Test Strength, MPa Ductility,
Alloy Environment Yield Ultimate Red. in Area, % Elong., %

2011

2024

5086

6061

6063

7039

0.1-MPa

69-MPa He

69-MPa H2

0.1-MPa Air

69-MPa He

69-MPa H2

0.1-mPa Air

69-MPa He

69-MPa H2

0.1-MPa Air

69-MPa He

69-MPa H2

0.1-MPa Air

69-MPa He

69-MPa H2

0.1-MPa Air

69-MPa He

69-MPa H2

269

227

220

358

324

310

193

151

138

179

131

138

214

158

158

152

124

117

358

296

296

489

441

427

303

248

248

234

179

186

241

193

200

179

138

138

48

57

58

33

36

35

49

55

57

75

82

82

62

83

84

80

85

86

17

1«

17

15

19

18

18

20

21

14

15

14

13

15

15

14

14

14
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Table 4. Effect of Prolonged Hydrogen Exposure
on the Tensile Properties of 7039 Aluminum

Condition
Ductility,

?y,MPa Oult.MPa Red- i n Area, % Elong.,

Unexposed

Exposed**

303

310

379

372

44

45

13

14

a. Exposed 524 days to 69-MPa H2 at 343°K; data averages of at least
three samples.

Table 5. Effects of Tritium Exposure on the Mechanical Properties
of 1100 Aluminum at 300°K

Exposure ay,MPa ault,MPa
% Elongation
in 2.54 cm

None

None

69 MPa for

38 days

at 343°K

69 MPa

for 510 days

at 343°K

34

49

34

41

34

41

41

41

90

90

96

96

96

90

90

90

32

33

36

39

34

29

33

30
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CONCLUSION

The combined results of the mechanical property and hydrogen-trans-

port data show that aluminum alloys should be considered when potential

applications require both mechanical compatibility with hydrogen isotopes

and low hydrogen permeation rates. Eqs. (1) and (2), respectively,

provide estimates of the permeability of aluminum alloys to hydrogen

isotopes under conditions of diffusion and surface control.
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Fig. 1. Appearance of the SEM Glovebox Installation
from the Front.

Effluent Recovery System as required. The overhead pipes

lead to the Dri-train system in the adjacent room and to the

house argon, chill water, and Effluent Recovery System lines.

A Kanne monitor is locate! abovo the hood opening.

Figure 2 shows the back of the glovebox with the electron

optical column and the rubber boot interface. The system is

monitored by a Panametrics moisture analyzer and a Delphi

oxygen analyzer. An ORTKC energy dispersive x-ray analyzer

is shown in the foreground. The microscope chamber is mounted

on a table top supported by hydraulic vibration dampers. The

operating consoles for the SEM and the ORTEC are shown in

Figure 3.

The spr-cimen chamber door is shown in Figure 4 through

the glovebox window. The stage controls shown can all be

operated remotely at the main console. These five different

motions are X, Y, Z, tilo, and rotate. The specimen stage is
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Fig. 2. View from Behind the Glovobox .hewing the
Electron Optical Column, Chamber to Glovebox Inter-
face and Energy Dispersive X-ray Analyzer.

The Operating Consol
ivo X-ray Analyzer

Fig . 3
ORTEC Energy Dispors

for the SEM and the
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Fig. 4. View of the Specimen Chamber Door; the Stage
Controls Shown Have All Been Remotized.

affixed to the door as shown in Figure 5. With the door open

the chamber is empty except for analyzers and can be readily

cleaned or decontaminated. The stage door is removable for

changing types of stages or to bag out if decontamination

or repair is necessary.

In a nearby laboratory a vacuum coating unit is also en-

closed in a glovebox. A rapid access passbox is available at

the rear of the glovebox for small samples only. Entry for

larger samples or supplies is three boxes removed.

Samples from the evaporator or sample preparation box

are transferred using the container shown in Figure 6. This

is a common calorimeter can to which a flat Lucite plate is

attached with epoxy so that it sits upright. Pin-type SEM

sample stubs are placed in the holes of a half-cylinder cut

from aluminum rod. This assembly fits inside the can which
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Fig. 5. View of the Specimen Stage and Chamber,

Fig. 6. A Sample Container for Moving Samples from
the Sample Preparation Box to the SEM Glovebox.



is closed with an O-ring sealed cap. The sample- container

i;: double-baqgcd out for transfer to the SEM passbox.

The operational procedure" and glovebox atmospheres were

first checked on pyrophoric nonradioactive samples, finely

divided LiH. The powder was mounted using a technique ob-

tained from T. Gregory (formerly at LASL) on similar material.

The powder was sprinkled on a sample stub which previously

had been covered with double-faced tape and heavily coated by

vapor deposition of gold. The appearance of the particle

distribution is shown in Figure 7A. The appearance at higher

magnification (5000X) is shown in Figure 7B. This material was

investigated at magnifications up to 20.000X, uncoated, with

no apparent charging in a 20 kv beam and no apparent reaction

with the atmosphere.

. TnitiaJ j n vo s T. .j a.i r i on =; of . =t»all quantities of radioactive

material were then initiated by examining lithium hydride con-

taining approximately 1 mol % tritium. This was examined with

only a carbon coating, and no differences were observed be-

tween this and the cold material. Typical photomicrographs

are shown in Figures 8A and 8B. Samples of lithium and

uranium hydrides containing approximately 30-50 mol % tritium

were then examined. These materials were then removed from

the SEM glovebox, and the equipment was surveyed for radio-

activity. Wipes of 100 counts/min we-re obtained from the gun

anode; however, no counts were obtained on the grid cap or

the column liner tube. A single wipe covering 1/3 to 1/2 of

the surface area of the glovebox interior counted 10,000

counts/min/ and a cold sample, left open during the examina-

tion of the hot material, wiped 2000 counts/min. A cold

sample examined after removal of all hot material was found to

wipe less than 50 counts/fin after examination.
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Samples of uranium tritidc were then prepared and a

photomicrograph of the reaction product is shown in Figure

9. This material appears to have formed in layers due to

columnar growth of the tritide grains from the metal with

subsequent spalling and cracking of the layers due to .stresses

arising from volume change. After spalling the reaction pro-

ceeds with the freshly exposed metal.

In summary, an SEM facility for investiuatinq radioactive,

pyrophoric materials is currently in operation at Mound Labora-

tory. This facility has many applications in the study of

tritium-contaminated materials. There is a limitation in

the amount of tritiated material that can be examined because

of the high background of secondary electrons from the B-radia-

t.ion of the sample itself. This limit has not yet been deter-

mined quantitatively; however in practice, when tr.is phenomenon

is understood, compensations in techniques can be made. An ion

Fig. 9. Uranium Tritide.



mass analyzer attachment for this instrument has been pur-

chased and is scheduled for installation in the near future.

This will make possible analysis for masses from 1 to 300

amu.



REACTION RATES AND ELECTRICAL RBSISTIVITIES OP
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Chemistry Department, University of Nottingham, Sngland. . t

ABSTRACT

The rate of reaction, k, of hydrogen and of deuterium
with liquid lithium have been determined up to pressures of
20kNm"2 and at temperatures between 230 and 270*C. The
reaction is first order with an apparent activation energy
of 52.8 and 55.2 kJmol for hydrogen and deuterium, respectively.
The deuterium isotope effect, kn/lqj, decreases from 2.95 at
230 to 2.83 at 270°C. Tritium is predicted to react even
more slowly than deuterium. The freezing point of lithium
is depressed by 0.082 and O.O75°C, respectively, by dissolved
hydride and deuteride giving eutectics at 0.016 moT%R and
0.012 mcl^D in the metal-salt phase diagrams. The de-
pression and eutectic concentration are expected to be less
for tritium. The increase in the resistivity of liquid
lithium caused by dissolved hydrogen isotopes is linear
and relatively large, 5*10" 8 Q m (mol^H or D)" 1. The
solubility of lithium hydride and deuteride were determined
from the marked change in resistivity on saturation. The
liquidus of the metal-salt phase diagram rises steeply from
the eutectic point to meet the two-immiscible liquid region.
At the lithium-rich end, hydride is more soluble than
deuteride; the solubilities are given by
log (mol#H) = 3.523 - 2308/T 523 ̂  T £. 775K
log (mol#D) = k. 321 - 2873/T 5US ̂  T «£. 72i»K
Tritium is expected to be less soluble than deuterium. The
partial molar enthalpies of solution are Uk.2 and 55.0 kJmol"''
for hydrogen and deuterium, respectively. These values are
used to calculate the solvation enthalpies of the isotope
an5ons in the metal*
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INTRODUCTION

The chemical and physical properties of liquid lithium are of

current interest due to the possible use of the metal as a combined

tritium breeder and heat transfer medium. Although the lithium-

tritium system remains largely unexplored, the reactions of the more

easily hawiled isotopes, hydrogen and deuterium, can be used to

delineate the probable relationships of tritium with the metal. Thus

kinetics, and resistivities, together with phase ais3 thermoehemical

properties for the lighter isotopes are not only of intrinsic interest

but also indicate the probable behaviour of tritium in these areas.

EXPERIMENTAL

The multipurpose apparatus is shown in Fig,. 1. *"or kinetic

work the apparatus (stainless steel, ATSI yi\) ccapvised the cylindrical

reservoir A (1C0 mm long, 70 ram diasu), dc. electromagnetic pump P^

and thermocouple well T,. It was charged with solid lithium (lOg,

99.9890 under argon and mounted in an air oven so that the neck B

protruded through an aperature for attachment to a vacuum frame. The

transition from steel to glass was made through* ths seal SI. The argon

was replaced by hydrogen (99.989?) which reacted with the jet of liquid

metal issuing from the pump. The reactions were sufficiently slow

up to 300°C that the decrease in isotope pressure could bs followed

manometrically. Starting pressures were near 20 kNnf^. Experiments

wer«E performed alternately with hydrogen and deuterium (99.50$) using

the same metal at 229, 252 and 268°C; these were augmented by separate

experiments with deuterium at 280 and 297*0.

For thermal analysis, the reservoir was narrower (25k mm long,
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38 mm diam.) and, prior to use, the liquid metal was gettered with

yttrium sponge (5c, 99. 91'") which was suspended by a chain 0 from a

winding device S. This assembly was mounted above the seal M. After

purification at i.0O°C, ths getter was isolated in the well W which was

sealed by a chamfered lid D, or coEjvletely removed. Successive

volumes (ca 10 mm'' at STP) of hydrogen were admitted which reacted

rapidly at AOO°C. The pump P-) was used to ensure homogeneity of

the solution which was cooled at 10° h . This slow rate gave

reproducible freezing arrests which were measured using a chrorael-

alumel thermocouple in T^ and a vernier potentiometer.

For resistivity measurements, the reservoir A (100 mm long,

50 mm diam.) was equipped with a steel capillary loop (1.5 mn id.,

350 mm long). This was bridged by two circular discs near thermo-

couples T2 and T3 between which the resistance H was measured. The

liquid was initially gettered as before and hydrogen or deuterium was
z, 3

added to the metal in small volumes (ca 10 mm at STP) at constant

selected temperatures. Reaction occurred to form the 3alts LiH and

LiD which dissolved in the metal. Resistivities were calculated from

the resistance and the dimensions of the capillary using the fcrnula

for concoctors in para"1 lei.

KHTETIC5?

In the reactions (eq. (1)) of liquid lithium with the isotopes

Li(l) +iX2(g) = LiX(s) (1)

X2(X = H or D), pressures of gas fell smoothly with time as shown

in Fig. 2 where log P is plotted against t. Linear relationships

were obtained for both isotopes as expected for first order kinetics
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Pitt. 2. Pressure changes in the reactions of liquid lithium with
hydrogen and deuterium.



according tc eq. (.?).

-dp/dt = kpP or lnP = -kft • lrPo (2)

The rate constant, k , was derived from the elopes and increased with

increasing temperature according to eq. 3 as shown in Pig. 3.

kp = Ae~ E t / R T or ^nkp = lnA - E*/9T (3)

The present experiments were inadequate (three) to assess the slope for

hydrogen. This was established, therefore, in Pig. 3 from previous

data.2 The apparent activation energy, E , for the reactions of

hydrogen and deuterium as given by the gradients were 52,8 and 55«2

kJmol" , respectively. Hydrogen reacted nearly three times faster

than deuterium under identical conditions; the deuterium isotope effect,

kH/kD, was 2.95, 2.92, 2.88, 2.85 and 2.83 at 250, 2L.0, 250, 260 and

270°C, respectively. More than half of the isotope effect can be

accounted for by the difference in E*. The ratio, however, is only

half that predicted were the difference in zero point energies of the

isotopes solely responsible. Thus eq. (u) gives kpr/kj, ••= 5.93.

EoD " EoH
RT

kH/kD = e (U)

where T = 5O3K, E _ = 25.9, and E _ = I8.it kJ. Cases where the
On oD

isotope effect is less than expected are aften attributed to a

process in which a new bond is formed simultaneously as the old bond

is broken leading to a difference in zero point energy of the activated

complex which cancels in part the difference in zero point energy of
if

the reactants. This is shown in Pig. k. The tritium isotope

effect, kfj/kT, predicted from eq. (k) at ?30°C is 13.0. Assuming

that this is reduced by half as found for deuterium, kp values would
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Fig. 3. Effect of temperature on the rates of reaction of hydrogen
and deuterium with liquid lithium.
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X ="itv
REACTANTS
i(l) + X2(g)

Reaction coordinate
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COMPLEX

PRCDUCTS
2 L iH(s )

Pig. 4. Potential energy profile for the reaction of the hydrogen
Isotopes with lithium.



in the ratio 6.5:2.9:1 for the reaction of hydrogen, deuterium and

tritium, respectively, with lithium.

DEPRESSION 0" FREEZING POINT

The pure metal melted at 18O.5O°C but this was depressed by

0.08(2) and 0.07(5) by dissolved hydride and deuteride, respectively,

as shown in Pig. 5. The hypoeutectic liquidus and eutectic horizontal

were derived from three separate experiments with hydrogen and one with

deuterium. The eutectic points occurred at 0.016 moTr?H and 0.012

mol9£D, and the steep hypersutectic liquidus shown is an interpolation

between this point arid the solubilities determined by resiptivivy

(see later). The hypereuteetic liquidus and also the hypoeutectic

horizontal could not be detected by thermal analysis. The solid

solubility of LiX(X = H or D) in Li was estimated from the ideal

solution equation. Following the direction set by these isotopes,

we expect tritium to depress the freezing point by ca. 0.07°C, and

the solid and liquid solubility of the tritide to be slightly less

than for deuterium. The eutectic point is of practical value in

connection with purification of the metal by filtration and shows that

isotope concentration can not be reduced below that at the respective

eutectic by this method. Similarly it follows that isotope enrichment

by cooling the hypoeutectic solution should give concentrations no

richer than that at the respective eutectic.

RESISTIVITY AND SOLUBILITY

The electrical resistivity of liquid lithium increased linearly

with increasing concentration of hydride an shown in the upper part of
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Pig. 6 at 411, 499 and 525°C. In each case the resistivity levelled

when the solution became saturated. Further hydrogen merely produced

increasing amounts of solid hydride. The unit increase in resistivity

Ap/x (x ss mol̂ Sl) was relatively large, ca. 5X10~ Qm (moTT̂ l) , though

smaller than for nitrogen, 7X10~ Qm(mor£) . A slight temperature

dependence was observed i.e. at 240 and 54O°C the values were 4.25X10"^

and 5.35X10 Qm(mor?9l)~ , respectively. The technological aspect of

these results is that the electrical conductance and hence the thermal

conductance of lithium diminishes considerably with increasing hydride

concentration; the resistivity, however, constitutes a sensitive

method, albeit nonselective, of monitoring the hydride concentration.

Although &p/x was virtually the same for hydrogen and deuterium

(and presumably for tritium also), the solubility of the isotopes

differed. This is shown in the lower part of ?ig. 6 where the liquidus

(derived from the resistivity changes above) is shown for the Li-LiH

and Li-LiB systems. The liquidus rose smoothly from the eutectic point

in each case but >ydrogen was more soluble than deuterium. In the

case of hydrogen, the liquidus extrapolates •from 555°C to meet the

values of Measer which commence at 62V*C. Subsequently a two-liquid

region occurs which, at the monotectic temperature 685°C, extends from

19.0 to 49.5 mol#!H. The present solubilities are summarised by eq. (5)

and eq. (6).

log (mol*&) = 3.523 - 2308/T .523 < T <-. 775K (5)

log (mol^D) =4.321 - 2873/T 5495: T "̂  724K (6)

The solubility of tritium is expected to be slightly less than for

deuterium.



IV-155

24

16

8

499°

i
i
i
i

525°

i

r

500 -

4 0 0 -

300

200

L.
0

mo I X — H or D

Pig. 6. Resistivity and solubility of LUC in lithium.



SGLVATION ENTHALFT

The solubility provides a value of the partial molar enthalpy of

solution, H(soln), of the isotope with respect to the precipitating

phase. The solution may be considered to consist of anions, Z~,

solvated by cations, in a matrix of cations and free electrons. The

relation ship of H(soln) with the other terms in the solution process

is then shown by the cycle.

• *x2(g)
AH LiX(s) H ( s ° 1 n ) ^ Li+(soln) • X-(soln)

Li(g) x(g)

X"(g)

Using this *onic concept, the solvation enthalpy, U8, for the components

of LiX is analogous to the lattice enthalpy, Uj, and K(soln) is generally

a small positive difference between these two large negative terms. The

overall solution enthalpy change (AH + H(soln)) is negative and

therefore both isotopes dissolve. Similarly for other salts. Values

of U g calculated from the cycle for LiH, LiD, Li?0 and LijN are given

in the Table.

Table. Solvation enthalpies (kJ mol ) for
solutes in liquid lithium

Solute

Deuterium

Hydrogen
Oxygen
Nitrogen

H(soln)

55.0

hh.2
52.5
39.2

Us
-860

-87U
-2856

A817

Ux

-413

-^27
-1991
-3460
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The individual solvation enthalpy of the anion, Ux, can be extricated

from Us by the approximation U X 3 U S + I + S-<|> where § is the work
g

function of lithium. Values of U so derived are included in the

Table. As might be expected, Vx becomes more negative with increasing

charge on the anion. The isotope effect suggests that deuterium is

less strongly solvated than hydrogen; presumably the solvatien enthalpy

is even less negative for tritium.

The author? thank the U.K.A.E.A. (Harwell and Culham) and S.R.C.

for maintenance grants, (P.F.A.) andfc.F., A.E.T.), respectively.
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ABSTRACT

The techniques of ion backs catterin.-; and nuclear micro-
analysis as tools for studying hydrogen and helium isotopes
in solid materials are discussed and compared. The advan-
tager, disad\rantages and limitations of each of these tech-
niques are explored. Experimental results obtained usinr
the two techniques are analysed to obtain information on
concentration-versus-depth profiles for t.sese lis-in. ̂to?>s
in heavy atom substrates.

INTRODUCTION

The characterisation of solids implanted er diffused with hydrogen

and/or helium impurities is of concern to a variety of fields. Light

atom "impurities do not readily land themselves to ion backscatterin^

studies of concentration-versus-depth because of their low mass and

atomic number. The difficulty of such measurements is aggravated by

the fact that the elemental Rutherford cross section varies as the square

of the impurity atomic number, and by the low energy of the backscattered

ion which often results in superposition of the impurity and substrate

spectra. Tn many cases nuclear reactions exist which overcome these

problems and may be used to study various phenomena associated wit:;

light atom impurities. Many of the nuclear reactions us-«d in nuclear

microanalysis have been summarised and reviewed in previous articles.

Of particular interest are the properties of hydrogen isotopes (r and T)

*This work was supported by the United States Energy Research and
Development Aclr.inistration, ERDA,
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and the helium isotopes (3He and ""He) in both metals and insulators for

fusion teciiiiolOf-y ami other rtudies.

In this paper the u:;e of nuclear re&ctions to study D and aHe in

solid materials and the use of ion b&ckscattering to study D, T, "He and
4He will be discussed. These two techniques will be described in detail,

and the advantages, disadvantages and limitations of earn will be

explained. Experiments which have been performed to date will also be

reviewed.

NUCLEAR MICROAIIALYSIS

Nuclear reactions may be used to determine deuterium and 3He eon-

centre-tion-versus-depth profiles in the near-surface region of solids.

Pronko and Pronko'" explored the use of D[aHe,p]4He reection for deuterium

and 3He profiling. The cross section for this reaction is shewn in

Fig. 1. They detect the total reaction yield as the peak in the reac-

tion cross section is swept through the depth of the sample by varying

the incident beam energy. They suggest ~- 3000 A as the ultimate reso-

lution of this method for profiling 3He, end ~ cOO A as resolution in

Fig. 1. Cross section vs energy for the reaction 3He(d,p)4He taken
from Ref. 3 with representative error bars indicated.
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3He EMERGY IMeV)

Fig. 2« Smitted 4He energy vs incident 3He energy at various
laboratory emission angles for the reaction 3He(d,p)*He.

experimental geometry for a particular measurement o\3 must consider

angle of beam incidence and angle of observation relative to the target

surface, incident ion energy,, probing depth desired, and depth resolution

desired. A tradeoff mur-t be made between depth resolution and probing

depth, i.e., increased depth resolution requires large energy loss/unit

depth while increased probing depth requires small energy loss/unit

depth. Better depth resolution is obtained at the forward scattering

angles, but at these angles one must decrease the counting rate to avoid

pulse pileup from Rutherford scattering of t'..e incident beam into the

detector. For backward detection geometries the depth resolution is

decreased, but the data may be accumulated at a much higher rate. The

angular acceptance of the detector also determines to a certain extent

the energy resolution (and therefore the depth resolution of the systen.

Fcr a silicon surface barrier detector of ~ 10 keV resolution angular

acceptance must be of the order of £°.at forward scattering angles, while

in the backward directions it may increased considerably without loss of

depth resolution.
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In general, nuclear reaction cross sections are smaller than Ruther-

ford scattering cross sections so that a considerable fluence of the

probing beam may be implanted during the analysis, particularly if many

spectra are taken at the same target spot. This may affect the results

of the experiments, e.g., blistering and exfoliation.

This technique was applied to multilayer deuterided films to teet

its depth resolving capability. Camples consisted of a molybdenum sub-

strate with an erbium deuteride film of thickness 0.1*11 x 10ia molecules/

cm2 (~ 11*00 A) overlaid with a chromium film of 1.1*9 x 1018 atoms/cm2

(~ 11,00 A) overlaid with an additional erbium deuteride film of 0.312 x

1018 molecules/cm8 (~ 1000 A). Figure 3 shows a spectrum taken for this

sample for normal 3He incidence and an observation angle of 170°. The
3He backscattering spectrum is shown at energies less than 800 keV and

the layer thicknesses can be determined from this portion of the spectrum.

The position of backscattered 3He ions from surface Er is indicated by a

vertical bar and the Cr and Mo edges are evident at lower enevgies.

Above 1.7 MeV is shown the 4He spectrum clearly indicating the double-

peaked deuterium distribution arising from the two ErD3 layers. The

Backscattering and nuclear reaction yields for 800 keV 3He
bean incident on multilayered ErD2 target. Observation angle
is 170°. The target is composed of a Mo substrate overlaid
with 0.1.11 x 10ieErDs molecules/cm

2, overlaid with 1.1*9 x 10le

Cr atoms/cms, overlaid with O.?12 x 1018 ErD2 molecules/cm
2.
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enercv of tlic 4He particles coming from the surface is indicated by a ver-

tical bar on the inset spectrum. The 4He particles coming from below the

surface have higher energy due to the kinetics of the resction (sea Fig. 2).

The smaller of the two peaks corresponds to *He coming from the deeper

erbium deuteri.de layer.

A spectrum from the same sample utilizing a forward angle geometry

is shown in Fir. •'-. The angle of incidence to the surface was 20° and

the 4He emission pngle with respect to the incident directions was 7C°.

The incident Qner,y was 1.2 MeV and the beckscatt&red '"He spectrum is

shown below this energy. Due to the scattering geometry the two erbium

deuteride layers ere not resolved in the 3He part of the spectrum. The

''lie spectrum is shown around k MeV. Again a double peak corresponding

to the deuterium in the two layers is resolved. In this case the energy

of tho '"tie decreases es the "'He penetrates further into the sample so

that lower eneivies correspond to deeper depths. The resolution obtained

is far from minimum because of the lack of angular resolution (~ ]°) in

the detection system..

'"-"««.**.•

Fig. !•. Backccattering and nuclear reaction yields for 1.2 MeV 3He beam,
incident on same target as in Fig. 3. Observation angle is 70°.



For films which are thick (> ljjm) the pita file of deuterium concer>-

tration versus depth can be obtained by taking spectra at successively

higher "lie energies. The profiling region is that whore the "'He beam is

slowed down to the vicinity of the maximum of the cross section. Probing

depths and achievable depth resolutions in erbium are indicated in

Table 1. This table gives calculated results Tor the depth at which the

peak of the cross section ~ oCO keV is reached in erbium as a function

of incident 3He energy and the limitation on the denth resolution due to
1;

straggling of the beam.

An analytical technique to reduce yield-vercus-energy spectra to an

impurity-concentration vs depth hus been developed and applies to both

elastic and inelastic reactions.J Using it, the depth distribution

profiles are obtained directly from the observed data. This analytical

teehnicme will be discussed more fully later.

3He Initial
Energy

(MeV)

l.£

l.k

1.2

1.0

0.8'

TABLE l

Mean Depth to
reach oGG keV

(A)
2t,000

2O,?5O

1*4,950

9, &00

S£5C

,Spread in
Depth

(A)
libb

)L'O

656

i.05

173
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Recently the use of ion baci'.scat'ce.-lnr to observe deuterium and

he Mum in thin films on thic.-: substrates has teen successfully

accomplished. Usinr the technique described ir: Ref. >', the elastic

scattoi'i.':;: r-ross section for pi'otons on deuterium at 170° (lab) was

measured. The elastic scattering '-rocs section was found to be approxi-

mately 1'iw times greater than the Rutherford cross section at £• MeV and

approximately ?(.C times greater at -.'<:• KeV with enhancement increasing

linearly with energy. In addition it was ^ound that for protons incident

on 4He the elastic cross section is increased over the Rutherford cross

section by a factor of approximate];.' -'. C at ±.t MeV. Previously ion

bacKscatterin;' has been use! to observe deuterium and helium in thin

free-standinc films.' The remainder of trie reetion contains a iiscus-

sion of the rensitivit;.- of the experimental setup to proton backscatter-

in:- from ' H, "'H, "He and ';He; results of a measuremetit of the elastic

scattering cross seethe:: for "K(p,p)"*;i; and a demonstration of the tech-

nique on specially-prepared films.

In order to be able to optimize depth resolution and sensitivity,

the tar.-ot '..••.amber -nust allov; variation of certain parameters. These

variables include the stifle of inciner.ee of the ion beam on the sample

and the: scattering anj-le. Y-.y increasiiij t:.e an^le of incidence with

respect to the normal of the target surface, it is possible to increase

both depth, resolufon a:;-.: s-.-:is:t.ivity b-.:t multiple scetterinj: end strsg-

flinr will limit the resolution for too small ar. an.rle. Scattering

angles between 1'3(" and 17!;" are generally desirable. .As the scattering

cross section depends strongly on scattering angle in this region

(generally inrreasin;; with, increasing7 angle) precise measurement of the

scattering anple is re.ruirof: for absolute measurement of the impurity

concentration. Elastic scattering cross sections of interest have not

been previously measured st the larger scattering angles needed for the

sensitivity and deptli resolution required for most experiments.

Figure 5 shows the elastic scattering cross section for protons on

deuterium from ?.O to P.8 MeV at a center-of-raass scattering angle of

]65°. ' The cross section is rather larye and decreases linearly -with

increasing enerfy. The enhancement (elastic cross section/Rutherford
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ig. .3. Experimental elastic scattering crocs section and cross section
enhancement for D[p»pJl<; P = lfj>a •

cross section'! increases with increasing energy. Figure i shows the

sarro information for protonr elastically scattered fiotn tritium at a

centor-of-rxass scattering an^le of l;>£.f°. The energy range covered

is . T5 to ~;.5 MeV. Trie elastic cross section decreases monotonically

with increasing energy and again the enhancement increases almost linearly

witV. increasin;- cnerry. The results for scattering of protons from JHe

at s center-of-rnass scattering emgle of lU':° are shown in Fig. 7rJ The

elastic scatters rir cross section has 8 broad pea/, with t);e maximum at

about ;.'.75 MeV. The enhancement monotonically increases with increasing

ener.-̂ . Figure t shoves the results for protons on '"He at a cer.ter-of-
11

mass scattering angle of lv>'°. The scattering cross section :ias a

broad maximum with its canter at about ?..c MeV. The enhancement

increases rnonotonically to 2.27 MeV and thereafter decreases slowly with

increasing eneryy.

For comparison, sensitivity vs energy is shown in Fag. 9 for these

four iirjht atom irpurities in an erbium host for a lab scattering angle

of luCT. Sensitivity is defined here as the ratio of the backscattered
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£ 100 -

Fig. 6. Sxperimental elastic scattering cross section and cross section
enhancement for T[p,p]T; P = l66.7°.

"cm

i.c 5.0

Fig. 7. Experimental elast ic scattering cross section and cross section
enhancement for 3He[p,p]3He; P = l66°.

cm
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5.5

Fig. 8. Experimental elastic scattering cross section and cross section
enhancement for 4He[p,p]3Hej 6 = 168°6

C.3

a.?

3.0 4.0
ElMeVt

5.0

Fig. 9. Sensitivity for proton elastic backscattering from 2H, 3H, 3He
and 4He at 8. . = l6o°. See text for definition of sensitivity.
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proton yield from the lov mass constituent to that from the heavier host

material which would be observed in the region of the spectrum of proton

baekscattering from the low mass constituent in a target with atomic

concentration ratio of 1:1 for the tvo species. This quantity is thus

related to directly observable results in an ion backscattering experi-

ment, and determines the sensitivity for detection of the low-mass con-

stituents. Figure 9 shows that the sensitivity increases monotonically

•with increasing energy. The curves have essentially the same slope for

deuterium, tritium end 4He, but for JHe the sensitivity increases much

faster vith increasing energy than the others. Depth resolution is

increased as the incident particle energy is decreased since the stopping

cross sections (which determine the depth resolution) increase with de-

creasing energy. Therefore a tradeoff must be made between sensitivity

and depth resolution. One inherent problem with this technique is that

the energy of protons backscattered from tritium and '"'He is essentially

the same since their masses are nearly the same. "Wherever there is tri-

tium there is also 3He due to the radioactive decay of the tritium.

Sensitivity for the two appears to be sbout the same between 2-3 Mev,

but the sensitivity for JHe is increasing at e much more rapid rate than

for the tritium at energies above 3 MeV. In general the sensitivity

does not vary much for different substrates, but increases slightly with

increasing scattering angle.

Backscattering has been used to measure the elastic scattering cross

section for protons on deuterium. Erbium deuteride filHis of thicknesses

~ 8000 A were prepared by deposition of erbium on various substrates.

After deposition films were in situ hydrated by exposing them to a deuter-

ium atmosphere of 5 Torr To terminate the hydration procedure the cham-

ber was pumped free of deuterium before the substrate temperature was

returned to room temperature. This procedure precludes formation of

erbium trideuteride. A typical backscattering spectrum is shown in

Fig. 10. The elastic scattering cross section was determined by measur-

ing the area under the deuterium peak and the area under the erbium peak,

assuming that elastic scattering of protons from erbium is Rutherford,

and independently measuring the loading ratio. Loading ratio is defined
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as the atomic ratio of deuterium content to erbium content in the target,

i.e., [D]/[Er].

5000,

4000

3000 -

£
1000

2.8 MeV H»Er

1.0 1.5

ENERGY (MeVI

2.0

II

I
2.5 3.0

Fig. 10. Energy spectrum of 2.8 MeV protons backscattered from a
vacuum-deposited Er film about 8000 A thick. The Er film
•was deuterided to [D]/[Er] = I.96. The energy edges for Er,
Fe and D are indicated.

Rutherford scattering is considered valid for a » 1, where

a = 2Zz/l3? 3. For protons incident on erbium between 2.0 and 2.8 MeV

a =• 1-U while for protons incident on deuterium in the same energy range (X

=• 0.̂ 4,so that one can legitimately assume that the elastic scattering cross

sections for protons from erbium is Rutherford, but not from deuterium.

In determining the cross section it was necessary to account for the

difference in the solid angles subtended in the center-of-mass system by

the solid state detector for protons scattered from erbium and deuterium.

The results for the elastic: scattering cross section and the enhancement

are shown in Fig. 5- The error associated with this measurement is ± 2$>

for the cross section and < 0.5$ for the energy.

The technique was also demonstrated on specially-prepared multi-

layered deuteride films. These are the same substrates wnich were

described for use in the nuclear reaction measurements. The spectrum



IV-171

for -' .8 MeV protons backscattered from this multilayered film is shown

in Fig. 11. /-t energies around 2.C MeV the two Er peaks are seen to be

not completely resolved. The Mo substrate edge appears at 2.55 ifcV -with

the Cr edge around 2.5 MeV. The well-separated deuterium peaks are seeo

near 0.3 MeV. The depth resolution for jhis particular spectrum -.-.'as

about 600 A in the region of the deuterium peaks. If one cools the

detector the resolution could be decreased to about ^00 A. It is noted

from the spectrum that the depth resolution for D is improved over thst

for Er because of differences in the stopping cross section for protons

after scattering from the two film components. This is because t;;e

stopping cross section is increasing with decreasing energy in this

energy range and those protons backscattered from deuterium have energies

much less than those backscattered from erbium.

Fig. 11. Energy spectrum for ?:.'6 MeV protons on a multilayered
deuterided film. The energy edges are identified.
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.An implantation of 2 x 1017 He atoms/era3 was made in an erbium di-

deuteride film on a kovar substrate at an energy of 50 keV. One can

easily detect the implanted helium as is shown in t.:e spectrum in Fig. 12.

The mean projected range of the helium is 1500 A. Prom spectra of this

type the enhancement factor can be estimated. However, since it is

difficult to accurately measure the amount of implanted helium and its

uniformity in the substrate, a precise value of the elastic scattering

cross section enhancement over Rutherford cannot, be obtained.

?.S UeV w ' SAC.<S'7*fTE

KOVA1?

SUBSTRATE

BINC ANAL"

:

SI 5

H 2 i l O 1 ; He ATOM c m 2

i>«AS %A\Gt • I50CA

S50CS

1 1

w
!.$

Pig. 12. Energy spectrum for 2.8 MeV protons on an 4He implanted
deuteride film.

ANALYSIG TECHNIQUE

The analytical tschnique used to reduce yield vs energy spectra to

impurity concentration vs depth is described in detail elsewhere.

Previous techniques for data reduction have consisted of ^olculating an

expected spectra from an assumed distribution and comparing that with

the observed distribution, -1 or by a direct mathematical approach in

which a reference spectrum and the spectrum to be analyzed are compared

to give a concentration vs. oepth."1 This latter calculational method

has only baen implemented for elastic collisions and requires a reference

spectrum. The present technique avoids these limitations.
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The only experimental parameter which remains the same throughout a

spectrv.ra. is the energy per channel. As the stopping cross sections for

both the incoming and outgoing particles are functions of energy, the

thickness layer associated with each energy channel -will change accord-

ingly and is defined as a depth channel. An iterative procedure was

used to derive a general formula for the yield for scattering •within

the nth depth channel. A complete description and derivation of this

formula is given in Ref. 5. Concentration vs depth of D atoms calculated

by this technique are given in Fig. 13 for the spectra shown in Fig. 10.

It should be pointed out that the analytical technique is not limited to

elastic scattering, but may be used with nuclear microanalysis measure-

ments involving inelastic scattering and nuclear reactions. The analysis

does not account for straggling effects or multiple scattering effects.

2.8 MeV H BACKSCATTERING ANALYSIS

APPROXIMATE DEPTH Imicrons)

0.0 0.2 0.4 0.6 0.8 1.0

DEPTH U01S Er eioms/cm2)

Fig. 13. D concentration vs depth for the spectrum of Fig. 11. These
data are obtained by the caiculational method explained in
the text.
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HYDROGEN ISOTOPE PERMEATION IN ELASTOMERIC MATERIALS

R. H. Steinneyer
J. D. Braun

Monsanto Research Corporation, Mound Laboratory

ABSTRACT

The permeabilities of elastomeric and polymeric
materials to hydrogen isotopes were measured at room
temperature. The technique for measuring permea-
tion rates is based on the following constant-volurae
method: a fixed pressure of gas is applied to one
side of the specimen to be studied and the permeabil-
ity constant is determined from the observed rate of
pressure increase in an initially evacuated volume
on the other side of the specimen. Permeability
constants for hydrogen, deuteriura, and tritium were
measured for Mylar, Teflon, Kapton, Saran, Buna-N,
and latex rubber. Results were compared with litera-
ture values for hydrogen and deuterium where avail-
able and showed excellent agreement.

Application of existing tritium technology to fusion

reaccors requires careful evaluation of a variety of materials

commonly used in containment systems with respect to tritiun

permeation and stability in a radiation environment. One

class of materials of great importance in the fabrication

and assembly of any tritium containment system is elastomers.

There are many types required in assembling even simple sys-

tems: for example glovebox gauntlets of various types of

rubber, gasket materials of a variety of elastomeric mate-

rials, sealing tapes of Teflon, plastic films for trash stor-

age, and plastic tents required for maintenance. Figure 1

shows a typical inert-atmosphere glovebox system in a labora-

tory where the effects of tritium on mechanical properties of

materials are measured. The extensive use of elastomers

is evident in this photograph.
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t h r o u g h t h o s e n a t i - r i a l s a n d <••••.» I j . i t 1 or. o ; i i ; r «_-::«• . :t-; . ' •

t r i t i u n o n t h e p r o v c r t i i - : ; o f l }-.«•-?•.•• r . .»l . -r i a 1:; . Ar. . !« • : ; : ; : . - .

f o r s p e c i f i c s y s t < : . i 5 r - - l . i t . -J t o f a u n , t •-..-}; r.e- lo>jy a n - J : . - -

p l e t o i i , a j . h t i o r i . i l n a t e . ' i . i l s v i i i f:<- s t - ? J i « - 5 t o ; r » > v : i « - t .-..-

n e c e s s i t y >i . i ta f o r c h o o n m < ; n . i t < ; r i a l a t»f f a l t i c a t i o : : .

T h e j i r o c e n s o f : -o rr. <•.-.• i or-. i:s p L i s t o s e r s « ;er .er .» : 2 y i s

o n e o f s o l a t i o s o f *Ue jar. n o i o c u l c r . or. >r.«- s u r f a c i - o f

t h e n a t c r i a l , f o l l e w c i i fcy d i f f u s i o n t : .rou•; : - . th<- d i s t o a « r

t o t h e o t h o f r. id-.' w h e r e t h e g a s o v a j i o r j t c K . 7 h f n u a n t i t y

o f d i s s o l v e d ejjr, i !i t h p e l a s t o n e r * r. r r o s . o r t i o n a l t o t h e

i'i'--'=5i:t = 1 f . . l i < = w i ( i i ; H.-T.ry 1 ' . i a w (.-; » fe; ) , w h i l e F i c k ' s l a v ,

i l l o TJ ^ r f a p p i i c - i t o tJse a c t u a l r roc«?.-;.-; o f d i f f u s i o n .

On t h i n a s s u n j j t i o r . t h e q u a n t i t y o f p e r n e a t i n q O J S , q , : s

dete rmned by « = Dh»"» I (p j -p ; ) /d] t where

D = diffusivity,
h = solubi1i ty.
A = urea cf the nenbranc,
d = thickness of the nenbrane,
pi and p2= pressures on both sides of the nenbrane, aiui
t = tine.
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.:.;• v.i 1 .••:. arr taker, for the difference in pj-pi,

• :.: *?.<•:.:. i. an ; tir.t t, then '«. = Dh, where Q stands

• 4- r *-•• • • L ' i * 4*

Trie u.'chni'jui' usci! for measuring pcrncation in this

• •xj •••: inent .11 work wan tased on the constant-volune aethod.

In tiii:; r.«-tJ.O'S a fix<"! r ressurc* of gas is applied to one side

of •..•.•• :.|.<•<: 1 r.cn to be stu.-iied, ard the increase in pressure

fron ti.v {-i-rni'iitjoi. of the «a:» into an initially evacuated

iiart.-r , :;*-j>ar atec! fron the- fixed pressure side by the speci-

n<-.. s •. *->.«• ,t -.. u r«- :. Ti.<- 3-.0 racal i 1 i ty constant t can then be

J-.-terr.incJ fror. the- oLsc-rvt-d rate of pressure increase and

(itiit-i jjs.iRft.-rs r c U t f c to the p e m e a b i li ty apparatus and

t:..- :.s •• ..-in-rn afccriiir.j to the following relationship;

_( J, j ( V i (ci) 2 7 j
* " ';' t ! (5 ) (A) (T)

Wh«- ! ••

i = ; «• r. r. •.; r «• i n c r e a s e ,

'. t - tin-.- interval of neasur er.ent ,
! - fixe! i;.ir. : r«.:: sure aff lied to one side of lpecini>n,
V = volume of initially evacuated chamber,
J = thickness of sfvcinnn,
A -= exposed area of specinen, and
T = average temperature of the voluae.

The apparatus used to deterainc Q ifc similar in principle

to that used by several previous investigators S U C K as van

Aneronqcn* and consists of the following major components:

(1) .1 permeation cell, (2) a nanifold to supply gas and vacuum

service, and (3) a pressure sensor to measure pressure change.

The perm-ability cell {Figure 2) was a high-pressuro menbrane

filter holder (Mi 1 1iporo Filter Corp.). The specimen to be

studied, consist m y of .1 thin disc cut to fit the cell, was

mounted so that a seal was formed separating the apparatus

into two chambers. The chamber volumes were calibrated by

i'VT determinations.
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Inlet Tubing

Of ing Seals

Specimen

Hoid^own Bolls (6)

Top Assembly

Specimen Support Screens

Bottom Assembly

Outlet Tubing

Fig. 2 Permeation Cell.

Figure 3 shows the complete permeability apparatus

located within an inert-atmosphere glovebox line, and Figur*

4 shows a schematic drawing of the apparatus. A permeation

experiment was conducted by initially evacuating both sec-

tions of the apparatus, isolating the sections fron each

other and the pumping system, and introducing the hydrogen

isotope into the largest volume which is the fixed pressure

side (Volume A ) , usually at 1 atm. The elastomer specincn

was supported in the cell on a screen to prevent rupture

due to the pressure differential between the two volumes.

The ir.croase in pressure in the smaller volume (Volume B)

was measured as a function of time.
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Fig. 4- Schematic Drawing of Permeation Apparatus,
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A capacitance manometer (Baratrcn Instr jr...:.: "<:: - '

was used to detect the pressure increase in the sr..» 1 !«•: volune

(Volume B) . The pressure was continuously {.-iottr.: ••» j :.tr i:

chart recorder providing a permanent rocorJ of :•» «.-.:..: .--t jrse

data and permitting immediate deterni nat i on jf st.-j:v-:;tatf

permeation. The permeation apparatus was co: s t r J.:t«.-.i so t.'.jt

the ratio between Volume .*» and Volume fc was lar<:-- t.-:;t>u<£h to

prevent a significant pressure drop in Volune A ;:uriri>-i the

course of a permeation determination. Tcnr-eratarc Jurirjt: the

experiments was ambient, averaging 2-5.8°C • l°c. The a:csra-

cies in determining the volumes of the rerneatior. j;.;.,irjt«s

and the pressure in the smaller volune (Volur.e b) vt-rv • .-I

and i C.15% respectively. The specimen thicknes- was iott-r-

ir.ined by checking several locations with a calii.er r.icroneter.

An average of these determinations was then coa^atcd. In

general, the variation in neasurements on a given specimen

was 8-10% because of irregularities in the material a:: well

as its resiliency. This measurement, being tho least accurate,

limited the overall accuracy of the experimental deterninations.

The hydrogen isotope permeabilities o: j r.unfat-r of readily

available elastomeric and polymeric materials were measured

and compared with values obtained from literature sources

(where available). These experimental results and the litera-

ture comparisons are shown in Table 1. The egreenent was

good in most cases. The largest deviation occurred for very

thin specimens where inacenracies in thickness measurements

or uncertainties as to the exact nature of the particular

specimen was greatest. The permeation ratios of H/D/T as

shown in the table do not follow the ratio of the square

root of the mass as many isotope-effect results on other

diffusion studies have. In the case of elastomers, the

size of the molecules may have more significance in explain-

ing the permeation ratios. In any case this points up the
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need for direct experinental measurement of the permeation

of tritium through materials rather than predictions based on

theoretical assumptions.
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ABSTRACT

iv- j< \,i-lnpt'd a method to measure the depth

:r .I. • triti'r:. impi.inted or absorbed in materials.

r.; ii ; •-•• .i:..;!yzi.-U is bonbarded with a pulsed

; i ;. . ; . ir: ::ici the energy of neutrons produced by the

• •;... ' ' :> t i n i •• ru-.-:sure<i by tlit- tirae-of-f light

• t. • :• ; •;• . Fron the neutron energy che depth in the

: :r : ,ii- I .iLomt; nay be inferred. A sensitivity

: '. it . ! or gre,.*"er is possible-. The technique

i •- :.. :'.--:>-!-i ruci ive and may be used u-ith thick or radio-

: ••: i •. • i<st in.it er ials . Samples up to 20 ^m in thickness

;•:" •• i!-.»: with resolution limited by straggling of

•: •• • '.•-\>. w !i i.n for depths greater than 1 jjm. Deuteriujn

i> :•• •; :!. liliny has he-.-n demonstrated using the D(d,n)

:• .• : : ::. Th.. t-.«_hniqu«j has been used to observe the

;>• ; : . .' r •: J:I inplan.it ion spike of T produced by a

• "• r. V i + bi-.i:. stopping at a depth of 3 yia in'll ^a

'. .' . , :.• ;s f T: and Tiil. The presence of H in the
ii •. iu L i • i- is observed to inhibit the diffusion of T

: :,: •:.-,! '. :i. l;tttii_e. Fffects of the total hydrogen

• :i. .•:-.!!• it : n (!' + T) being forced above sto<:biometry

it tii.- inpl.m.itinn site are suggested by the shapes of

.: | 1 i:i.it i->n spike-:;.
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.i-.irch and Development r.dministration under Contract
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The proce.s.st'.-; i>: iritiiu'. ait ; u ;

etnbr/.cr l--jEc;H pu.-;e scvori ra<i ;. '. . .

fusion rwi-tor desi^nors. A t n . .. . J

study the Ucptii profiler •.-.; ' • :: ' .

neutron generators ha.-, .ippliv :'. . .'; .

of these processes. '.-'Mile i :.-. >:i." . .

tritium and deuterium iiapt a:ueJ i:: i:

may be used with any soliJ sample.

To assay tin.- tritium coriLer.i •:

pulsed proton bean >-i r ixed <. ::>. i "'.

produced by the T(?,P.) reaction ••:. ".;'

measured by tiEt—of-f light (Ti'F) ̂ >.i

cross section and kinenatii.^ CIK :;.jr.:.

the sample aay be calculated -;:- a :un.

3t the sample, lo a.^sa/ lor Jt :-:vr iu:

is used and the ntutrmi spi-itri- frv :

In the initial ni(.'â ur<.--.e:iL ;, tin-

empty and hydrogen filled layci^ : l

copper was observed. Uelaxati<-:» •. : t

shov;s the effects of the prusciK'-- ^ : •

induced

for

:t r !i Mi-.'

i "r L:IV study

:)t-«-n n {tie o n

is •:.>-•>..;riled vich a

. -.. : r'*.*": >.'-i neutrons

i : .:•, -.air.ple is

: ..-j Lhc- reaction

. n <.•::•=. present in

iii iv'siK tho surface

P'.ij-iiJ jviiteron baaa

r-- it i ion is rnt-

•:vi.>r

samples. The profiles of tri# :•:••; r«. i.ii •-i-i.

with the low solubility of iiydr^jc:! in .•J

of a surface barrier retard i n.; inti-ir :.-'i

on tne surface.

> i ::< ii

tr;:ian implanted in

2.7-1.5:1) and in

;iti'>n .-.piftcs in titanium

::• •_:„• previously filled

coppi-r ar< consister.t.

, a.i.i !'.;?,est the presence

.- . ••• trapping of tritium

t ft •-,<_• -x-.i.sari'wnts. ThisSensitivity of 0.1 at. va:-

can be rea-'ily improved to I ppn. i'ur t!it- proton r:-irf,y used, resolu-

tion below 1 Uni ii-> limited by str :.•.*) i ii.- ini! i< !>t't ti r than that which

can be obtained with light ion hacks^jLt. r :.ieiJn>u.-,. Because the tech-

nique is non-destructive and .lllcvs profile-1 to Hi> ni.'.de rapidly, it

allows the observation of the time histurv *>1 tritium diffusion in

materials.
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SAMPLE PREPARATION

The titanium and titanium hydride host materials were prepared by

the Isotopes Division of Oak Ridge National Laboratory. Titanium

layers of nominal thickness 4.7 mg/cm (11 pra) were vapor deposited on

1 mm thick copper backings. Half of the samples thus prepared were

then loaded to near stoichiometry (2:1 hydrogen to titaniun ratio) by

heating in a hydrogen atmosphere. A loading ratio of 1.7 - 1.8:1 for

these samples is inferred from the tritium concentration measured in

similarly prepared samples containing tritium.

Tritium and deuterium implanations were performed with a 400 keV

beam from the Lawrence Livermore Laboratory ICT accelerator. To control

sample heating, the beam current was limited to 10 uA and the samples

were cooled with an air jet during implanation. Total quantities of

tritium or deuterium implanted were calculated from the total charge

deposited on each sample. Implanation doses were 4 x 10 , 4 x 10 ,

and 8 x 10 ions on a 30 mm beam spot. Since range straggling for

these ions is ̂  0.2 un, the highest doses should have produced tritium

or deuterium concentrations exceeding the stoichiometric concentration

(particularly for the TiH samples) at the end of the ion range. We

were particularly interested in observing differences in the implanation

profiles between the hydrogen loaded samples and in the pure titanium

samples.

NEUTRON SPECTROMETRY

Neutron spectra from proton and deuteron bombardment of the

samples were measured one month and seven months after implanation.

Samples were stored at room temperature between measurements. The

University of Oregon 5 MeV Van de Graaff accelerator and time-of-

flight spectrometer were used for the measurements. The proton (or

deuteron) beam from that accelerator is pulsed by sweeping the beam

past an aperture in the high voltage terminal, and is bunched to

produce a burst width of "v- 1.2 nsec FWHM at the target. The neutron

detector for these measurements was a NE218 liquid scintillator*
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11.4 cm dia x 2.5 cm thick mounted on an RCA 4522 photomultiplier tube*.

The detector was 10.3 m from the target at 0° with respect to the

direction of the incident bean. Detector bias was set to accept pulses

larger than those from 410 keV recoil protons in the scintillator.

Time intervals were measured with a time-to-amplitudc converter

followed by an analog to digital converter. Tine-of-flight spectra

were stored with an on-line PDP-7 computer. For each target, data

were collected until a preset amount of charge - typically 400 iiC -

had been delivered to the target. As time averaged beam current was

"v 2 uA during the spectrum measurements, measurement time was typically

3.5 minutes for each sample. Proton beam energy for the profiling

measurements was 2.3 MeV. Typical spectra have been shown in previous
1 2

publications. '

DEPTH RESOLUTION

Processes which cause -ncertainty in or broaden the energy spread

of the incident ion beam or of the outgoing neutrons Unit the depth

resolution obtained. There are thrae contributions to the overall

resolution: the energy spread of the ion beam from the accelerator,

the increase in energy spread of this be i with depth due to straggling,

and the energy resolution of the neutron spectrometer.

These energy uncertainties were evaluated and wera converted to

depth resolution usi-.î  the values of dE/dx for protons in titanium
3

tabulated by Janni. The individual contributions to depth resolution,

and the overall depth resolution obtained by quadratic combination are

shown in Fig. 1. One sees from Fig. 1 that for the present proton

energy (2.3 MeV) the resolution is dominated by straggling at depths

greater than 1 ym. At such depths, resolution of this technique exceeds

that which can be obtained by light ion backscattering as the straggling

of the backscattered ion contributes additional energy spread, hence

depth uncertainty. Figure 2 shows depth resolution for deuterium pro-

filing in titanium using the D(d,n) reaction with the same spectrometer.
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ANALYSIS - DATA TRANSFORMATION

The neutron energy spectrum from a thick target may be expressed

in absolute form as:

S(E > = V
E n ' 9 ) . £$ei . ̂ E ^utrons

v n' ^ c dE proton MeV sr v '

where o(8) is the differential reaction cross section for protons of

energy E , and e is the compound stopping cross section per reactive

atom in the target. All quantities except e are characteristic of

the nuclear reaction while e is characteristic of the atonic composition

of the target.

The apparent stopping cross section per tritium atcis is the con-

pound stopping cross section given by:

where n_ and n, are number densities of tritium and host atoms respec-

tively, and e and c,, are the corresponding atomic stopping cross
T H

sections. The stopping cross sections are known to several percent

for most elements. If the host substance consists of several differ-

ent types of atoms one should replace n^e^ by a summation over all

constituents of the host.

In order to obtain the tritium content, the ratio of the neutron

spectrum from the sample to that calculated for a pure tritiun. target

is determined. From Eqs. (1) and (2) then one obtains:

W VT
W " VT + VH

The atomic percentage of tritium is then:

-1
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This expression does not depend explicitly on nuclear reaction para-

meters since they cancel in the ratio given by Eq. (3). In order to

evaluate Eq. (4), S_(E ) must be calculated from Eq. (1), and S (E )
in u n

must be obtained from the experimental spectrum by correcting it for

detector efficiency and other experimental parameters.

When Eq. (4) is evaluated at a neutron energy E , the concentration
n

is determined at a specific depth x in the sample. This depth is:

f 1 dE
P

* " - . „ A „ .. ^ dE_ (5)

We do not evaluate Eqs. (4) and (5) directly but approximate them numer-

ically. A depth increment is arbitrarily chosen and the corresponding

neutron flight time interval is calculated assuaing pure host material.

The average tritium concentration is determined for this interval. This

first order tritium content is then added to the host material to calcu-

late revised flight tune intervals. The procedure is iterated until

self-consistency is achieved. We start at the front surface of the

target and step through it by the chosen depth increment. The number

density of host acorns is held constant for the calculations presented

here. As titanium expands when hydrided, this latter assumption intro-

duces a 7-102 uncertainty in the depth scale. A more sophisticated

approach such as keeping the number density of atoms constant or main-

taining constant total atomic volume would reduce this uncertainty.

In this experiment, the maximum possible error from this source is less

than other errors and has thus been neglected.

RESULTS

The profile of tritium absorbed in a 0.35 ym thick titanium layer on

copper is shown in Fig. 3. This thin target was used for calibration

purposes to check resolution. When the calculated resolution is combined

with the target thickness, the apparent thickness should be 0.4S um.

This result is in good agreement with the measured width of 0.48 um

determined from Fig. 3.
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Depth profiles resulting from iraplanation doses of -4 x 10 ' tritons

in titanium and titanium hydride are shown in Fig. 4. This dose corres-

ponds to a loading of 9 at. ;'' (in empty titaniun) if all the tritium

stays at the implanation site. Depth profiles from iraplanation doses

of 4 x 10 tritons (50 at. Z) and 8 x 10 triton*. (67 at. .) in both

titanium and titanium hydride are shown in Figs. S and 6. Several

interesting trends are apparent depending upon dose and whether or not

the titanium is filled with hydrogen. First, in no case is the implant-

ion peak centered about the nominal 3.7 am range of the tritons. Rather,

the peak of the distribution is about 2.7 pm below the front surface.

This displacement may result from radiation enhanced diffusion and

trapping or simple beam heating effects during tritium iiapiaaation.

At the lower doses (9 at. 7 and 50 at. 7.) the tritium has diffused well

beyond the iraplanation peak in the titanium sanples, producing second-

ary peaks at a depth of about 9 urn. For the sane doses in the titaniura

hydride there has been much less diffusion to deeper in the target.

Virtually all diffusion of tritium appears to have occurred during or

shortly after inplanation as no significant changes in the profiles

occurred during the six month interval between the two sets of measure-

ments.

At the largest dose (67 at. Z in empty titanium) the results arv

somewhat different. Surprisingly, there is less diffusion beyond the

ion range in the empty titanium sample than at lower dose. However,

the implanation spike in the empty sample is higher and narrower than

that in the hydrogen filled sample. Also, in the hydrogen filled sample,

there is .tow significant displacement of tritium to greater depths in

the sample. Both these effects suggest that diffusion is enhanced as

the lattice nears the stoichiometric hydrogen content. This is consis-

tent with the FWHM of the implanation peak being greater at 67 at. 7

dose than at 50 at. Z dose in both empty (1.4 pm vs. i uni) and hydrogen

filled (2.4 urn vs. 1.4 urn) samples. Results obtained by profiling

deuterium implanted in similar substrates were the same.
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Finally, the absolute tritium content determined by this technique

is qualitatively correct, i.e., the amount of tritiun calculated by

integrating these depth profiles and multiplying by the area of the

beam spot is within 102 of that calculated by integrating the bean

-uirent. As no special effort was made to ensure uniformity of the

tritium beam across tha spot during inplanation, this agreement is

quite satisfactory.

For comparison, the depth profile: resulting from implanation of

A x 10 ions in copper is shown in Fig. 7. This profile should be

compared with those of Fig. 5. Only "v 20% of the tritium remains in

the sample. A clear surface peak is obvious, suggesting a barrier

retarding tritium release or sone surface trapping.

CO2JCLUSIOSS

The results obtained to date deEonstrate that the tirae-of-flight

profiling method is £ powerful technique for the study of tritium and

deuterium diffusion in solid hosts. The somewhat confusing results of

the present observation of tritium diffusion in eapty and hydrogen

filled titanium suggest that an experiment with better controls is

required, however. We plan to load tritiun in samples held at liquid

nitrogen temperature anri then observe the behavior of the inplanation

spikes as the sample temperature is increased. Such an experiment

would decouple beam-induced and temperature-induced transport processes.

Tha sensitivity and resolution of this profiling technique can be

further improved. Examination of Fig. 4 shows that a sensitivity of

0.1 at. % was obtained in the present experiments with only a proton

charge of 0.4 .nC - a 3.5 minute run at 2 JJA average beam current. If

che time resolution of the spectrometer were reduced to below 1 ns and

the neutron flight path shortened until spectrometer resolution was
-4

^ 10'A of the beam straggling limit, then a sensitivity of 10 at. Z

or 1 ppm could be obtained with the same resolution but would require

an hour long run. The effects of the amount cf hydrogen injected into

the sample by the proton beam might not be negligible, however.



17-201

o
ii

O

o

o

1
DEPTH (MICRONS)

Fig. 7: Depth profile of tritium in Cu. The dose was the same
as that given the samples in Fig. 5.



IV-2J2

Improvements in resolution depend upon selecting operating para-

meters to optimize resolution at the depth region of interest and

reducing spectrometer resolving time. In particular, to assay near

the front surface of a material a much lower proton energy is preferred.

This reduces the neutron energy, increases the time-of-flight, and

reduces the limitation imposed by spectrometer resolution.

ACKNOWLEDGEMENTS

The advice and help of L. P. Mego, D. R. Rawles, R. M. Penpraze,

and J. L. Garibaldi in producing the tritium beam from the ICT for the

imp1anation runs is appreciated. Assistance of J. D. MacDonald and

E. W. Ross during the depth profiling runs was also very helpful.

REFERENCES

1. J. C. Davis and J. D. Anderson, J. Vac. Sci. Technol. 12 j

358 (1975).

2. J. C. Overley and H. W. Lefevre, Symposium on Radiation

Effects on Solid Surfaces, Chicago, Illinois, August 25-29, 1975.

3. J. F. Janni, Air Force Weapons Laboratory Technical Report

No. AFWL-TR-65-150 (1966, unpublished).

Reference to a company or product name, here or elsewhere in this
report, does not imply approval or recommendation of the product
by the University of California or the U. S. Energy Research and
Development Administration to the exclusion of others that may be
suitable.



CHARACTERISTICS OF SORB-AC HOK-EVAPORABLE GETTER
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ABSTRACT

The possible use of non-evaporable getter pumps and SORB-AC

cartridges in the problems related to the storage and cycling of

the hydrogen isotopes, deuterium and tritium, as well as those

connected with nuclear fusion reactor experiments is reported.

The structural characteristics of traditional and non-magnetic

getter pumps and cartridges are described. Their use and

characteristics in the high and ultra-high vacuum range are

reviewed. The characterization is extended to the pressure range
-? -41 0 - 1 0 torr for hydrogen and its isotopes so as to cover the

application fields of present interest. Typical applications are

illustrated as examples of the ability of these pumps to store,

purify and recycle hydrogen and its isotopes. The operating conditions

of the pumps in these different applications are linked to the

reversible sorption capacity of hydrogen which depends on the hydrogen

equilibrium pressure in the gas phase and the temperature of the

getter material. The influence of gaseous impurities, for example CO,

on the gettering characteristics for hydrogen are also considered.



INTRODUCTION

The use of hydrogen and its isotopes is a characteristic of all

experimental devices which aim at controlled nuclear fusion as a

sourcs of power. In most previous experiments, and in mre being

planned at present, mainly hydrogen and to a lesser extent deuterium

have been used since they have enabled the simulation of the necessary

experimental operating conditions without the use of the snore expensive

radioactive tritium. However, in the near future the use of tritium

will undoubtly become more common since, as the new generation of

machines devoted *o these studies tends towards the break-even point,

the use of tritium-deuterium mixtures become? ever core necessary. Ite

safe handling and recovery of tritium is therefore of paramount

importance since it cannot be discharged into the ambient but r.usi ze

recovered and recycled.

The problems of tritium handling are also prpsent in numerous other

industrial applications such as, for example, the production of Mg*»

energy neutrons by deuterium and tritium impact or. metallic targets

(1. 2).

Another very important problem encountered in magnetic confint-xent

plasma machines is that of reducing the presence of impurities to a

minimum. Such impurities can increase the energy loss by radiation,

decrease the fuel density and increase th? diffusion rates of the

plasma. Permissible impurity levels of the order of 10" are reported

for light ions (Op for example} while for heavy ions the permissible

level is of the order of 10"3 (3, 4).

Up till now the methods of pumping these experimental machines have

been based on the use of sputter-ion pumps, sublimation pumps, mercury

or oil diffusion pumps, and more recently, turbomolecular pumps. To

produce high localized pumping speeds use has also been made of

titanium or other getter films deposited on large panels which in some

cases have been cooled to liquid nitrogen temperatures. The use of

liquid helium cryopumps has also been reported.



»'re<,frnt itordge ar.cJ recycling tec».r.i'.jues for tritium

na*t use of materials sucr. as uranium, yttrium and crliur, \l, t, 7j.

Tnest ir-attridls, at suitable operating temperatures, fern scJifl

•..olutiut̂  jnd/or nydrides characterized Sy lew equilibria pressures.

if j tfie equilibrium pressure ty raising the temper5t^rt- tne

p deuterium and tritium are released.

Trie above techniques nay, however, present SOT* draatacks. ifni/ivug

teennical, practical, econortic and safety considerations. A-cng trese

drd*.^ac>s is trie irreversible accumulation of radioactive Valeria' ir.

tre «;dely dispersed large areas of titanium files used far pu^pirg.

>i\'.n tritiuin storage there are difficulties in attaining nigh sorpticr.

rates witnout incurring risks linked with the pyrophoric mature of tre

storage r.edium.

A new versatile technique for pumping, purifying and storing

nydrcgen and its isotopes in the large controlled nuciear fusion

machines is no« presented, "nis technique is based en the use of

SORG-AC type non-evaporatle getter cartridges which could overcc~e

most of tre problens IOW encountered.

SOR5-AC CA8T3IDGES

SORS-AL type non-evaporable getter cartridges have been industrially

available for a number of years. Tney have found uses in traditional

vacuum applications and in tne getter field (8, 9, 10, 11). The special

properties of these devices make them particularly suitable for

substituting or integrating presently used methods of pumping,

purifying and storing hydrogen and its isotopes in the above mentioned

applications (12).

In figure 1 is shown a typical SORB-AC cartridge punp wi*- a . ..iimary

of its fundamental characteristics. These pumps are ba^ed -r t^e use of

a no/i - evaporable getter material which is a binary a'l: :



CARTRIDGE HEIGHT

DIAMETER

WEIGHT

12.7 cm

9.6 cm

1.6 kg

FLANGE DIAMETER 8 in.

MAXIMUM

POWER

TO

REACH

200C

400C

600'C

750C

60

300

1000

1800

W

W

W

W

Fig. 1. Typical C500 SORB-AC cartridge pump"and a

summary of its fundamental characteristics.
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84% zirconium and 16% aluminium (13). The Zr-Al alloy in pcwder form
is coated on a continuous metal strip, which is then precut and
pleated in concertina fashion to form hollow cylinders which are
used to make up the cartridges. The base material on which the non-
evaporabie getter alloy is coated may be pure iron or an amagnetic
45fc Ni-Cu alloy. Thase cartridges, as shown in figure 1, are mounted
on suitable flanges which also carry a special radiation type heating
element immersed in the cartridge body. The heater's function is to
activate the cartridge by raising its temperature to 700 - 750°C
under vacuum for about 10 - 15 minutes. This treatment removes
superficial oxide and nitride layers from the surface by diffusing
them into the bulk. This layer protects the bulk of the getter
material during air exposure, its removal makes the cartridge active.
The radiation heater is also used to maintain the cartridge at
preselecte ' working temperatures.

The pump cartridge elements, shown in figure 1, may be mounted
nude inside the vacuum chamber which is be pumped or they may be
mounted in a suitable housing attached to the vacuum chamber itself.

The main advantages which may derive from the use of SORB-AC
cartridges in machines designed for studying nuclear fusion processes
may be summarized as follows:

1. Absence of large getter film deposition surfaces which have to be
cooled by liquid nitrogen or hydrogen.

2. Possibility of concentrating in small volumes, instead of on large
surfaces, high specific speeds and capacities for hydrogen and
its isotopes.

3. Possibility of siting close to the plasma area with no danger of
gas release due to plasma interaction with getter material.

* Commercially available from SAES Getters S.p.A., Milan, Italy
under the tradename StlOl



4. Possibility of pumping hydrogen and its isotopes even at room
temperature thus presenting notable fail safe features.

5. Possibility of regeneration by heating thus making it possible
to transfer the previously pumped species (hydrogen and its
isotopes) from one part of the system to another or even awa>
from the system.

6. Possibility of physically defining a point where a*! radioactive
material is located.

7. Wide pressure range of practical use, from 10" torr to a few
torr.

SORB-AC CARTRIDGE CHARACTERISTICS IN THE UHV AND HV PRESSURE RANGE

In the range of pressures between 10" and 10" torr, the pumping
speed for all active gases is independent of the pressure at which
pumping occurs. This property, for hydrogen, is illustrated in figure
2. In the same figure the pumping speed for hydrogen of a sputter-ion
pump is also given (14).

The pumping characteristics for SCRB-AC cartridges in the high
vacuum range are shown in figures 3 and 4 for carbon monoxide and
hydrogen respectively. The method of presentation of these results
is the one usually employed in the getter field (15). The pumping speed
(litres per second) is reported as a function of the quantity of gas
previously sorbed (torr litres) at a constant pumping pressure. The
curves depict the behaviour of the speed in relationship with the
amount of getter material used up.

The sorption process which controls the pumping of hydrogen is
different from that which controls the pumping of other gases such
as nitrogen, oxygen, carbon monoxide and carbon dioxide. In this
latter case stable chemical compounds (nitrides, oxides, carbides)
are formed, whereas for hydrogen a solid solution is obtained. The
concentration of hydrogen in solution depends on the operational
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temperature of the material and on the partial pressure of hydrogen
in the gas phase.

The relationship governing the hydrogen equilibrium pressure,
concentration and temperature for the Zr-Al alloy used (16) is

Log P = 4 . 4 + log q Z -

where
P = the pressure in torr
q = the concentration in torr litre/g of getter material
T = the absolute temperature in degrees Kelvin.

SORB-AC CARTRIDGE CHARACTERISTICS AT HIGHER PRESSURES

The behaviour of the SORB-AC cartridges at pressures higher than
those previously reported are also of particular interest in
experiments studying the feasibility of controlled nuclear fusion
and in the recycling of hydrogen isotopes. This behaviour has been
studied for hydrogen on a C500 cartridge. The designation C500 is
given to the type of cartridge used in SORB-AC getter pumps which
have a nominal pumping speed of 500 litre per sec for carbon monoxide.
The pumping speed for the nude cartridae can be considerably higher
than the pump rating and also depends upon the gas being pumped.

The results obtained for hydrogen over the pressure range 10"
to 10 torr are reported in figura 5. It will be noted that the
pumping speed remains constant up to a pressure of 5 x 10 torr.
It falls to 40% of the plateau value at pressures c. the order of
2 .*. 10 torr. The dependance of the pumping characteristics for
hydrogen, at 10" torr, and at different temperatures are illustrated
in figure 6. The pumping speed values at the different temperatures
and the equilibrium capacity value at 400°C are summarized in Table 1.
The capacity values reported at 200°C and 25°C are not, as will be
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Table 1. Pumping characteristics for H» of d C500

cartridge.

PUMPING CARACTERISTICS FOR H2

OF A GP 500 SORB-AC PUMP

TEMPERATURE

PUMPING SPEED

(l /s)

CAPACITY

(Torr 1)

25 °C

1500

8000

200 CC

2000

8000

400 °C

2000

4000
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described later, those corresponding to equilibrium values but those

which must not be exceeded if embrittlement problems are to be avoided.

The experimentally determined relationship between equilibrium

pressure, temperature and hydrogen concentration given in equation 1,

has been applied to describe the situation for a C500 cartridge. These

results are shown in figure 7. The ranges of temperature and pressure

reported are those of practical -interest in the present context. The

theoretical limiting hydrogen concentration is about 20000 litre torr

in the case considered. However, as shown in this figure and reported

in Table 1 we suggest a maximum concentration of only 8000 litre torr.

This practical limit is set to enable safe hydrogen cycling. If this

limit is exceeced danger of embrittlement of the alloy coating, with

resulting particle loss, becomes serious.

Regeneration of a cartridge, saturated with hydrogen, may be obtained

by raising its temperature and by removing the evolved hydrogen by

means of a suitable vacuum line. An example of such a regeneration

cycle for a C500 cartridge may be illustrated with reference to

figure 8. In this case, as previously reported, the cartridge when
-4working at 400°C and at a pressure of 10 torr is saturated at about

4000 litre torr of hydrogen (point A). To regenerate the cartridge its

temperature is raised to 700°C thus raising the system pressure to

about 10 torr (point S). If, while the cartridge is maintained at -

this temperature, the hydrogen evolved is removed by another pumping

system, it is possible to reduce the hydrogen concentration in the

cartridge by moving along the 700°C isotherm down to a concentration

level which is only 10% of the initial value (point C ) . At this point

by removing the vacuum line and reducing the temperature to 400°C

again the equilibrium hydrogen pressure becomes of the order of 10"

torr (point 0). At this point the cartridge may be considered as

being restored to its original condition.

In principle it is possible to cycle the cartridges over wider

limits than those illustrated in figure 8. However, it must be borne

in mind that lower temperatures (below about 300°C) and higher
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concentrations slow dowr. the diffusion processes appreciably thus

making it impractical to reacit equilibrium conditions within reasonable

times.

ISOTOPE EFFECTS

All the experimental ddta presented has been with reference to

hydrogen. However, from a theoretical point of view of the data can

also be used for the hydrogen isotopes.

If it is assumed that the sticking probabilities are the same for

the various isotopes, then the isotope effect on the pumping speed

can be calculated from the mass effect on the number of molecules

striking unit area; i.e.

/ M D 2 \]/2
i — £ - j = 1.41 and

1.73
« H 2 /

3 -1 -2The pumping speed (L T L ) can be transformed to instantaneous
-1 -2mass throughput (MT L ) when the speed is assumed to remain

constant during the sorption time.

In Table 2 the appropiate correction factors which have been

evaluated (Do and T£) and experimentally observed (Dg) are reported

(17). The parameters are referred to the arbitrarily given value of

100 for hydrogen.



Table 2. Isotope effect factors to obtain the pumping
characteristics for D 2 and Tj from those of H2.

ISOTOPE
EFFECT (%)

PUMPING SPEED

(units L3T"1L2)

MASS THROUGHPUT

(units MT"1 C2)

100

100

D2

CALC.

71

141

OBSER.

56

112

T2

CALC.

58

173



INFLUENCE OF IMPURITIES

All the experimental data reported up to now has been obtained using
spectroscopically pure hydrogen. In order to have some indication as to
the possible influence of impurities present in actual experimental
conditions a study has been undertaken using contaminated hydrogen.
Preliminary tests have been carried out using hydrogen contaminated
with about 1,= of nitrogen or carbon monoxide or oxygen. From this work
it has been possible to determine that nitrogen has practically no
adverse effects while oxygenated gases have appreciable adverse
effects. As an example of this negative influence the pumping speed
of a C500 cartridge at a temperature of 300°C is shown in figure 9 as
a function of the hydrogen quantity sorbed when using both pure hydrogen
and hydrogen with li of carbon monoxide as an impurity. The negative
influence is more pronounced as the quantity of hydrogen pumped
increases. Nevertheless useful practical results are still possible.

It has also been determined that at a fixed impurity level the
poisoning influence of the impurities increases as the temperature
decreases. It is therefore suggested that'with high impurity levels
the cartridge should be operated at temperatures greater than 200 -
250°C. This will increase the rate of diffusion of the poisoning
species away from the surface of the non-evaporable getter material.
In the case of low impurity levels (10 or lower) it may be assumed
that hydrogen will be pumped effectively, even at room temperature,
as long as the cartridge temperature is periodically raised to 300 -
400°C to diffuse away accumulated surface impurities.

EXAMPLES OF VARIOUS APPLICATIONS

The number of possible applications of the SORB-AC non-evaporable
getter cartridges in fields linked with hydrogen and its isotopes
are numerous. Therefore, a few examples are given to illustrate the
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versatility of thase devices.

a) Hydrogen recovery and recycling. In this application the cartridges
are part of a closed system and act as fore-pumps for traditional
pumps which cannot discharge their gas load to the atmosphere. The
cartridges can be mounted in valved canisters. Once saturated they
may be used as in situ hydrogen sources or they may be transported
to areas where their gas load may be recovered.

b) Hydrogen pumping in TOKOMAK divertor sections. The outer unstable
fringes of the plasma are magnetically removed from the plasma core
and are then directed onto suitable collectors. Thi* beam reflected
from the collectors must be trapped with high efficiency in order
to avoid its return into the plasma area causing perturbations.

c) Intermediate storage of hydrogen previously pumped at high speed
during the dynamic conditions of plasma discharge. With this technique
it is possible to maintain the plasma free from impurities since it
is continuously regenerated by the introduction of pure hydrogen.

d) Purification of hydrogen in static conditions just before plasma
discharge. This is achieved by maintaining the cartridge at a
suitably high temperature so that the hydrogen pressure is in
equilibrium with the solid solution but the other impurities are
removed with high efficiency.
In this application the cartridges can be immersed in the plasma
machine and removed just prior to the discharge.

e) Pumping and purification of hydrogen in neutral beam injectors in
which differential high speed pumping is necessary thus minimizing
gas flow from the injector into the torus in addition to pumping
gas from the torus after each shot.



iv-2:.-

REFERENCES

1. R. Steinberg and D. L. Alger, A New Pumping System for a 150-Kilovoit

Neutron Generator to Reduce the Present Tritium Hazard, BRH/OEP 73-2,

(1972).

2. H. Fabian, Euratom Report EUR/C/1815, 204 (1964).

3. R. Behrisch and B. B. Kadomtsev, Impurities in Plasmas and their

Implication with Respect to Fusion Reactors, IAEA CN-33.

4. M. Yoshikawa et al., Research on a Tokamak with an Axisymmetric

Divertor and Impurity Problems in Tokamak Devices, IAEA CN-33.

5. M. H. Cooper, USA Patent 3,848,067.

6. E. J. Fernandez and 0. M. Holloway, J. Vac. Sci. Technol. }]_, 612

(1974).

7. J. Pivarc, Radiochem. Radioanal. Lett., J8_, 1 (1974).

8. R. A. Tuck, Vacuum, 22, 409 (1972).

9. C. Pisani and P. della Porta, Suppl. huovo Cimento, Serie 1, j>,

261 (1967).

10. J. Vaumoron et al., J. Vac. Sci. Technol., 9, 982 (1972).

11. P. della Porta et al., J. \/ac. Sci. Technol., T_, 300 (1970).

12. H. Hagelsperger et al. Vacuum System of the W VII B Stellarator,

EUR 5182 e, 99 (1974).



IV-225

13. A. Barosi, Residual Gases in Electron Tubes, p. 221, Academic

Press, London, 1972.

14. P. della Porta and C. Pisani, Le Vide, J32, 331 (T967).

15. P. della Porta and F. Ricca, Seventh Trans. Nat. Vac. Symp,,

p. 352, Pergamon Press, Oxford, 1961.

16. A. Barosi and E. Rabusin, Japan J. Appl. Phys., Suppl. 2, Pt 1,

49 (1974).

17. M. Nagasaka and T. Yantashina, Japan J. Appl. Phys., Suppl. 2,

Pt 1, 61 (1974).



A SECONDARY CONTAINMENT SYSTEM FOR A
HIGH TRITIUM RESEARCH CRYOSTAT

R. T. Tsugawa, D. Fearon, P. C. Souers,
R. G. Hiclunan, and P. E. Roberts*

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

A A.2- to 300-K liquid helium cryostat has been constructed
for cryogenic samples of D-T containing up to 4 x 10l* dis/s
(10,000 Ci) of tritium radioactivity. The cryostat is enclosed
in a secondary box, which acts as the ultimate container in
case of a tritium release. Dry argon is flushed through the
box, and the box atmosphere is monitored for tritium, oxygen,
and water vapor. A rupture disk and abort tank protect the box
atmosphere in case the sample ceil breaks. If tritium breaks
into the box, a powdered uranium getter trap reduces the 4 x
10*4 dis/s (10,000 Ci) to 4 * 10$ dis/s (0.1 Ci) in 24 h. A
backup palladium-zeolite getter system goes into operation if
an overabundance of oxygen contaminates the uranium getter.

INTRODUCTION

There is considerable interest In controlled hydrogen fusion by

lasers, electron beams, or magnetic confinement. The fusion fuel igniting

at the lowest temperature is the three-component heavy hydrogen mixture,

D_-DT-T?, commonly referred to as D-T. Because D-T can be used in liquid

or solid form, the physical properties at cryogenic temperatures become

of extreme interest.

This work was performed under the auspices of the U.S. Energy Research
& Development Administration.
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in i-on.p.inio;. articles we reported on the phase diagram and other

phvsic.il properties expected for l)-T. *~ To neasure some of these

properties, we constructed a liquid helium research cryostat designed

U> hold uj) to A ' 10 "* Jis/s (10,000 Ci) tritium, which is equivalent

to .mlv 7.J '• 10~ m of liquid D-T. Most of our design and construction

effort went, into the tritium containment systen. This syst-em is built in

accordance with modern "zero release" standards, which have bsen adopted

for protection of personnel and the environment. The isethod used is

secondary containment, in which the entire experimental apparatus is

housed in a gastight box. Although chances of a rupture in the cryostat

are slight, any leaked tritium is again contained by the box.

THE D-T CRYOSTAT SYSTEM

Tin- cryostat system is composed of the cryostat itself, liquid heliun

transfer lines, D-T g is pressure bottles and input lines, a rupture

disk and abort tank, a quadrupole mass spectroniettr, a helium leak

detector, and two pumps.

The cryostat is a commercial, liquid helium unit (Air Products )

modified for tritiun use by replacing all elastomer 0-rings by metal

(tritium radiation degrades elastomers). It is a small unit (1.5 W at

4.2 K, 8 W .it 20 K), requiring no liquid nitrogen and containing only

2 » 10 m liquid helium at any time. This liquid can evaporate into

a large exhaust volume that passes out of the box. Therefore, no heliun

enters the box atmosphere; the entire path of the helium is gastight.
—A ft

The cryostat is insulated by a 1.3 " 10 P? (10 Torr) vacuum, provided

by a 0.175 m"/s oil diffusion pump (with mechanical roughing pimp).

During assembly, leeks may be monitored by a helium leak detector

(Varian), sensitive to 1.3 * 10 Pa (10 Torr) air, on the vacuum

line.

*
Reference tc a company or product name does not imply approval or
recommendation of the product by the University of California or the
U.S. Energy Research & Development Administration to the exclusion of
others that mav be suitable.



The Z * li) n> liquid heliun K.servoir is inside a r>ld block,

wrapped with heater win- tt> yie'd continuous temper.itures iron 4.2 to

}00 K. The snnple cell is attached to the cold block bv a C-s".iaped

copper connector. Varnish (C'.enera! Electric 7011) is used for Rood

thermal contact. A sermaniua ts-;~per.ituie sensor, .-.•( 1 itir.sted with liquid

helium and the vapor pressure of !>.,, is glued to the snr.pl e cell.

A stainless steel tube (3.lri-nn ,t.d., J.6 7-na i.d.) runs the len;:th of

the cryostat to the sample cell and Is pinn?d to ti.c- cold block to reduce

thermal loss. This tube carries the D-T gas frcn an input, pressure

bottle and also removes the D-T :o a small uraniun getter trap outside

the containment box. The D-T vapor Day be analyzed by a qu.-jdnipolc- rass
— 1"'

spectrometer (Uthe Technology International), sensitive to 1.3 ' 10 ~ Pa

(10 ~" Torr) N?. The cryostat has been tested by the successful freezing

of D,.

The sample cell can contain up to 3 * 10 ' n liquid or solid D-T.

This amount, combined with that in the lines and pressure bottle, totals

4 x 10 dis/s (10,000 Ci). Also, the thermal capacity OJ the cryostat

is small to avoid large amounts of cryogenic liquid that r.isht vaporize.

Nevertheless, Lhe possibility of a su-iden breakage of even this sr.al!

sanple cell inust be recognized. This is especially critical in optical

experiments with glass sample tubes and viewports.

If the sample cell breaks, the tritiun is contained in the cryostat

vacuum jacket, because th-_- vacuum ;.unp to this space is closed off before

loading the D-T. However, the pressure buildup in the VACUUT *?,3ce of

the cryostat could reach 1 M?a (i50 psi). Tr. prevent the bloving nut

of optical windows or gaskets (and th.- tritiun enter ing the box), a

protective disk ruptures at 3.5 •< 10 Pa (5 psi) over atnospheric

presst;re, and the gas passes into a O.Oi-rr. abort tank. tk-nce, the

secondary tritium containment syster. i= r-.nt required in t hi - ..ssr.

THE TR1TIU!-1 CONTAINMENT SYSTEM

The main component of the tritiun; containment sv.uor. (sbn-.-n

srhoin.it ica 1 ly in FiR. 1) is the s.-tiop flush bo:-:, inside of whi.-h are

the crvnstat and the t'itium recover.' •"quipment . A dry arpon .it r.nsphcre
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Fig. 2. Containment System for Cryostat.



The tritium concentration in the systen is con'tored by an

ionization chamber in the argon outlet pipe. The ionization cfoanber is

an all-metal unit, bakeablt* to 450°C, designed especially for low-level
3 7 3

tritium work. Its lowest sensitivity is about 7.4 * 10 dis/s* *s

(2 ]iCi/Z). The control systera nay be set to operate at activity levels

as low as 4 x 10 dis/s (1 Ci) in the entire box (1.9 * 10 dis/s or

50C uCi/£ in the ionization chamber). If the box radioactivity rises

above this value, the control systen closes the argon inlet and argon

exhaust, opens the uranium getter, and starts the getter circulating

pump. As a final precaution, the laboratory containing the cryostat

systen is continuously monitored by a building systen alarn set to

trigger at only 1.9 x 10 dis/a -s (50 yCi/n ).

Water vapor and oxygen oust be kept low for several reasons. First,

tritium may exchange with hydrogen in water to form tritiated water,

which is readily absorbed into the huraan body and, therefore, is about

a thousand times as dangerous as tritium gas. Second, both water and

oxygen will react with the uranium getter trap to fona 15O_, which cannot

be removed by heating. This takes potential tritiun-absorbing capacity

from the getter. Last, the uranium powder of the getter is pyrophoric

in the presence of large quantities of oxygen. For these reasons, the

water vapor in the box is monitored to 1 ppra by ac impedance changes

across an Al_0_ disk (Panametries). The oxygen is monitored to 1 ppn

(proprietary method, Teledyne). The systems give alarms at concentrations

of 5 (water) and 10 (oxygen) ppm.

If the box fills with tritium because- of a cell rupture, the

radioactivity will be removed by the uranium getter trap. This getter,

shown schematically in Fig. 3, is the most advanced design to date. *

A metal bellows pump of 0.142-m /rain capacity circulates the box

atmosphere through the getter. The potter assembly is basically two

concentric cylinders. The inner cylinder holds six trays of "activated"

uranium, activated by reacting uranium chips to hydride and then thermally

decomposing the compound. The result is a uranium powder of nitroneter

size and large surface area. The uranium powder is prevented from
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spillinji out by 3-vim stainless steel frits through which the box atnosphere

is passed. The outer cylindrical can serves to further enclose the
4

uranium and also permits maintenance of an expected 3.5 x iO Pa (5 psi)

pressure differential across the uranium beds. The uranium reacts with

hydrogen at room temperature. Four band heaters surround the cuter

cylinder and can heat the uranium hydride to 400°C. At this point,

the hydride decomposes, and the rritiun siay be collected in a sepavate

vessel.

The getter contains i,5 kg of uraniun, and only 1.752 of its capacity

will be needed to hold 4 x 1 0 U dis/s (10,000 Ci) of tritiuo.

14
The gettering tines for i. * 10 dis/s (10,000 Ci) tritiua are

estimated to be: after 4 h, 4 x 10 "" dis/s (100 Ci); after 8 h, ft * 10

dis/s; (1 Ci), and after 24 h, 4 * 10 dis/s (0.1 Ci}. The gettsr can,

therefore, recove 99.999% of the total tritiun in an -iccideEt of niaxirann

size.

Finally, provision is niade for a backup systen for the uraniua getter

trap. Should the B-T gas from an accident be nixed with excess oxygen

from a leak, a portable palladiun-zaolite molecular sieve jaay be attached

to the box. The palladiun causes the tritiun and oxygen to fora water

that is retained on the 2eolite in a fora not easily recoverable.
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ANALYSES AND HYDROGEN-ISOTOPE-7RASSPOKT
CALCULATIONS OF CURRENT AND FUTURK DESIGN'S
OF THE LLL ROTATING-TARGET XEl'TROS SOCRCK*

S. A. S teward , R. N icke r son , and R. Booth

Lawrence l . ivernore Labora tory

ABSTRACT

Analyses of the present titaniuis-tritide RTNS t.irpets
are presented. These results Include the hydrogen-isotope
content of new and used targets, metallography, scanning
electron microscopy, and hydrogen-isotope-diffusion calcula-
tions using a heat-flow finite-difference computer code.
These latter calculations indicate r̂ at a combination of
long target life and high neutron output is optimized when
the rate of hydrogen isotope evolution fron the target
balances the deposition rate from the bean. Auger spectra
show that carbon and oxygen species are present in the bulk
and on the surface.

INTRODUCTION

Description and Function of the Neutron Source

The Rotating-Target Neutron Source (RTNS) has been described in
1-4

detail previously. The current target desien is shown in Fig. 1.

The target itself is a 9" concave water-cooled Anzirc** dish roated with

titanium tritide. A 15-mA deuteron beam accelerated to 400 keV irpinges

on this target, which rotates at 1100 rpm and produces a 14-MeV neutron-
12 -1

source strength greater than 3 ' 10 s for approximately 100 hr of

intermittent operation.

*Work performed under the auspices of the U.S. Energy Research &
Development Administration, >.!.der contract No. v:-7A05-Eng-48.

**Reference to a company or product name does not imply approval or
recommendation of the product by th-? University of California or the
U.S. Energy Research & Development Administration to the exclusion of
others that may be suitable.
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Fig. 1 Sketch of the rotating-target neutron source (RTSS) target
section.

A hi^h-intensity 14-MeV-neutron source is desirable especially for

materials research in fusion-reactor technology and also in bioisedical

applications. Currently, fluences of approximately 10 en have been

achieved in 60 hr of experimental ti.iie on the LLL-RTSS.

Purpose for Studying Target Performance

21 -2
It has been projected that neutron fluences of 10 cc nay be

needed to adequately predict some radiation effects that would arise in

an operating CTR reartcr. The realization of such experimental condi-

tions is stii1 many years away; however, the LLL RTMS is the isost intense

source cf lA-MeV neutrons currently available. Therefore, it will be the

premier instrument for radiation-effect studies in the near future.

A program to upgrade the RTNS design for the proposed r.ew ic- • , , has

been undertaken, so that a ten-fold increasp in the neutron-source



strength may be obtained, thus yielding gr-sater possible fluences. This

effort is in three areas:

• Ion source, accelerator, and beanr transport.

• Mechanical design of the rotating target.

• Target materials and fabrication.

The latter category is the one to which this paper is devoted.

EVALUATION OF PRESENT TARGETS

The present titanium tritide targets, produced at Oak Ridge National

Laboratory, lose half their neutron output in 30 - 100 hr of noraal

operation. The initial neutron output at the sane operating conditions

varies greatly between targets. Although considerable research with

neutron generators employing metal tritides has been previously reported,

most of it has dealt with units whose neutron output and useful operating

life were considerably smaller Chan that demanded fron the LLL RTXS.

Also, their environments in use were much more controlled than is now

possible with the Livermore instrument.

A program Is being undertaken at the Laboratory to deteroine what

parameters affect target life and neutron output. At present, three used

targets have been analyzed, in addition to three small coupons that were

especially prepared at Oak Ridge that were never bocbarded with deuterons.

Using these data, which are reported here as background infornation, we

are initiating a program in which considerable data for each target will

be collected in the next year. Besides a coupon for later analysis at

LLL, production data will be provided for targets received t'om Oak

Ridge. This will include substrate bakeout tines and temperatures,

vacuum conditions, and tritium absorption pressures and tines. RTNS

operational data for each target, such as target position, speed, bean

-urrent, and tritium release, will also be logged for comparison with the

physic .. chemical, and metallographic measurements that were obtained on

°ac.h .s<»d target and the aforementioned coupons. The techniques outlined

,111 tell us the condition of the new and used targets and how the

RTNS operation has altered them.
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Metallography

Small samples are punched from the coupons and targets without

contact between the punch and the surface to be studied. A laboratory

diamond saw is being investigated as an alternative cutting, instrument.

These samples are vertically encased in epoxy arid then polished naking it

possible tc study the target cross-sections under an optical microscope.

These examinations provide information concerning tritide adhesion,

sputtering, cracking, and substrate crystallization.

Chemical Analysis

Several punched discs are heated jjri vacuo in a mass spectrometer to

determine the quantities of each hydrogen isotope species present; i.e.,

H_, HD, D_, HT, DT, and T_. These degassed samples are then dissolved in

acid and the total amount of titanium in each disc is determined by atonic

absorption spectroscopy. From these two measurements the initial and

final gas-to-metal ratios may be calculated.

Surface Analyses

Scanning Electron Microscopy (SEM) is employed to determine the

surface characteristics of the targets before and after their use on the

RTNS. In addition, the energy-dispersive accessory was utilized to

determine whether there were any metallic impurities in upper layers of

the bulk material.

Our Laboratory's Auger Electron Spectroscopy (AES) capability allows

the study of light elements, except hydrogen, that may be present on the

surface. Also, an Electron Spectroscopy for Chemical Analysis (ESCA)

spectrometer exists and may be employed to study elemental Valence states

at the surface. Neither AES nor ESCA can currently be used with tritiated

samples, however, bi-ause of the need to avoid radioactive contamination.



CURRENT STUDIES OF NEW TARGET MATERIALS

In cooperation with the General Electric Neutron Devices (GEND)

Department, we have initiated a program to evaluate other binary netal

tritides; e.g., scandium, erbium, and yttrium. Snail, internally cooled

targets coated with these tritides will be placed on the RTNS in a

pulsed mode and compared for neutron strength and projected life. Gas-

to-metal ratios, Auger, and SEM studies for each target are carried out

at GEND. Similar measurements will be made after the RTNS irradiations.

Also, hydrogen absorption measurements of certain titanium alloys

are being undertaken to determine their suitability as target materials.

FUTURE STUDIES OF NEW TARGET MATERIALS

Consideration will also be given to multilayered or composite films

after sufficient information has been gathered from studies of the

present titanium tritide targets and other candidate tritides. Such

target, concepts are not new. A patent describing a target consisting of

a very stable tritide; e.g., erbium or scandium, on top of a less stable

one; e.g., titanium, was published in 1973. This target in principle

would transfer tritium from the less stable tritide reservoir into the

upper critide reaction zone on heating, thus replenishing the depleted

tritium.

Researchers at the NASA Lewis Research Center recently described a

multilayered target, shown in Fig. 2, that consists of a copper substrate

a.id layers of palladium, titanium, titanium oxide or nitride. Such a

design would flood the titanium layer with the unreacted deuterons and

then drain the excess into the palladium and voids. The oxide or nitride

barriers will supposedly prevent hydrogen Isotope diffusion into or from

the titanium tritide target layer. However, it has been shown that

titanium oxide may not serve as an effective diffusion barrier.



6th layer
(TiN or TiO2)
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(Titanium tritide)

4th layer
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1st layer
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'-Void

Fig. 2 NASA design of a multilayerea tritide target.

PRELIMINARY EXPERIMENTAL RESULTS

Metallography

A photograph of a typical target after approximately 100 hr use is

shown in Fig. 3. The concentric rings are caused by the deuteron beam.

A fresh target has similar features and color, but without rings.

The metallographic cross section in Fig- 4 a) is typical of a fresh

target. The tritide layer follows the substrate contour quite well, and

the adhesion seems good. There was a cracking problem with one specimen,

but this say have been a result of damage during sample preparation. In

another case, psor adhesion to the substrate was observed.

Figure 4 b ) is c similar cross section for a used target. The surface

has been noticeably flattened by deuteron bombardment. Fragments pro-

duced by this bombardment are also apparent. Approximately 25% of the

titanium tritide was removed by the beam during the life of the target,

Figs. 4 a) and b).





F'g. i Metallo.eraphic cross sections, X 500: a) nev target, b)
target shoving sputtering caused bv deuteron bean.

Electron Microscopy

A SLM view of 3 nev target surface is shcvr. in Fig. 5a). This target

>:as or.e cf several special targets mentioned earlier. Although these are

not actuallv coupons made simultaneously with RTN'S targets, the similarity

in processing should nake then representative of new targets. The

surface is -easoaably flat, except for a nMirier of linear ridges, which

arc- probablv reproductions of the substrate surface.

The surface of a bonbarded target is shown in Fig. 5 b ) . Note the

considerable- difference in comparison with the new surface. The sputter-

in" of the deuteron beam lias produced a crater effect, and tritide

particles can also be seen. These raay be the same as seen in the

previously described cross sections. It was formerly thought that the

inner perimeter of the target was not bombarded by the beam, but in every

case studied thus far, some sputtering is evident, although not to the

same extent as is encountered further towards the outside edge.
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Fig. 5 Scanning electron microscope vif.-'s: :) : i -.-.- •

target, illustratinc surface sput tt-riri'.
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oht.Tinc-d i Tor. the- snail taructs should pivc- us an indication of the

actual tarpt-t surface prior to dt-uteron borj>ardnenc.

A reproduction of the Auger spectrum* of the target as received is

seen in Fig. 6 a). The saisple initially had a deep blue color, which

stimulated the interest in studying its surface. Slight traces of

sulphur and chlorine were found, in addition to soss copper. As expected,

nunerous titaniur: peaks exist, although the carbon and oxygen peaks

predominate. The cher.ical coi^position ot these chenisorbed species

cannot be deduced fron Aucer spectra.

The sample was suhs?quentlv ion boriarded in argon at 10 nPa

(8 • 10 Torr) for one hour. The sputtering re~o"ed about 60 nn of

material, chan^inp the blue color back to the characteristic hydride

gray. On exposure to air the blue col?r returned vithin 1 rain., indicat-

ing that oxygen cheraisorption vas the probable cause. Such occurrences

have not been noticed on the larger RTNS targets, however. Possibly the

blue color is that of titaniun sesquioxide, or interference produced by

some other oxide layer. An KSCA study nay resolve this uncertainty.

Figure 6 b) is the Auger spectrum of the specir.en a f t T argon

sputtering. The spectrum of the sputtered sample was taken with a bean

current three times greater than with the initial run. This will

normally produce a signal approximately three times greater with the

same surface concentration. Normalizing to the titanium signal, the

carbon peak decreases by a factor of four and the oxygea peaks by three.

The sulfur, chlorine, and copper peaks have disappeared. Two other

*These spectra were kindly provided by C. Colmenares of this Laboratory.
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signals previously Interpreted as characteristic of carbide and oxide

anlona have appeared, however. These carbide and oxide peaks cay be due

to diffusion of adsorbed atoms during hydriding or to entrapment of

residual gas and pump oil during titanium evaporation.

Hydrogen Isotopic Content in Targets

The computed gas-to-metal ratios and errors for each target studied

are listed In Table 1. Although the nunber of targets we have examined

Is still small, certain consistent findings cay be stated with regard to

deuterlun and tritium content.

1. If the snail targets we have exanined are representative of a

new 9-ln. one, the tritium loading is high. The -.ritiun-to-tltaniur; ratios

are 1.8-2.C.

2. There is a 10-20? loss of tritiun by thernal degassing, in

addition to the losses due to bean sputtering.

Table 1. Experimental hydrogen-tsotope-to-netal ratios

for new and used targets.

Target
No.

1

2

3

4

5

6

1

1

2

T/Ti
New

. 78 ± 0

. 8 1 + 0

.02 ± 0

.16

.08

.02

T/Ti
Bombardment

D/Ti
Bocbardaent

Light Heavy Light Heaw

1.17 ± 0.12 1.04 i 0.11 0.107 ± 0.010 0.244 ± 0.02

1.74 ± 0.11 1.35 ± 0.08 0.128 ± 0.003 0.223 t 0.12

1.84 ± 0.01 1.55 ± 0.03 0.012 ± 0.003 0.221 * 0.011



3. The deuteron beam strikes the inner portion of the target, releas-

ing some tritium. This confirms the evidence for sputtering seen in the

SE>! photographs.

4. A significant quantity of deuterium is implanted in the target.

The amount depends upon the length of the bombardment.

In the future, when operational data have been gathered for each

target studied, it may be possible to determine the relative influence of

gettering action, diffusion and ion implantation on the hydrogen-isotope

content of various regions on tha target.

HYDROGEN-TSOTOPE-TRANSFORT CALCULATIONS10

The sinilarities between the mathematics of thermal conductivity and

diffusion are well known. A finite-difference code, TRUMP, can be used

to solve the familiar differpntial equation:

where T = absolute

t = tirae

p = density

3T _
D sp 3t

temperature

2

C = specific heat
sp

k = thermal conductivity

x = distance.

This code can handle other aspects of heat transfer; e.g., heat-

generation sources, heat losses through surfaces and layers of different

materials. By comparing Eq. (3) with Fick's second law for diffusion

where D = diffusion coefficient

C = corcentration
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It can be seen that TRUMP may be applied to mass transport probJens. In

general, and the layered rotating target in particular.

Initially, two extreme cases of target operation were studied. The

results of those calculations are given in Table 2.

For the high-power-density case, the high heating causes :he gas

release rate to dominate over deposition. Actual operation at such levels

would cause rapid tritium loss and unacceptably short target life.

For operation at lower power density the deuterius deposition rate is

greater than the temperature-dependent tritiun loss. The target life is

thus determined by the rate at which deuterium replaces tritium as the

hydrogen-isotope content of the titanium approaches stoichioinetry.

In order to determine the optimum operating conditions of targets

planned for the new RTNS, TRUMP calculations were performed for a 28 en

diameter target rotating at 576 rad/s (5500 rpm). Initially heat flow

calculations were employed to obtain time-temperature data at various

beam sizes and power. These results are plotted in Fig. 7. Using these

results, mass deposition and loss rates were determined and are shown iu

Fig. 8. It is obvious that the mass flow of deuterium and tritium out of

Table 2. Parameters of two extreme cases of RTNS operation.

Case I Case II

Linear target velocity (em's )

Power (kW)

Beam density at FWHM (kW*cm~i)

Max. surface temp (K)

D deposition (ng/cycle)

D + T release (ng/cycle)

Ratio of deposit ion-to-release

115

6

21

582

0.502

0.138

3.64

51

6

85

1223

2.38

320

0.0074
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Fig, 7 Power-tecperature results from heat-flow calculations.

the target is ouch more sensitive to beam power than is the deposition

rate of deuterium into the target.

In Table 3, bean powers are given for the selected beam profiles at

mass-flow ratios of 0.5, 1, and 2. A separate study indicated that for

a 20-cm-diam target rotating at 576 rad/s (5S00 rpta) and being boisbarded

at 0.05 ng/cycle, the tritium content would drop by 50% (the target half

life); (a) in 35 hr with 2r£ = TQ, (b) in 85 hr with r± = TQ and U ) in

242 hr when r. = 2 r . This information, coupled with the data in
l o

Table 3, shows that Increasing the input power by "•» 12% raises the front

surface temperature enough to decrease the target half life by a factor

of about 2.5. This results in an Integrated neutron output loss of

approximately 55% of the output at r « r . Decreasing the input power

by ^ 12/S lowers the front face temperature and triples the target half life

for an integrated neutron output gain of 164%. This increase in total

neutron output occurs at the expense of neutron source sttength, however.
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Table 3. Beam powers at selected beam profiles nrui pas exr!i.inp«* rates.

Beam Profile

(nn)

5

7.5

10

15

20

r. = r
1 O

16

42

56

101

166

Bc-nn Power (KW)

2r. = r
1 O

18

48

62

112

ISO

r. = 2r
1 O

14

37

49

89

146

In conclusion, adjusting the operating parameters to balance the

input of deuterons from the beam against the corMned losses of deuteriura

and tritium frow. sputtering and thermal deznssircg (r. = r ) gives an

optimum combination of neutron source strength and target life- A large

deviation from this condition imposes severe penalties in either lifetime

or intensitv.

The theoretical and experimental studies presented in this report

show several important features of tarpets as the-.- relate to the IXL

RTNS operation. These are:

• Deuteron-beam bombardment causes significant sputtering of the

titanium trit-Me layer.

• Thermal heating from the beam degasses tritium from the remaining

tritide.

• Carbon and oxygen species occur in the bull: and on the surface of

the tritide layer.

• Theoretical calculations indicate that operation of the RTNS so

that the deuteron bombardment rate equals the deuterium and tritium out-

gassing rate (r. = r ) permits both long target life and high neutron

strength.
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CHROMATOGRAPHIC MEASUREMENT OF ISOIOI'lC HVPRO<~.£::
IMPURITIES IK PURIFIED TRITIUM

D. K. Warner
C. Kir.ard

C. R. Seal

Monsanto Research Corporation, Kouid Laboratory

ABSTRACT

A cryogenic gas chronato^raph is described that
was constructed for dedicated analysis of permanent
gas and hydrogen isotoj-ic inpurities --r. tritiua
and deuterium-tritium mixtures . The operating charac-
teristics of this instrument and sonj resul.; sr*=>
presented in order to introduce gas chromatographv
as an analytical technique for potential applica-
tion to CTR technology situations that require accur-
ate measurement of parts per rillion and higher
levels of isotopic and permanent gas iinpurities in
tritium, deuterium, or mixtures of the isotopes.

IKTRCDUCTIi- :;

The use of gas chronatography for qualitatively separat-

ing hydrogen isotopes has been previously denorstrated by

several investigators,'>'<^ ana a brief description of its

use as a quantitative method has also been published.''

Chromatography has proven over the cast two decades to be a

sensitive, accurate, and low-cost analytical tool, but even

with its demonstrated capability of separating hydrogen iso-

topes it has not been full;- developed and exploited as a

means of assay for these isotopes, and pass spectrometry re-

mains the principal method for hydrogen isotopic analysis.

As a technical objective, this p^per will describe a cryo-

genic gas chromatograph (G.C.) that we have developed and

used for over two years at Mound Laboratory for the deter-

mination of low-level hydrogen isotopic and permanent gas

17-2p4
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A photograph of the basic instrument is shown ir. Figure

2, and this portion is located inside a glovebox for secondary

containment of the tritium being determined. t.'ot shown in

the photograph are the two columns which are coiled together

and placed inside a 7 cm i.d. vacuum dewar; the coils are

located in a controlled ventilation area below the glovebox

to isolate them from the thermistor detector. This isolation

is necessary since the coils are chilled in liquid nitrogen

for the isotopic analysis and the local temperature variations

would affect the detector stability if their proximity was

close; also affected would be the sample pressure in the gas

sampling volume which is measured by a 0-800 mm Grabenstein

transducer. Minor daily temperature variations of the sample

volume and detector are accounted for in the calculation of

results. The detector in this unit is a Carle microthermistor

thermal conductivity devics in which the output voltage is

integrated by a Hewlett Packard 5500 integrator.

Some of the experimental requirements for the operation

of the chromatograph are shown in Table 1. It is apparent

from this table that the isotopic and permanent gas separa-

tions are necessarily two individual experiments. Neon is

used as the carrier gas for the isotopic separation in order

to increase the sensitivity of the detector, and the more

commonly used helium-4 is the carrier gas for the permanent

gas separation. The column parameters d, e, and f in Table 1

are identical in order to maintain a roughly equivalent flow

rate through both sides of the detector.

Virtually all of the tubing used in the instrument is

stainless steel with thp exception of the columns which are

copper. The control valves are Nupro BW and H series bellows

valves, and all fittings are either mechanical (Cajon VCR or

Swagelok) or welded. Brazing is not acceptable because large
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Table 1. Chromatographic Materials and
Operating Conditions

Permanent Gas
Separation

Isotope
Separation

a) Carrier Gas

b) Flow Rate (Est.)

c) Column Temperature

d) Column Length

e) Column Diameter

f) Column Packing

"He

50-60 cmVmin

23°C

3 . 5 meters

2 mm i . d .

Ne

40-45 ca

-196°C

3.5 meters

2 am i.d.

80/100 Molecular 80/100 Alumina
Sieves 5A

amounts of moisture and impurities are retained in and around

the solder joint, and these impurities are a major source of

protium that can lead to undesirable exchange with the iso-

topes contained in the brazed lines.

RESULTS AND DISCUSSION

Thrt-e examples will be given of isotopic analyses per-

formed by the chromatograph. Figure 3 is a reproduction of

an actual chromatogram of the isotopic impurities in a

"purified" tritium sample (isotopic purity = 99.5%). The

vertical peak height scale is logarithmic in order to main-

tain all peaks on the recorder scale, and thus the peak areas

do not correspond directly to relative composition. Very

little helium-3 is retained by the alumina packing and it

elutes quickly, whereas the HT and DT impurities and the

tritium are eluted in the order of their molecular weights.

No deuterium nor hydrogen is observed in highly purified

tritium because the isotopic exchange equilibria, (1) and (2),
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(1) H2+ 'fi = 2HT K e B = 2.6 at 300°C

(2) D2+ T; = 2DT Kc.q = 3.6 at 300°C

favor the formation of the nixed isotopes HT and DT and the

concc-ntrations of hydrogen and deuterium are below their

limits of detectability. The unsynnetric peak shape of

tritium jjrovides evidence that the distribution coefficients

of the isotopes are nonlinear with respect to concentration,

and indeed retention times do decrease when sample volumes

are increased.

A second example of isotopic impurities is the deter-

mination of HD and HT in a standard gas mixture of deuterium

and tritium plus the exchange product DT. The HD and HT are

present due to exchange of protium in vessel walls and pro-

cess linen, and the presence and growth of protium into D-T

gases is a problem unless equipment and container surfaces are

treated by various "conditioning" techniques. In Figure 4

tne HD and HT impurities are seen to be well separated from

the massive principal component peaks, deuterium, DT, and

tritium. The vertical scale in Figure 4 is again logarithmic,

and the impurity peaks represent 550 ppm and 400 ppm of HD and

HT, respectively. That the adsorption isotherms are non-

linear is again demonstrated by the shapes of the principal

mixture components. A typical analysis takes about 20 min

to complete.

The third example illustrates not only the use of the

G.C. technique for low-level determinations of HD and HT, but

also the protium ingrowth problem mentioned previously.

Figure 5 shows a series of HD + HT measurements in . standard

gas 11% DT in neon) stored in a SS-304 container. The range

of the concentration sums, 100 to 500 ppm, shows the low

levels attainable with the thermal conductivity detector,

and the steady increase of the impurities over time graphically

illustrates the exchange probJ.em associated with storing even

low concentrations of isotopic gases.
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Fig. 4. Chromatogram of D and HT in a D-T Mix.
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Fig. 5. Growth of HD and HT in a 1% DT in Neon Standard.



The accuracy of this instrumental technique is difficult

to assess in its post useful rarge, i.e., 50 to 2000 ppa,

principally because of the difficulties in attempting to

prepare accurate, stable isotopic standards in this low rang*.

However, comparative studies of gas chromatography and aass

spectrometry results for common samples have been performed,

and satisfactory agreement over a wide range of compositions

has been obtained as shown in one experiment (Table 21. The

good agreement of two different analytical techniques is

powerful evidence of the basic accuracy of each method. All

comparative data have shown G.C. results to fall within the 20

precision limits of the respective mass spectrometry results.

Table 2. Comparison of Results of N2 and
HD Determination in D2 by Twc Instrumental Methods

Mass Gas
Spectroraetry Chromatography

HD 0.728% 0.715%

N2 5£5_ ppm 47£ ppm

Number of
Measurements 15 duplicate 1 triplicate

The precision, or relative standard deviation, of the

G.C. methods was studied by a propagation of error calcu-

lation technique and by analysis of variance experiments.

These statistical methods showed the precision to be con-

centration dependent: at 100 ppm the relative standard

deviation is approximately 10%, and the error falls to about

3% at the 1000 ppm level e.nd 2% at the 2000 ppm component

concentration. Between-day variability is larger than within-

day variability as a contributor to precision error.
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In conclusionf gas chroiiatography has proven to ce

valuable as a Means for determining low'level isotopic and

permanent gas impurities in tritium and deuterium gases and

mixtures. The analytical concepts and instrumentation are

not complicated or unduly expensive, and the technique is

amenable to automation or operation by a technician. Also

suitable system design and sampling variations would allow

total composition determinations if desired. This reliable

analytical method should be seriously considered by CTR

researchers as a viable tool for the assay of tritium and

isotopic mixtures containing tritium.
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HYDROGEN ISOTOPE SEPARATION SYSTEM FOR
THE TOKAMAK EXPERIMENTAL POWER REACTOR

W. R. HiIkes

Monsanto Research Corporation, Mound Laboratory

ABSTRACT

An isotopic separation system for processing
the fuel in the Tokamak Experimental Power Reactor
is described. Two cryogenic distillation columns
are used in sequence to recover 83% of the hydrogen
from a fuel mixture originally containing equal
parts of deuterium and tritium with a 1% hydrogen
impurity. The hydrogen thus removed contains less
than 1/2% tritium, which may be recovered in a sepa-
rate system designed for that purpose. It is
assumed that separation of the deuterium and the
tritiua is not required. A total tritium inventory
of approximately 38,000 Ci (3.8 g) is projected.

Conceptual designs for a Tckamak Experimental Power

Reactor (TEPR) are currently being developed at Argonne, Oak

Ridge, and General Atomics. As these designs progress, we

are able to obtain a better idea of the required tritium

handling systems for TEPR. As a result of this improved

knowledge, for example, it is now possible to describe a

possible hydrogen isctope separation system for TEPR which is

considerably smaller and has less inventory of tritium than

did an earlier design.1

In the earlier design, the nature of the separation

system was dictated by a desire to separate a 50-50 D-T mix-

ture containing 1*. hydrogen into deuterium and tritium streams

of at least 90% purity, while simultaneously reducing the

hydrogen concentration to a level of 0.1% or less. The puri-

fied streams were then used as feed material for neutral beam
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injectors which require- isotojj i c<i 1 ly "pure" material to

operate ef f ici c-r.t 1 •/. The resulting systen consisted of throe

distillation columns ojx.-rating near 25 K with a conbinos

tritium inventory of approximately 65 g (6 x 10' Ci).

The curroat system is based upon a very different set

of criteria. Again, the feed material to the isotape separa-

tion system is a 50-50 D-T nixture with a W hydrogen inpurity,

whereas the quantity of material to be processed, 3,000 g/day,

is 67% more than the earlier value. This tine, however, it

is assumed that deuterium and tritiu-n may be fed into the

plasma as a mixture, probably in the form of cold gas. For

this reason, then, no attempt is sade to separate deuteriuss

and tritium; it is merely necessary to reduce the hydrogen

concentration of the D-T mixture to a value which will not

significantly degrade the plasna, and to strip most of the

tritium from the hydrogen thus recovered. A value of 0.25%

is chosen here for the hydrogen concentration of the purified

D-T mixture, an'i 1 * tritium is allowed in the extracted hy-

drogen • "

Because of the high temperature in'the plasna, the D-T

mixture, once nonhydrogen impurities have been removed, will

consist of the six molecular forms of hydrogen in a high

temperature equilibrium distribution. The high te--perature

equilibrium molecular concentrations, Xj. , Xnpf Xjjj, etc.,

are given by equations of the type

XH, = h2

XJJT = 2ht,

where h, d, and t are the atomic fractions of hydrogen,

deuterium, and tritium respectively. With the assumed atomic

concentrations, the molecular concentrations are Ha, 0.01%;

HD, 0.99%; HT, 0.99"i; D2 , 24.5%; DT, 49.0%; and T2 , 24.5%. In

a cryogenic distillation system it is assumed that the molecu-

lar concentrations do not change significantly in the length of

timfi (minutes) required to process the mixture. This is a
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conservative assumption; if it is incorrect, the approach to

lower temperature concentration values will improve the separa-

tion process.

In principle/ one could design a distillation column to

remove all the H2 and HD, and half the HT from the fuel mix-

ture. This would immediately reduce the atomic concentration

of the hydrogen iii the fuel to 0.25%. However, because of the

presence of HT, two more columns and a molecular equilibrium

stage would be required to recover the tritium from this

waste.^ a variation on this is to remove all the H2# HD,

and HT in the first column, and then pass this aixture through

an equiiibrator to get new molecular concentrations. This new

mixture is approximately half hydrogen and one quarter each

deuterium and tritium. As a result, the equilibrated mixture

would contain about 25% each of Hj, HD, and HT, with the re-

mainder being D2, OT, and Tz. By separating the H2 and HD

from this mixture in a second column, 75% of th.a hydrogen is

recovered, along with (in principle) an arbitrarily smail

amount of tritium.

In either case, however, the need to make a sharp split

between adjacent components of the original ;tixturt requires

the use of a column with many separation stages and a hiqh

reflux ratio. Both factors lead directly co a large inventory

of tritium. A study of the initial oolussn for one of the

above systems, for example, reveals :-.hat it is as large as the

corresponding column described in reference 1. This difficulty

can be avoided if one is willing to waste some deuterium -

or at least defer its recovery to a later part of the system.

By withdrawing about half the Dz from the first rolumn along

with the lighter components, one obtains a mixture that is

mostly deuterium; hydrogen and tritium are on the order of 10%

each. As a result of the large deuterium component, most of

the hydrogen will combine with the deuterium as HD and most

of the tritium will form DT, thereby simplifying the H - T
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separation in a second column. By using a six component,

multistage computer simulation4 of a distillation column, I

have determined the characteristics of a cryogenic distilla-

tion system which will perform the required separation.

The first column in the system operates with an overhead

withdrawal rate of 15% of the feed rate. The reflux ratio

is 16, and a total of 30 stages are used. With a feed rate

of 3000 g/day, a reboiler heat input of 22.5 W is required

to achieve the desired reflux.

The overhead from this column contains 95.4* of the hydro-

gen from the feed. Because of the large quantity of D2 re-

covered, however, the hydrogen is only about 6% of the mix-

ture. The deuterium comprises 84% and ihe tritium 10% of the

total. After the equilibrium molecular concentrations have

been achieved for this mixture, 90% of the hydrogen is either

in the form of H2 or HD, and only 10% is in HT. This mixture

is then separated in a second column, which operates with

an overhead recovery of 10.5% of the feed rate. The column

also consists of 30 stages and requires a reboiler power of

5.3 W. The overhead product is 51.7% H, 47.8% D, and only

0.425% T. The bottom product from both columns is combined

and returned to the fuel cycle. The hydrogen concentration in

the return stream is reduced to 0.2%. The characteristics of

the process streams are summarized in Table 1.

Both columns operate at 1000 torr pressure, with the

result that the temperature ranges from about 23 K at the

condenser to about 25 K at the reboiler. The pressure is

not critical; however, higher pressures involve a greater

risk of tritium loss, and although slightly subatmospheric

pressures may be safer, pressures below about 500 torr are

precluded by the possibility of freezing the T2.



Table 1. Percentage Molecular and Atomic Concentrations

Fuel

Col.

Col.

"Ash"

1 Overhead

2 Feed

Waste

Purified Fuel

H2

0.01

0.067

0.405

3.85

io-d

HD

0.99

6.56

10.6

94.9

0.10

HT

0.99

6.03

1.31

0.855

0.27

D2

24.

73.

69.

0.

24.

5

1

5

388

3

DT

49.

14.

17.

0.

50.

0

0

2

002

3

T?

24.

0.

1.

10"

25.

5

26

06

5

0

H

1

6.

6.

51.

0.

4

4

7

18

D

49.5

83.3

83.3

47.8

49.5

(m
T

49.5

10.3

10.3

0.425

50.3

Flow
Rate
moles/
sec)

6.9

1.04

1.04

0.11

6.8 r
to
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Tho inventory required to operate the two columns may

be estimated readily. A column cross section of 0.2 cm*

is required to support the vapor flow of 1 W of reboiler

power in a packed column, and a liquid holdup of about 18%^

of the packed volume has been observed. Each stage of separa-

tion requires on the order of 1.6-cm column length, so that

the volume of the first column is 206 cm3 and that of the

second is SO cm". From a stage-by-stage concentration map

provided by the simulation code, the average tritium concen-

trations in the two columns were found to be 37% and 5.4%,

respectively. With an additional 10% added to account for

the reboiler volumes, the total tritium inventory is less

than 40,000 ci. Several characteristics of the two columns

are summarized in Table 2. A schematic of the distillation

is shown in Figure 1.

The effectiveness of carrying a large D2 component along

in the first column overhead may be seen in the small column

size and in the flexibility of the system. The tritium in-

ventory of this system is 20 times less than for the one

described c-ai Tier', and the flexibility is shown by the fact

that changing the first column overhead fraction by 50%, from

0.15 to 0,10, had little effect on the overall results.

Table 2. Column Parameters

Boiler T
Koflux Power Diameter Length Inventory
Ratio (W) (cm) (cm) (Ci)

1 16 22.5 2.4 48 3.6 x 10*

2 SO 5.3 1.4 48 2.5 x 103
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Fig. 1. Distillation Schematic.



Deuterium is removed from the fuel at a rate equal to

the hydrogen removal (4.7 moles/day), and about 2300 Ci/day

of tritium are lost as well. These are not disposed of, but

rather are sent to a different isotope separation system

which is designed to recover small amounts t-1%) of tritium

from hydrogen. This system will be treated in a later report.
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KuratoBrUKAEA A s s o c i a t i o n fo r Fus ion Research
Culham L a b o r a t o r y , Abingikm, Oxon, 0X14 30B, t'K

ABSTRACT

Lithium filled niobiuw cel<« hev« beer, hestei' in v.itu.* At
temperature* in ch« ronge 300 to 900°C. By measuring the
flow of deuterium into Che cell it has been possible to
make estitnate* of the rate of permeation of deuterium in
the niobium w«tl. After initial fast diffusion into the
capsule the rate of pereseation fcti'-vnes very much slower
than chat d«t*rmne4 fey diffusion in the hulk niobium
indicating thrft a second, *Iower, rate process i* involved.
Measurement* of the rate of Jeutejium pertse<ttitm out. of
the cell have been made i'or a number of different cell
geometries and * range of teaqieracure*. The result* indicate
that the slow rate process, which is dominant at low con-
centrations, is the deserption step from the tsetal to the
gas phase.
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INTRODUCTION

The use of liquid lithium as the breeding material for fusion reactor

blankets hat the advantage of a high breeding ratio and the possibility

of using the lithium simultaneously aa both breeding material and as

the coolant. Its disadvantages are the possibility of chemical incompat-

ibility with some structural materials and the possible difficulties

of extracting tritium from the liquid metal, A number of previous

studies have been made of the lithium-hydrogen system with a view to

estimating the conditions required for tritium extraction ' * * * .

The results from various laboratories for the partial pressure of

deuterius vapour above liEluuer-deuteriua solutions are in good agreement

with each other and now extend down to atomic concentration of less than

1 p.p.a. . In addition it has been shown by Ihie using a Knudsen cell

technique that th«re are significant fractions of other species in

particular LiD and Li.D which are of particular importance at low

concentrations. The present experimental studies have concentrated on

the dynamics of the interaction in particular the permeation rates of

deuterium into and out of the lithium filled niobium cell. The measure-

ments have been made at lower deuterium concentrations than previous

investigations.

EXPERIMENTAL

The apparatus has been described in detail in a previous paper and is

essentially unaltered. A niobium cell is htated in an evacuated silica

tube by an r.f. generator. The partial pressure of the constituents of
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the vacuum system are monitored with a mass spectrometer. The niobium

cells have been made both by pressing from N'b sheet and by machining

from solid bar. In each case a cap is pressed on and electron beam

welded in position after filling with lithium. A significant number of

capsules have failed during experiments while being heated in the temp-

erature range 7OO-9OO°C. In every case the failure was at or near the

weld and resulted in release of lithium into the vacuum system. Cell

life has varied from a few hours to over 1000 hours and the life appears

to depend on weld quality. The weld failure of niobium in lithium has

been reported elsewhere . We have not investigated this effect in

detail but we feel that it may be a significant problem which should

receive attention.

PERMEATION INTO THE CELL

Measurements of the permeation into the cell were made by introducing a

known pressure of deuterium into the vacuum system and observing the

change of pressure with time as the deuterium diffused through the

niobium into the cell. The concentration of deuterium in the lithium

was initially negligible. In this case since the thickness d of the

capsule is small compared with the total surface area A it is reasonable

to assume plane parallel geometry and it can thus simply be shown that

the pressure P should vary with time - according to

P " Po " 2dV (1)

where Po is the initial pressure, R the permeation rate and V the system

volume. Typical results are shown in Fig. 1 and from the initial slope-

Che permeation rate K'can be obtained. Measurements have been made from

900°C to 30p°C and the variation of the permeation constant with temp-

erature is shown in Fig. 2. Previous results for the permeation of

hydrogen through niobium have been reviewed by Stickney' . The few

measurements vhich have been made show a discontinuity between the two
(8)sets of results, the results due to Steigerwald 'having a much higher
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300°C

10 20 30 40 50 60 70 80
1.0

Fig. 1. The change in the external deuterium pressure as the gas
permeates into a cylindrical, lithium filled niobium cell. Cell wall
thickness 0.91mm.
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Stickney<6)
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Reciprocal temperature (103/K)

17

Fig. 2. Comparison of measure'? permeation constants for deuterium
in niobium with other reported results.
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activation energy than those made at high temperature. Our results for

deuterium agree within a factor of 2 over the whole temperature range with

the evaluation due to Stickney for hydrogen, and confirm his suggestion

that Steigerwald's measurements were affected by surface impurities.

The difference may be partially accounted for by the expected lower

permeation rate of deuterium relative to hydrogen but can in fact be

accounted for by the estimated experimental error. The permeation rate

was found to vary inversely with the thickness of the sample as expected.

These measurements relating to gas permeation into the sample are carried

out at relatively high pressure in the raage 1.0-10 torr. Levin and

Stickney's measurements of diffusion of hydrogen through a thin
(9)

niobium membrane, had results which were different in different pressure
_2

ranges. At pressures of less than 10 torr the permeation rate was

dependent on the square root of the pressure whereas at higher pressures

the dependence was close to linear. This was attributed at least partially

to the fact that the concentration of hydrogen in niobium exceeded that

at which it forms an ideal dilute solution and therefore the p relation

would not be expected to apply. However, it was not possible to explain

results completely as being due to this effect and it was thought probable

that the results were also influenced by the presence of surface impurities.

PERMEATION OUT OF THE CELL

The measurements of deuterium into the cell can be simply analysed at

short times, which correspond to high pressures. At longer times the

pressure deviates from the relationship given in Eqn. 1. It was argued
(2)

previously that this was due to the finite concentration of deuterium

built up in the lithium and that in turn this implies a relatively slow

rate of diffusion into the bulk of the lithium. Measurements were there-

fore made of the rate of diffusion out of the cell starting from a known

concentration. An analysis of this situation assuming spherical geometry
(2)

hat been given previously. However, the experimental results did not

agree very well with the form of the theoretical curves and it had to

be assumed that the diffusion coefficient was concentration dependent.
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Moreover the diffusion coefficients derived vere very low compart! ever.

with the self diffusion of liquid metals such as Na and K (no dam is

available for lithium), and were therefore suspect.

To attempt to resolve the difficulty other measuiements have been made on

a range of capsules of various geometries and containing varying thick-

nesses of lithium. in each experiment a known amount of deuterium was

introduced into the system and allowed to diffuse into the lithium. It

has previously been shown that > 99% of the deuterium goes into the

lithium. Sufficient time was allowed for Che system to reach equilibrium

(typically 1 hour) after which the partial pressure of the deuterium

could be measured and checked against previous measurements for a given

concentration. The system was then evacuated so that deuterium diffused

out of the capsule for a given time. The concentration remaining in

the capsule was then estimated by a further static measurement cf the

partial pressure of deuterium in equilibrium with the solution. Th'-

concentration was measured as a function of evacuation time. Results

are shown in Fig. 3 for one cylindrical and two annular capsules. The

annular capsules had a tKcf-ress of lithium of 1 mm and 2 mm. The

cylindrical capsule had an outside diamater of 15 m . All the results

follow an empirical relation of the form

C(t) - Atn exp(-Q/RT) (2)

where n is a constant close to -1. The temperature dependence is shown

in Fig. 4. The value of Q is 35 ± 5 Kcal/mole for all the results

obtained so far.

Experiments at much higher initial concentrations were also carried out

with cylindrical and annular capsules which indicated a more complex

behaviour, Fig. 5. Initially the slope n was about -1.5, but appears

to decrease to a value nearer -1.0 at a concentration below 100 p.p.m.,

corresponding to pressures < 10 torr. The fact that the curves which

were started at low concentration, (2000p.p.m., Fig. 3) have a slope
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10* r

f- Capsule with 1mm Annulus
Capsule with 2mm Annulus
Cylindrical Capsule 15 mm 0.0 05mm wall

10 10u 10 •

Pumping time (Svs)

10'

Fig. 3. A comparison of the change of deuterium concentration in
the cell as a function of time of evacuation of the external surface,
for 3 different capsules at various temperatures. Initial concent-
ration 2000p.p,m.
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Fig. 4. Measured deuterium concentration in lithium as a function
of cell temperature for various times of evacuation of the external
cell surface. Cylindrical cell 15nm dia 0.5mm wall.
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Fig. 5. A comparison of deuterium concentration in the cell as a
function of time of evacuation of the external surface, for annular
and cylindrical capsules. Initial concentration 20,000p.p.m. Capsule
temperature 700°C.
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of -1.0 at higher concentrations than those in Fig. 4 is probably due to

the fact that the curve must bend over to approach the initial concent-

ration of 2000p.p.m. at short times.

DISCUSSION

One feature is clearly evident, that the rate of change of concentration

is almost independent of the thickness of the lithium, whereas if

diffusion in the lithium were the rate determining step then it would

be expected that the diffusion rate would be dependent on the square

of thickness. Another feature becomes clear when these results are

compared with the theoretical calculation based on a diffusion model of

the dependence of concentration on time. Calculations for three geomet-

ries, spherical,*' ' infinite cylinder and plane parallel plates,

are shown in Fig. 6. The form of the curves is strikingly different

to that obtained experimentally. There is some doubt about the best

geometrical approximation to the short cylinder used experimentally;

it is expected to fall somewhere between the infinite cylinder and the

sphere but is likely to be closer to the sphere. The annular cylinder is

expected to be a good approximation to a plane parallel plate geometry.

In any case the shape of the curves for all geometries is similar and

markedly different to the experimental results. These two features -

the independence of results on the thickness of the lithium cell and the

qualitative difference in the shape of the experimental and theoretical
(2)

curves are fairly conclusive evidence that our previous assumption

is incorrect, i.e. the slow rate of release is not determined by

diffusion of deuterium in lithium. However the experimental results

are consistent with those obtained earlier and it is evident that the

rate of release of deuterium from the cell is very much slower than

expected on the basis of extrapolating higher pressure data on the

permeation rate of deuterium through niobium. The system is a very

good small scale model of a cell of a fusion reactor breeding blanket.

It is therefore important to understand what the rate determining step

is and what the consequences are for the extraction of tritium from the
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Sphere 13 mm O.D. 0.5mm wall
Cylinder 13mm O.D. 0-5 mm wall
Annutus 0.1cm wide

Co = 2,000 ppm

10
10 10

t(hrs)
10

Fig. 6. Theoretical calculations of deuterium concentration in
lithium assuming that diffusion in the lithium is the rate determining
step. Spherical geometry (2), infinite cylinder (11) and infinite
slab (H) geometry is assumed for various values of diffusion co-
efficient, stated in cm"2 s~l.
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reactor blanket.

The system has two bulk diffusion steps and two boundary steps in the

sequence

(a) (b) (c) (d)

2H(Li) ̂  2H(Li) ̂  2H(Nb) ^ 2H(Nb) ^ H2

Bulk Wall Inner wall Outer wall (gas)

We have dismissed the bulk diffusion through the niobium, step.(c), on

the grounds thay it is much too rapid and the bulk diffusion through

the lithium, step (a), on the several grounds discussed above. That

leaves as possibilities only the boundary step from H(Li) -> H(Nb) at

the inner wall (b), or 2H(Nb) •+ H2(gas) at the outer wall (d). If the

transfer from H(Li) -*• H(Nb) were the rate determining step then

« cLi

i.e. Log C a t

which the data does not follow. However if the step from the 2H(Nb) •*

H.(gas) were the rate determining step then the rate of change of

concentration will be proportional to the square of the concentration

*«e« IT * "* kA C*~ exp(-

from which we obtain C « ! ., C() k A°t exp(-Q/RT)
 (3)

where Q is the activation energy associated with the step, T is the

absolute temperature, t is time, A is the surface area and k is an

unknown rate constant.

Equation (3) has a form which is in good agreement with the data. The

concentration starts from an initial value Co at time t - o, and then

becomes inversely proportional to time at long times. At long times
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equation (3) reduces to the form obtained empirically, equation (2),

and concentration is exponentially dependent on inverse temperature

as shown in Fig. 4.

2
Since the rate of this boundary step is proportional to C whereas all

other steps depend on C, it is clear that as we go to higher concent-

rations the rate at the outer boundary step will increase more rapidly

than the others and at some concentration it will no longer bj the

rate determining step. The results obtained by starting from higher

concentrations seem to confirm this , with the region having a slope

n - -1 only being the rate determining step at concentrations below

lOOp.p.m.

One difficulty remains with this interpretation: According to equation

(3) the time required to reach a given concentration should be inversely

proportional to the surface area A. The ratio of the total surface

area of the annular to the cylindrical capsules is about a factor 4

while from Fig. 3 the ratio of times is less than a factor 2. On the

other hand the two annular capsules whose surface areas differ by less

than 1% have a ratio of about 1.5 in the time taken to reach a given

concentration. No explanation for this surprising result has yet been

found.

The question also arises as to what the rate determining step is at

higher concentrations if it is no longer the 2H(Nb) -+ H2(gas) boundary

step. It can readily be shown still to be too slew to be explained by

bulk diffusion either in niobium or lithium. In the case of liquid

lithium there are no results available for self diffusion. However
(10)

assuming that self diffusion is the same as for sodium then a

diffusion coefficient of 3 x 10 cm s is obtained at 700°C. The

calculated dependence of concentration on time for this diffusion co-

efficient, shown in Fig. 5, is obviously some orders of magnitude

faster than the experimentally observed values shown in Fig.3. By

a process of elimination one is tempted to conclude that the H(Li) -»
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H(Nb) boundary step is responsible, but as yet we have no positive

evidence in favour of this.

CONCLUSIONS

The results of the in-diffusion experiment have confirmed the assess-

ment due to Stickney that hydrogen diffusion in niobium has a low

activation energy and that there is no abrupt transition in activation

energy.

In the experiments on out-diffusion a substantial body of data has been

obtained on the permeation of deuterium out of lithium filled niobium

cells over the rage of concentrations from 5 to 20,000p.p.m. The

rates of permeation are much lower than expected on the basis of extra-

polation of the permeation of deuterium in niobium at higher concent-

rations. Moreover, our previous hypothesis that the slow rate was due

to diffusion in the lithium being the rate limiting step has now been

disproved. The experimental results are in general consistent with

the rate determining step at concentrations below lOOp.p.m. being due

to the desorption step from the niobium metal to the gas phase.

Assuming that the permeation of tritium in this system will be very

similar to deuterium, the slow permeation rate at low concentrations

is a factor which must be taken into account in the design of systems

for the extraction of tritium from the lithium breeding blanket of a

fusion reactor. A time of the order of 10 hours is required to reduce

the concentration from 2,000p.p.m. to 20p.p.m. at 800 C, and a time of

about 4 hours at 900°C. It is thus likely that temperatures of greater

than 900 C will be required for the operation of the extraction system.
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ON THE RECOVERY OF TRITIUM BY PERMEATION FROM

LIQUID LITHIUM THROUGH NIOBIUM

H. Weichselgartner J. Perchermeier

Max-Planck-Institut fur Plasmaphysik v>-v'
^s JrOtH\. '..VO

J

ABSTRACT

Among the suggested tritium extraction processes those
which deal with the permeation processes through niobium
membranes are most attractive. In most cases they require
large membrane areas and efficient removal of tritium on the
downstream side of the membrane. To avoid these large membranes
a fluidized bed assembly was set up and investigated under the
aspect of T-removal. The permeating T will be bonded onto the
solid phase of the fluidized bed and so the partial pressure
will be reduced to a minimum. In the first stage* liquid
lithium was doped with hydrogen at temperatures up to 700 C.
The permeation area in this stage was formed by a niobium pot
which was flushed with high-purity helium. The permeated
hydrogen was measured with a highly sensitive gas-chromatograph
with a He ionizations detector system. A resolution of about
10 ppb hydrogen could be attained by a special procedure. To
eliminate the influence of a hydrogen background, mainly
produced by the stainless steel vacuum vessel, deuterium was
introduced into the liquid lithium for the second stage of
the experiments. At the same time Nb-pot was replaced by a
Nb-membrane in order to avoid weldings. In the investigated
temperature range, the measured H and D permeation-rates allow
the conclusion, that it will be advantage to keep the
temperature of the molten Li relatively low. In this paper
experimental data are presented and discussed.
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INTRODUCTION

The tritium inventory in the blanket of a fusion reactor

depends on several parameters. One of them is the effective-

ness of the separation process. There are some factors which

make it desirable to keep the tritium concentration in the

lithium at a low level:

- so that the fusion reactor will show a net breeding gain

so that the niobium structure will not become embrittled

so that the tritium leakage to the atmosphere will not

constitute a serious hazard.

Therefore, it seems necessary to separate the tritium continu-

ously and entirely.

The requirement of a minimum tritium inventory is

complicated by the tremendous capacity of lithium to retain

tritium relative to most other materials.

After all, liquid lithium is a leading candidate for

the breeding medium in DT reactor concepts, so that the

problem of T-recovery from lithium deserves special attention.

Johnson and Fraas ' first suggested methods of T-

recovery, and somewhat later Maroni and Watson shewed that

processes based on gas sparging, distillation, evaporation or

mechanically pumped permeable diaphragms are not likely to

reduce the tritium concentration in a lithium blanket below

a level of about 10 ppm. Maroni is of the opinion that solid-

hydrogen gettering has a chance, but that its usefulness has

yet to be proved.
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A FLUIDIZED-BED ASSEMBLY

Since 1972 we have been pursuing the idea of using a

fluidized-bed assembly to separate and recover tritium from

liquid lithium . We believe that this method constitutes a

real separation process which is coupled with neither special

cooling processes nor special blanket arrangements or
7

geometries .

This process consists of three steps: the first involves

permeation, i.e. the conversion of the tritium into a new

component of the fusion reactor which has to fulfill the

following tasks:

1. it must assimilate the tritium by chemical reaction,

2. it has to prevent back-diffusion and undesired

permeations,

3. it must be able to transfer the tritium into an external

recovery system.

I think that these requirements might be realized in a

fluidized-bed assembly.

The second part of the procedure consists of the

absorption of permeated tritium by the solid phase of the bed.

This is achieved by means of a chemical element or compound

which is capable of absorbing relatively large amounts of

tritium under the prevailing temperature conditions.

The third step is the transfer of the chemically bonded

tritium from the fluidized bed to the T-separation unit

outside the reactor. If, with an appropriate design of imperme-

able wall next to the shielding and thermal insulation, the

tritium can be prevented from diffusion further, the system
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will also meet the requirement of preventing undesired loss

through permeation.

A scheme of the fluidized-bed arrangement in the reactor

is shown in Fig. 1.

What materials must the components be made of in order

to meet the requirements? On the basis of current material data

and the analogy between hydrogen and tritium, the following can

be stated: The tritium-permeation wall can be made of niobium,

palladium or nickel.

The solid phase of the bed can be made of titanium

(at 600°C, 100 g Ti is bonded to 23 litres of hydrogen or

tritium to form hydride/tritide), metallic Ce, Zr, Th, and V,

uranium compounds, U0-, or metallic uranium

Titanium powder seems favourable because the Ti-hydride

decomposes into its elements simply by being heated to above

900°C.

EXPERIMENTAL SET-UP - FIRST STAGE

1 should now like to describe the experimental set-up

which we built last year to investigate experimentally the

permeation of hydrogen and deuterium from liquid lithium

through a niobium diaphragm, and which should enable us to

do the same with tritium somewhat later.

Figure 2 shows the basic layout of our first apparatus

An isothermal oven operated with Na (max. operating

temperature 800 - 900°C) contains a stainless-steel vessel

which can hold about 100 g of lithium. This vessel is sealed
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Fig. 1 Scheme of the Fluidized-Bed Arrangement in the
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with a solid cover flange which has several lead-throughs:

a tube reaching to the bottom of the vessel for filling in

the liquefied lithium. This tube is connected by a small

self-sealing flange and a stainless-steel Gachot bellows

valve to a lithium supply vessel through which the pre-

purified iithium can be filtered into the main vessel.

an electrical level indicator

and, finally, two Nb tubes (8 mm in dia., wall thickness

0.2 mm) which can be moved by means of spring bellows, and

which are welded into a Nb vessel with a surface of approx.

35 cm . The spring bellows allows this Nb-vessel, which

constitutes the actual permeation wall to be dipped in the

liquid lithium to the required depth. The hydrogen

permeating into the vessel through the wall (also 0.2 mm

thick) can now be removed by a Ile-carxxer gas flow which

we set so that it served simultaneously as the carrier gas

flow of the gas chromatograph with which we recorded the

hydrogen.

The stainless-steel vessel with all its lead-throughs

is placed in an insulating vacuum vessel which, in turn, is

surrounded by a baking oven which is kept at 200°C to ensure

that solid lithium is not deposited anywhere.

QUANTITATIVE DETERMINATION

For quantitative determination of the hydrogen and

deuterium we use a gas chromatograph with a He ionization

detector. The separation column (100 cm long) is packed with

molecular sieve and is kept at liquid-nitiogen temperature.

Normally this allows determination of a few 10 parts per
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million hydrogen, besides other gases such as Ne, K^, CO2

and the like. By means of extremely fine purification of the

carrier gas, exclusive use of diffusion-free valves and metal

gaskets, and, in particular, effective back flushing of the

dosing system and the ionization detector with purified

helium it was possible to reduce the sensitivity to 2 parts

per ppb billion and determine as little as 10 ppb in a

reproducible manner. For calibration we used test gas

cylinders in the region of 10 ppm and an electrolytic cell

in the region of 10 ppb. Figure 3 shows typical calibration

curves in which you can see the peaks due to deuterium, HD

and hydrogen.

PURIFICATION AND FILLING OF LITHIUM INTO THE VESSEL

The available lithium was 99.92 % pure; it was in the

form of wire immersed in paraffin oil.

For purification we used a glove-box operated with post-

purified helium as protective gas. First we cleaned the Li

wire in cyclohexane and evaporated the solvent. We then melted

the Li in batches of 50 g and skimmed off the oxide and

nitride crusts floating in the melt. The pre-cleaned lithium

was poured into stainless-steel vessels through stainless-

steel sieves. To fill the batch vessel, which was then flanged

to the apparatus, we did the very same and used, in addition,

a getter bath, which cleared the protective gas atmosphere of

Oy and N~ residues. This gettering process was checked with a

gas chromatograph. Not until the getter bath showed a bright

reflecting surface over a long period and the air peaks of

the gas chromatogram remained constant was the batch vessel

filled. It was then immediately connected to the apparatus

while being flushed with protective gas and the liquid lithium

was filtered through the sintered stainless-steel batch with
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an excess pressure of ^ 3 atm into the stainless-steel vessel.

When the electrical level indicator acted the bellows valve

was closed. The weight of Li was found to be 80 g.

The lithium then had to be doped with hydrogen or

deuterium. We chose the solid expounds LiH and LiD and filled

the apparatus for example with 28,56 mg LiD, which is equi-

valent to 200 ppm T>2'

This procedure was applied in the glo\re-box, too.

MEASURING RESULTS

The results obtained with this first apparatus were

ribed in moi*e detail in a prei

me summarize these at this point:

described in moi*e detail in a previous publication ; just let

1. As the apparatus contained hydrogen from the outset (as a

result of welding and owing to SS-structure material) we

had to start with a level of about S00 ppm H2 (we intended

to start with 100 ppm).

2. For all measurements the He carrier gas flow was kept at

60 ml He/min. (The apparent hydrogen production rate, i.e.

the quantity of hydrogen which can be detected in ml per

min in the He carrier gas flow, depends, of course, on the

He flow rate. In Fig. 4 this relation is shown for a con-

stant Li temperature of 700° C. In the top curve you see

the results of the measuring series made in the first 24

hours after filling in the lithium; the bottom curve gives

the relation after about 100 hours. The hydrogen inventory

(Nb structure, lithium and stainless-steel spring bellows)

dropped to about 400 ppm in this time.
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Moreover, the two curves are rather identical in shape, the

peak probably being due to diffusion effects of the

hydrogen in the streaming helium.

Beyond a flow rate of 60 ml He/min the apparent H7 rate no

longer appreciably increases; we therefore chose this

helium flow rate for all subsequent measurements).

3. Irrespective of the Li temperature, the measured hydrogen

concentrations in He were practically constant.

4. If the Nb tubes passing through the gas volume above the

Li melt are additionally heated, large quantities of

hydrogen are found in the He.

We therefore concluded that it will be of advantage to

keep the temperature of the Li melt relatively low and merely

additionally heat the diaphragm above the melt (see Fig. S).

It is unsatisfactory that this conclusion results in

only one test series which was not repeatable at all:

After a total of 295 hours of operation, 160 of them at

700° C, the niobium structure was destroyed by corrosion,

mainly at the welding seams. We were therefore unable to

repeat this series of measurements.

EXPERIMENTAL SET-UP / SECOND STAGE

Therefore, we improved the experimental arrangement in

the following respects:

1. To avoid the influence of the high hydrogen background of

the SS-structure, we doped the lithium with Tt^ instead

of H,. In a similar manner, we used the solid compound LiD



which we introduced to the Li-vessel after filling it

with molten Li in the glove-box.

2. The Xb-pot was replaced with a Nh-membrane 0.2 mm thick,

he thus have no welding seams which could corrode.

3. The next figure (6) shows the entire arrangement.

There is no free space above the molten Li, and it is not

possible to check our guess that a substantial amount of

the permeated hydrogen could have escaped directly from

the gas volume into the He through the Nb tubes. This

obvious disadvantage is, however, outweighed by the

advantages afforded by the clear layout of the Li melt,

the Nd diaphragms and the transport gas volume. There are

no longer any hidden corners nor should there be Li zones

of different temperatures, and so I assume that the

measuring results will be more readily reproducible.

4. A technical difficulty is created in sealing the Nb

diaphragms with the base flange of the lithium vessel.

Figure 7 shows the three Nb permeation devices we have

used up till now:

4.1 The Nb vessel with the welded Nb tubes from the first

experiment

4.2 The new N'b diaphragms with two soft-iron gaskets

secured by the base flange, and

4.3 A directly sealed Nb diaphragm.

q
According tc Beskorovainy technical soft-iron melted

in vacuum should only show inter-crystalline corrosion

phenomena after SOO hours at 600° C (as compared with '8/S

steel, which shows only limited stability treated v-'tn

liquid Li after 6 days at 300° C). To come to the point, we

had certain difficulties here, i.e. liquid Li was able to
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Fig. 6 Experimental Arrangement, Stage 2
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escape in the region of the base flange. Originally, we
assumed that the soft-iron gaskets were corroded so that the
Li could enter the gs.s volume, where it then blocked the lie
lines with the result that the test series had to be dis-
continued.

An exact investigation then revealed, however, that the
0.2 mm diaphragm had been clearly penetrated by Li without
suffering mechanical damage.

The next figures (8.a - c) show results of metaiio-
graphic investigations performed by H. Haglsperger :

Fig. 8.a; Intercrystalline corrosion of soft-iron
gasket caused by Li, starting at the edge after approx. 24
hours at 700° C. Structure in the core as yet unaffected
(ferrite).

Fig. 8.b: Nb sheet prior to incorporation in the
experimental apparatus. Grain boundary formation after
etching for 5 min.

Fig. 8.c: Strong cracking of grain boundaries already
after 10 s of etching by sensitization of the grain boundaries
after Li action of approx. 24 hours at - 700° C. Possibly also
splitting of the grain boundaries by H,0 vapour pressure (total
expositions-time 337 h at 500 - 700° C).

In 1973 D.L. Smith and K. Natesan reported that
niobium containing 200 ppm oxygen is rapidly penetrated by
lithium above 600° C, whereas niobium containing <100 ppm
oxygen is highly resistant to attack by lithium under similar
conditions.
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Fig. 8 Metallographic Analysis



Fig. 9 The New Li-Vessel, made of Nimonic
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In the version described last we therefore not only

dispensed with the soft-iron seals but also used Nb sheet with

not more than 100 ppm O2. Since, furthermore, it cannot be

ruled out that the yield point of SS 304 (4301) is exceeded at

high temperatures, we have now made both the Li vessel and the

two flanges and screws from Nimonic 7S. This alloy, which

contains mainly Ni, has a yield point of 6"n 7 = 36 kp/mm at

room temperature and even 6.3 kp/mm at 900° C (see Table 1).

DEUTERIUM PERMEATION IN THE TEMPERATURE RANGE 300 - 800°C

In this last section some deuterium output curves are

shown, which are registrated at dependency of rising

temperature on the one hand, and various He-carrier gas flows

on the other. These curves are based on more than 120 single

measurements with the gas chromatograph.

The resulting gas chromatogram shows three peaks: the

first after a retention time of 360 s corresponds to hydrogen,

the second after 480 s to HD, and the third is due to D2

after a retention time of 660 s. For quantitative determination

we had to evaluate the second and the third peaks.

We measured during several heating and cooling cycles in

temperature steps of about 20° C. Most of the points were

measured twice or three times to compensate spontaneous

deviations due to electronic instabilities.

Figure 11 shows the permeation rate over the flow rate.

As already mentioned, the quantity of deuterium measured

increases with increasing flow rate of the carrier gas.

Figure 12 shows the peraieated deuterium depending on the

applied temperature. This curve stems from the investigations

with the first Nb diaphragm, containing about 200 ppm oxygen.
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Table 1. Composition of Nimonic 75

Ni

Cr

Fe

Ti

70

18

max

0.2

- 75 %

- 21

. 5.0

- 0.6

C

Mn

Si

Cu

0.08

max 1

max. 1

max 0

- 0.

.0

.0

.5

15
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At a temperature of about 600c C the curve becomes insteady

and we record a breaking point. In his fundamental work,
12Webb shows this in a family of curves, too, but without

special comment. R.L. Levin and R.E. Stichney measured the

temperature dependence of the permeation rate of hydrogen

through niobium, too. Figure 4 in their paper presents a

family of curves showing all breaking points in a temperature

region from about 400 to 620° C. The authors draw the con-

clusion that the permeation of H through Nb is strongly

affected by surface impurities.

I think that our curve might be interpreted in terms of

the oxygen content of the niobium used, especially because

we did not record this breaking point in repeating these

permeation measurements with a new Nb diaphragm containing

only 100 ppm O2.

The results of these measurements are shown in Fig. 13.

The measuring points constituting this curve were recorded

within 24 hours of one another. We may assume that during

this time the D2~concentration in the molten Li remained

constant because the maximum D, transport rate through the
.5'

Nb diaphragm was only 3 x 10 ml per hour. From a temperature
of about 725° C we recorded a rapid decrease in measured D2

coming through the Nb via transport He.

For the carrier gas flow of 60 ml Helium applied, this

tremendous decrease is a fact we can only make some attempts

at interpretation:

1. Although the measuring points form a point of inflection,

we call it a breaking point, too, and assume that surface

effects, contamination and so on are responsible. So wa

have the similar case as in the curve shown earlier;

only the temperature dependence is different.
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2. On the other hand, it seems to be clear that the major

part of the D? might have disappeared through the walls

of the Li-containing vessel owing to a high permeability

of Ni for Hy and D., at high temperatures. Since nimonic

consists of ^ 70 I Ni, this attempt could be valid. As

the surface of the nimonic-vessel is much greater than

the surface of the Nb-diaphragm, the measured permeation

rate was found to decrease.

3. As hydrogen absorption in Nb is an endothermic process,

the solubility of hydrogen in Kb increases with decreasing

temperature. This is valid at temperatures below ^175° C

and H, pressures above ^ 1 x 10~ Torr. Since the H-Nb

system does not behave as an ideal dilute solution in

the concentration ranges of the available data, it is

difficult to make reliable extrapolations to lower

concentrations. Stickney made a comparison of experi-

mental data, which do not overlap very well. So we can-

not draw comparisons with investigations earlier made.

But we can follow Volkl , who suggested that the

permeation of H through Nb may be estimated from the

equation P = S,,Dg. Where Sy is the solubility constant

and Dg is the diffusion constant. According to the known

equation

JH

1 1

" P

the activation energy for permeation Ep^ is negative, and

therefore the predicted permeation rate decreases with

increasing temperature.

4. Since we completed this series of measurements by a

serie in which we kept the temperature constant at 600,

650, 700, 740 and 800° C and increased the He carrier gas



flow from 60 ml/min up to 1000 ml/min, we recorded,

that the breaking point becomes softer. In Fig. 14 this

family of curves is shown. When we transfer the points

of measurements of the 800°-curve corresponding to

higher carrier gas-fluxes, for instance 500 ml/min, the

breaking point disappears and we get a steadily increasing

output of Bj'

Therefore, we assume, that the breaking point is not due

to effects in the Nb-diaphragm but due to solubility of

D, in the nimonic structure.

CONCLUSION

My purpose has been to report an experiment making a

contribution to the recovery of T from liquid Li. Particularly

the usefulness of a fluidized-bed arrangement should be

examined; in this respect only a first step has been taken

since we worked with hydrogen and deuterium and since we were

able to show that we can transport a sufficiently large amount

of deuterium from liquid Li by a permeation process and can

regulate this by three different possibilities:

1. with increasing carrier gas flow (limitations given here

by arrangement geometries)

2. with increasing temperature (limitations given here by

material technology; ^620° C, Nimonic t 725° C)

3. With process variations, which have not yet been under-

taken

3.1 vacuum extraction

3.2 in applying getter material particles to the carrier

gas in order to reduce the D2 partial pressure at

the downstream side and at the same time have a

transport medium for the permeated H isotope.
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Besides the experimental data,

a) we gained some experience in handling and purifying liquid
lithium;

b) we found a practicable way of mounting a Nb-diaphragm
without using gaskets;

c) we investigated some materials with respect to the attack
of liquid Li and,

d) last but not least, we improved the sensitivity of a
normally operating gas chromatograph, so that we can
determine H and its isotopes in concentrations of about
10- 9.

The sum of these experiences and the experimental results
will enable us to design and construct the next apparatus.
Then we intend to introduce T in order to reach the smaller
concentration range of 1 ppm because the sensitivity of our
determination method will then not be sufficient.

REFEREI^'CES

1. E.F. Johnson, Recovery of Tritium from Dilute Solutions

of LiT in Lithium, Princeton Report 1959

2. A.P. Fraas, A Diffusion Process for Removing Tritium
from the Blanket of a Thermonuclear Reactor,
ORNL-TM-2358 (1968)

3. A.P. Fraas, Comparison of Two Tritium Removal Systems
Designed to Minimize Contamination of Steam Systems in
Full-Scale Thermonuclear Power Plants. ORNL-TM 2932 (1970)

4. V.A. Maroni et al., Some Preliminary Considerations of a
Molten-Salt Extraction Process to Remove Tritium from
Liquid Lithium Fusion Reactor Blankets, Nuclear Technology,
Vol. 25, Jan. 1975, p. 83



IV-316

5. J.W. Watson, An Evaluation of Methods for Recovery
Tritium from the Blankets or Coolant Systems of Fusion
Reactors, ORNL-TM-3794 (1972)

6. H. Weichselgartner, Tritium Separation and Recovery

System Usinfc a Fluidized Bed, 7th Symposium on Fusion

Technology, Grenoble 1972

7. W. Danner, Tritium Economy and Tritium Safety of Fusion

Power Plants, 1PP 4/112 (1974)

8. H. Weichselgartner, Contributions to the Diffusion of

Tritium from Liquid Lithium Through Niobium, 8th Symposium

on Fusion Technology, Jutphaas (Netherlands), June 17-21,

1974

9. N.M. Beskoravainy et al., Metrllurg. u. Metallk. reiner

Metalle (1963) (A]_ 130.

10. H. Ha'glsperger, Metallogr. Unters. von Fe und Nb-Proben

in fl. Li, priv. comm. IPP/ZT 1975

11. D.L. Smith and V. Natesan, Influence of Non-Metallic

Impurity Elements on the Compatibility of Liquid Lithium

with Potential CTR Containment Materials. Nuclear

Technology, Vol. 22, June 1974, p, 392

12. W. Webb, Permeation of Hydrogen Through Metals, NAA-SR-10462

Atomic International (1965)

13. R.L. Levin and R.E. Stickney, Permeation of Hydrogen

Isotopes Through Fusion Reactor Materials

14. R.E. Stickney, In the Chemistry of Fusion Technology,

D.M. Gruen, ed., Plenum Press, N.Y. 1972, p. 241

15. J. V61kl, Proc. of the 6th Symposium on Fusion Technology,

March 22-25, 1970, Aachen, Germany



TRITIUM PERMEATION THROUGH STEAM GENERATOR MATERIALS*

J. T. Bell J. D. Redman
R. A. Strehlow F. J. Smith

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

A model for tritium permeation through metals with
oxide coatings is developed. The development includes
considerations of permeation through clean non-oxidized
metals, through metals with perfect oxide coatings, and
through metals that have defective oxide coatings. The
mathematical model includes a film quality factor which
represents the quality of the film with respect to covering
the surface of the metal. A set of curves of tritium flux
vs tritium driving pressure calculated with this model
shows how a film and the film quality factor will affect
the pressure dependence of permeation through a coated
metal.

INTRODUCTION

The production of tritium in nuclear power plants (fission and fusion)

and the necessary containment of tritium in these facilities demands that

we understand the mechanisms of tritium transport through construction

materials. Tritium, as T2 or as HT, easily permeates metals at high

temperatures, and thus can escape from the primary containment into the

secondary portions of a power plant. The tritium that escapes from the

core and coolant areas can be trapped in a secondary containment medium.

However, the tritium that escapes from the coolant through the steam

generator material into the steam s stem must be considered lost to the

*
Research sponsored by the U. S. Energy Research and Development
Administration under contract with the Union Carbide Corporation.
By acceptance of this article, the publisher or recipient acknowledges
the U. S. Government's right to retain a nonexclusive, royalty-free
license in and to any copyright covering the article.
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environment since it is impractical to remove the tritium from the water.

Therefore, the permeation of tritium through steam generator materials

must be minimized.

Previous experimental studies have shown that the oxide coating

formed by the steam oxidation of certain metals and alloys markedly retards

permeation of hydrogen isotopes through the oxide-coated metal or alloy.

It is possible, therefore, that the oxide film formed in an actual steam

generator system would provide the necessary retardation of tritium

permeation. Experimental work at high steam pressures is not yet in

progress, but we are studying tritium permeation through steam generator

materials at sub-atmosphere steam pressures. Concurrent with experiments,-*

we are developing a descriptive model for tritium permeation through

oxide-coated alloys. The purpose of the present work has been to develop

a model for hydrogen isotope permeation through metals that have one side

coated with a material through which the transport of hydrogen is directly

dependent on the pressure of hydrogen. Testing of the model with experi-

mental data can only be accomplished in the future after a considerable

bulk of data is available.

DEVELOPMENT OF THE MODEL

The steady-state permeation flux, J.., of hydrogen through unoxidized

metals is given as follows with consistent and commonly used units:

JM = 2K (pl/2 _ pl/2} ccteTPj.cm-^aec-1, (l)

where D [cm "sec" ] is the diffusivity of hydrogen in the metal, K [ce

(STP)*cm "torr~ ] is the solubility constant for the metal, Pp [torr]

and P. [torr] are the upstream and downstream pressures, and x [cm] is

the metal thickness. The application of Eq. (l) to hydrogen permeation

at low driving pressures has been frequently questioned in the literature.

However, Strehlow and Savage showed that Eq. (l) adequately represented

data for hydrogen permeation through nickel over a pressure range from

<10 to 750 torr.. Both K and D are generally accepted as exponential
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functions of temperature; thus, the general expression for permeation

flux through an unoxidized metal is:

JM = - ~ [exp(-E/KT)] (?l
/Z - ?l/2) (2)

where D and K are pre-exponential constants, E is the energy of acti-

vation for permeation (the sum of the enthalpy of solution for gas in

the metal and the energy of activation for diffusion), K is the gas

constant and T [°K] is the temperature. This equation differs from

that of Richardson, Nicol, and Parnell only in that a term containing
1/2
T is not present. This term was incorporated in that earlier work

because of a kinetic theory argument which may not apply to permeation.

[Equation (2) is presented here for general information and is not further

considered in this work.]

In considering tritium permeation, the role of isotopic dilution with

protium must be included in a functional description. This subject was

addressed in an earlier paper, in which it was shown that the primary

consideration is the hydrogen isotope equilibria. Assuming equilibrium

between tritium and protium according to the reaction:

1/2 H + 1/2 T = HT,

we have

KP "
P " (p p ,1/2

or

T " K I/' ' (

2 p ?t.'-
H2

where K is the equilibrium constant for the reaction as wric.en above.When an expression for permeation of tritium in the presence of protium

through an unoxidized me1

P, in Eq. (l) or Eq. (2),

through an unoxidized metal is desired, Eq. {h) may be used for P. and/or
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The above equations are generally applied to the permeation of

hydrogen isotopes through clean metals. The situation becoir.es more

complex for permeation of hydrogen through an oxidized metal, and several

additional factors need to be considered. These are:

(1) Oxides generally have lower permeabilities than metals;

(2) The oxide may exist on one or two surfaces of the metal;

(3) The oxide may be increasing in thickness by an oxidation or

corrosion process, thereby decreasing the permeation rate;

(k) The oxide may have defects which permit non-uniform concen-

trations of hydrogen zo exist in the metal with consequent

channeling of hydrogen through the metal.

Corrosion is itself a complex function of the oxidation potential of

the system and the detailed kinetics involve numerous diffusion processes.

The role of the oxidation potential in nermeation was discussed by
k

Strehlow and Savage who expressed the oxidation potential for the steam

oxidation of a metal as the H^O/H. ratio. Although the oxidation poten-

tial in the gas phase may be controlled by the H 0/H ratio, the rate of

oxidation is not necessarily controlled by this ratio. In fact, many

alloys contain aetals that, in small quantities or as powders, are easily

oxidized; however, in bulk form oxide films may be produced on these

alloys by slow kinetics because of a low rate of diffusion of the metal

atoms through the bulk metal and the oxide to the surface. Furthermore,

the rates of diffusion of fL and H O through the oxide are different, and

the oxidation potential at the metal-oxide interface will be different

from that at the oxide surface. The present model will consider hydrogen

permeation through metals with oxide coatings in simplified manner; future

models will be more complicated.

In steam generators designed for rcolear power plants, the construc-

tion material is in contact with steam on one side and an environment of

lower oxidation potential on the opposite side. Consequently, we will

consider the case of hydrogen permeation •through a metal witi. only one

surface oxidized. We assumed that the hydrogen permeated from the oxide

surface to the opposite and oxide-free metal surface as indicated in Fig.

1. It should be noted, however, that the development of the model does
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ORNL-DWG 75-12229

METAL OXIDE

OXIDE

P 2 (aH AT INTERFACE)

RESISTANCE OF
METAL

—m—
RESISTANCE OF

OXIDE
Fig. 1. Model for Permeation of Hydrogen Through Metals with

Perfect Oxide Coatings. The flux through the sample depends on the
total resistance of the sample, which may be considered as the re-
sistance of the oxide in series with that of the metal.
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not depend on the direction of flow; thus, the following arguments would

apply to the flow in either direction. The permeation through a coated

sample will depend on the characteristics of the two materials; but, at

steady-state conditions the flux through the oxide will be equal to that

through the metal, regardless of the direction of flow.

Hydrogen permeates through most oxides as molecular Ho, and the
ft

equation for the flux, J , through the oxide has been given as

where F is a proportionality constant similar to a diffusion constant,

P_ and Pp are the respective upstream and downstream H ? pressures and

Y(t) is a function describing the time dependent thickness of the oxide.

(Note that the downstream pressure for the oxide is the upstream pressure

for the metal.) The kinetics for the formation of *n ~xide film on a
o

metal is often a parabolic function of time, such that

Y(t) = ffit1/2 (6)

where m is a proportionality constant and t is time. For this case, the

flux through the oxide may be rewritten as*

i7 tP3-V- (7)o :
b

[Other functions for i~(t) could be substituted into Eq. (5) without

changing the course for the model.] For permeation through the oxide-

coated metal, the flux through the oxide equals that for the metal, and

Eqs. (l) and (7) may be combined to give

DK r 1/2 l/2] _ _K_ . , (p)

x L?2 ' Pl J -"172 (P3 " V ' (8)

t

where P, is the driving pressure at the oxide surface, P_ is the pressure

at the metal-oxide interface, and P., is the pressure at the metal surface
1/2

(Fig. l). Since Eq. (8) is quadratic with respect to Po , a solution is
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The product, DK, may be determined for the metal without the oxide
i

coating, and a value for K would be determined for the oxide in a

separate experiment. The calculated value for P^ would be used in Eq.

(l) or (7) to calculate the permeation flux through the oxide-coated

sample.

The above equations could be used to describe permeation through

a sample of metal with a perfect oxide coating; i.e., one that has no

cracks, holes, etc. However, the surface oxidation of most metals will

produce oxide coatings with imperfections, and in power-plant steam

generators there may be physical changes in the oxide, such that some

of the hydrogen can diffuse through the metal essentially independent of

the oxide. In this ease, the total flux is the sum of that hydrogen which

diffuses through the oxide and then through the metal and that hydrogen

which passes through the imperfections and diffuses only through the

metal. The differences in flux through a sample with a perfect oxide

coating and a sample with a defective oxide coating can be visualized by

comparing Fig. 1 and Fig. 2. These two figures also show the resistances

of the samples to hydrogen permeation, indicating the similarity of

hydrogen permeation and electrical conductivity. Using this analogy, one

deduces that the total flux, J , for permeation through a samule with a

defective coating is equal to the sum of the fluxes for the perfect

portion of the sample, J ' or J ', and the flux for the defective portion

of the sample, J-, i.e.,

Jt - V + JD " V + JD- <10>

Expressions for the flow of a gas from a metal through an oxide
o

coating with cracks, holes, etc. have been given by Strehlow and Savage

in the general form,

h " ̂ T < - *f>' <">
where f(d) is related to the size, geometry and spacing of the imperfec-

tions in the oxide. The direction of the flux has no effect on the form

of Eq. (11). Regardless of the mathematical character of f(d), the
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'DEFECT

MJVWV
Ro/

A/WV

RESISTANCE OF
DEFECTS

Fig. 2. Model for Permeation of Hydrogen Through Metals with
Defective Oxide Coatings. The flux depends on the total resistance
of the sample which is considered as the resistance of the defective
portion parallel to that of the perfect portion of the sample. In
the text, g = DK/x and h = K'/t1'2.
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quality of the oxide film may be expressed as the flux that passes through

the defective portions of the sample relative to the flux for the sample

with no oxide film. Then f(d) in Eq. (ll) may be replaced with a film

quality factor, M , and Eq. (ll) becomes

For a sample with large voids in the oxide film or with large areas of

unoxidized metal, M is the fraction of the surface that is not oxidized

or covered. For a film with pores of circular cross-section and witii the

sizes and spacings of the defects scall compared to the metal thickness,

M = £f (13)

where a is the average radius of the defects, and 1 is the average half-

distance between the defects.

Likewise, the flux through the perfect oxide portion will be

v = (1 - M) ? (p2/2 - pi/2) {ik)

or

V = (l-M)-f 7 ?(P 3-P 2). (15)V f 7 ? 3 2

Then the sum of Eq. (12) with (ik) and with (15) are respectively

jt = (1 - M) f (pl/2 - P^2) + M f (P^/2 - P^ 2), (16)

and
1

Jt = (1 - M) -fjg (P3 - P2) + M 2£ (p

The relation between the total flux and the driving pressure, P_, 4.s

obvious from Eq. (ll). A good oxide film with M •+ 0 will cause the total

flux to be first-power dependent on P_, and a poor oxide film (M -> l) will

not affect the conventional half-power dependence on the driving pressure.

It is difficult to visualize the changes in J for intermediate
i 2/2

values of M. We have assumed values for K /t and for DK/x, and cal-
culated J as functions of M and P_ when P. = 0. Plots of flux vs P_

t j L 3



are shown in Fig. 3 for five values of M. Values of '.'. apparent. Ly

to be <0.3 (the surface aore than 70!? covered) for an oxide- to signifi-

cantly change the flux. The nost common effect of surface oxidation

will be to change the pressure relationship on flux from a snuare-root

dependence to a relationship that induces :-i square-root, dependence for

high pressures, a first-power dependence at intermediate pressures, and

a square-root dependence at low pressures. Furthermore-, there wil] be

sone wide range of pressures where the flux will be dependent on the

pressure to a power "between 0.5 ana 1.0.

This model for the permeation of hydrogen throjgh steam generator

materials will "be extended and tested in the future. in order to nake

the model more applicable, a better definition of the kinetic term Y(t,)

[Eq. (6)] to accurately describe the effects of continuous oxidation is

necessary. Further definition of the film quality factor to better

describe the chemical an.i physical integrity c>f oxide coatings is also

requii^i. For now, the most significant conclusions are that the effects

of oxide coatings to impede tritium perr.eat.ior. can be ce" erv.ir.ed, and

that the chvsical quaLitv of the oxide coatinr wilj be verv sipnificant.
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EXPERIMENTAL STUDIES OF TRITIUM
BARRIER CONCEPTS FOR FUSION REACTORS*

V. A. Maroni, E. H. Van Deventer, .
T. A. Renner, R. H. Pelto** and C. J. Wierdak
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Argonne, Illinois 60439

ABSTRACT

On going experimental studies at ANL aimed at the
development of methods to reduce tritium migration in
fusion reactor systems currently include (1) work on
the development of multilayered metal composites and
impurity-coated refractory metals as barriers to tritium
permeation in elevated temperature (>300°C) structures
and (2) investigations of the kinetics of tritium trapping
reactions in inert gas purge streams under conditions
that emulate fusion reactor environments. Significant
results obtained thus far are (1) demonstration of >50-
fold reductions in the hydrogen permeability of stainless
steel structures by using stainless steel-clad composites
containing an intermediate layer of a selected copper
alloy and (2) verification that surface-oxide coatings
lead to >100-fold reductions in the hydrogen permeability
of vanadium, but that severe oxygen penetration and
embrittlement of the vanadium occur at temperatures in
the range from 300 to 800°C and under conditions of
extremely low oxygen potential. Other considerations
pertaining to the large-scale use of metal composites
in fusion reactors are discussed, and progress in efforts
to demonstrate the fabricability of metal composites
is reviewed. Also presented are results of studies of the
efficiencies of (1) CuO and CuO-MnO2 beds in converting
HT to HTO and (2) magnesium metal beds in converting HTO
to HT.

* Work performed under the auspices of the U.S. Energy
Research and Development Administration.

** Undergraduate research program participant from Michigan
State University.

t Undergraduate research program, participant from Illinois
Institute of Technology.
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INTRODUCTION

An experimental program is in progress at ANL to evaluate various

concepts for improving tritium containment and control in fusion reactor

systems. The methods that have been or are currently being studied

include (1) multilayered metal laminates containing at least one layer

of material with a relatively low hydrogen permeability (2) hydrogen-

impermeable impurity coatings on metal surfaces, and (3) inert gas

purge streams with tritium trapping capabilities. The principal objec-

tive of this effort is to contribute to the development of a more

advanced technology for preventing tritium migration (by leakage,

permeation, etc.) in experimental fusion devices and fusion power

reactors. The following sections contain capsule summaries of recent

progress in each of the areas of study outlined above.

HYDROGEN PERMEATION CHARACTERISTICS AND MECHANICAL
BEHAVIOR OF MULTILAYERED METAL LAMINATES

The objective of this portion of the ANL tritium barrier develop-

ment work is to prepare and characterize multilayered laminates in

which a material with a relatively low hydrogen permeability (e.g.,

selected copper or beryllium alloys, aluminum) is sandwiched between

layers of the kinds of structural metals currently considered to have

application in fusion technology (e.g., refractory metal alloys,

stainless steels). These multilayered materials are expected to be

useful in the construction of (1) steam genarator tubing and other

heat-transfer/energy conversion system components; (2) liners for the

blanket-shield interface; and (3) ductwork and other hardware for the

transport, processing, and storage of tritium. An added advantage of

the use of composite or multiplex materials is that compatibility

problems associated with the interfacing of blanket, primary coolant,

and secondary working fluids can be ameliorated by selecting (for the

exterior layers of the multiplex) metals that are compatible with the

fluid being contacted. For example, a liquid lithium circuit could

be Interfaced with a high pressure helium loop as follows: lithium

to Nb-l%Zr/barrier layer/304-SS to helium.
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Experimental Procedure For Hydrogen Permeation Studies

The 316-SS(0.5mm)/Cu(l.Omrn)/316-SS(0.5mm), 304-SS(0.25mm)/Nb(0.27mm),

and 304-SS(0.25mm)/Cu(0.42mm)/Nb(0.19mm) bonded metal laminates were

obtained on a special order from Texas Instruments Incorporated,

Attleboro, Massachusetts. (The numbers in parentheses indicate the

individual layer thicknesses.) Each laminate was in sheet form and

was used essentially as received. The individual studies of 304- and

316-SS were carried out on sheet material that conformed to ASME Speci-

fication SA-240. The pure copper was the Electrolytic Tough Pitch Grade,

59.9+yiS Cu. The "aluminum bronze" (Cu-10 wt % Al - 4 wt % Fe) was

obtained from Copper and Brass Sales, Inc. without specifications. The

hydrogen gas, ultra-high purity grade (99.99+%), obtained from Air

Products and Chemicals, Inc., was passed through a silver-palladium

thimble at 300°C prior to use.

Circular membranes were assembled for the hydrogen permeation

studies as shown in Fig. 1. The membrane seal-weld indicated in Fig. 1

was made in vacuo with an electron beam welder and was helium leak

tested prior to use. Each membrane assembly was enclosed in a quartz

jacket and placed in a clam-shell type Marshall furnace. A dry helium

purge was maintained inside the jacket in order to avoid excessive

oxidation of the seal-weld and to reduce the possibility of having

any hydrogen permeate through the tubing on *he downstream (low hydrogen

pressure) side of the membrane.

The area of each membrane was determined by opening the membrane

assembly (with a lathe) and taking an average value of several measure-

ments of the diameter of the seal-weld, as measured with a moving-stage

microscope. The thickness of each membrane ras determined from a

photomicrographic measurement made on a mounted sample of the as-

received material. The areas and thicknesses of the membranes

studied are listed in Table 1.

The hydrogen permeation apparatus consisted of (1) a pyrex vacuum

system with a liquid nitrogen trapped mercury diffusion pump and

mechanical forepump (ultimate vacuum <10~5 Torr), (2) an all-metal

hydrogen pressure control (HPC) system, and (3) a Toepler pump to
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Table 1. Areas and Thicknesses of the Metallic
Membranes on Which Hydrogen Permeation
Measurements Were Made

Membrane

316-SS/Cu/316-SS

304-SS/Nb

304-SS/Cu/Nb

304-SS

316-SS

Copper

Aluminum Bronzea

Total
Thickness

(mm)

1.85

0.53

0.86

0.61

1.52

0.86

0.67

Area
(cm2)

6.40

6.22

6.16

5.89

5.04

5.93

4.34

a
Copper - 10 wt % Al - 4 wt % Fe

collect the permeating gas. Constant upstream pressures of purified

hydrogen were maintained in the HFC system by using a capacitance

manometer (MRS Baratron Model 170-M) as a null-meter which in turn

operated a solenoid valve. Hydrogen, that had passed through the

silver-palladium thimble, was adrltted (by the solenoid valve) to

a fine metering valve which in turn controlled the rate of entry of

hydrogen into the upstream portion of the system. The hydrogen

pressure on the downstream side of the membrane was maintained at

<10""* Torr by the Toepler pump.

At each temperature and upstream hydrogen pressure for which a

measurement was made, equilibrium (steady-state) flow was established

by overnight pumping on the downstream side of the membrane. Rate

studies were initiated by simultaneously starting a chronometer and

redirecting the downstream hydrogen flow to the Toepler pump via

a three-way stopcock. The gas collected by the Toepler pump was

forced into a calibrated volume held at a measured, reasonably

constant temperature. The amount of gas collected by the Toev-ler

pump was determined at random time intervals (over roughly an



eight-hour period) by measuring the gas pressure in the calibrated

volume. Pressure readings were taken by cathetometer measurements

of the height of a mercury column connected to the Toepler pump. Plots

of gas volume (STP) collected versus time yielded reasonably straight

lines that extrapolated close to the origin. Periodic mass spectro-

metric and gas chromatographic analyses of the gas collected by the

Toepler pump revealed that hydrogen constituted >99% of the gas volume

in all cases. In most cases, the major impurity was methane (̂ 100

volume ppm).

Hydrogen Permeabilities of Selected Metal Laminates

Hydrogen permeability data for the materials listed in Table 1

were reported in two earlier publications.1*2 Preliminary analyses of

these permeation data were made on the basis that the hydrogen flow

through each material was controlled by bulk diffusion (as given by

Fick's law) and that the solubility of hydrogen in each material was

proportional to the square root of the hydrogen pressure. The result-

ing expression for the permeation rate, R, (as developed for exaruple

by Webb3 and Stickney1*) is given in equation 1

R - $ • &(P)°«5 (1)

where

*• *° exp(-Qp/RT). (2)

In these expressions $ is the intrinsic hydrogen permeability of the

material, A(P)°«5 is the difference of the square roots of the upstream

and downstream hydrogen pressures, and T is the Kelvin temperature.

Values of $ for a given temperature and pressure are determined from

the measured hydrogen throughput rate, F, as follows:

• - I* • X]/[A • A(P)°-5j (3)

where X and A are respectively the thickness and area of the membrane.



316-SS-/Cu/316-SS

304-SS/Nb

304-SS/Cu/Nb

304-SS

316-SS

Copper

3,162

10,230

9,736

2,259

1.149

11,920
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Values of the preaxponentlal term $c and the activation energy 0

(in equation 2) obtained by least-squares-refinement of the *-T data

sets collected for each material, are given in Table 2.

Table 2. Values of $° and Qp Derived From Hydrogen
Permeation Data for the Indicated Materials

_ _

Material cc(STP)•mm/cm2'hr-atm0*5 Calories/Mole

23,566

27,013

21,332

17,223

15,605

21,451

The data from which the results in Table 2 were derived were

collected over the range from 10 to 600 Torr (upstream hydrogen

pressure) and 400 to 800°C. It is probably not advisable to use

these results for computations at very low hydrogen pressures

(«1 Torr) where effects due to unreduced surface impurities may

be expected to dominate the permeation process.5 (Studies of the

hydrogen permeabilities of the materials in Table 1 and of related

materials at driving pressures considerably below 1 Torr are currently

in progress in our laboratory.)

In recent months an attempt has been made to give further

refinement to the permeation data presented in references 1 and 2.

To determine more accurately the exact power dependence on pressure,

sets of permeation data collected at constant temperature were plotted

as a function of upstream hydrogen pressure in the log-log fashion

recommended by Strehlow and Savage.5 This plot (shown in Fig. 2)

gives pressure dependencies that range from 0.44 to 0.61 for the

materials listed in Table 1, indicating that the previous assumption
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Table 1
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of a half power dependence'*2 represents a reasonably accurate portrayal

of the permeation behavior. Although the deviations from an exact

0.5 power dependence could well be ascribed to experimental uncertainty

in most cases, we have found that linear plots of permeation rate

vs_ (hydrogen pressure) do extrapolate to the origin (see Fig. 3) if

the correct value of N from Fig. 2 is used for each material but do

not extrapolate to the origin if N » 0.5 is used.

An additional finding from our studies of multilayered metal

laminates has been that the layers of a laminate act as a series of

resistors to hydrogen flow such that the calculated permeability of

the laminate (based on the permeabilities of the individual layers)

is well within a factor of two of the measured permeability.1*2

Alternative use of permeation expressions based on pressure to the

0.5 power or on pressure to the specific power determined from Fig. 2

has no significant effect on this finding. In other studies carried

out by electron microprobe techniques we have demonstrated that large

scale hydrogen throughput [in excess of 8cc(STP)/cm2] has no measurable

effect on the integrity of the metallurgical interfaces in the bonded

metal laminates studied thus far.6

Development of Barrier Layer Materials for Multiplex Metal Structures

The preceding section contained a summary of the potential

applicability of multiplex metal composites as barriers to tritium

migration (by permeation) through fusion reactor construction materials

that are subject to operation at elevated temperature (>300*C). In

this section, we discuss the results of experimental studies to identify

and characterize materials that would be suitable for use as the barrier

layer in stainless steel-clad multiplexes. Initial studies have

focused on copper and its alloys because (1) their relevant physical

and mechanical properties (particularly thermal expansion coefficients)

are well matched with those of stainless steels insofar as composite

preparation and high temperature integrity are concerned, and (2) a

substantial industrial technology base for the preparation of both

metallurgically- and mechanically-bonded copper/stainless steel compos-

ites appears to exist.
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Hydrogen permeation data obtained for pure copper and the copper-

aluminum-iron alloy (from reference2) are shown in Fig. 4 together with

the least-squares refined permeatioa curves (solid lines) derived using

equation 2. Also shown in Fig. 4 are the permeability curves

for these same materials obtained by other investigators.7"10 In the

case of pure copper, the agreement with the results of Belyakov and

Zvezdin10 and Perkins and Begeal7 is very good. The work of Smithells

and Ransley9 dates back to 1935, and the apparent discrepancy may be a

reflection of the purity of the samples used in their studies. The

curve representing the results of Ehrmann st at.,8 was extrapolated

from the temperature region of their data (170 to 240°C). Also, there

was some uncertainty in the conversion of the permeability units used

by Ehrmann et at., to the units that we normally use. In the case of

the copper-aluminum-iron alloy, there is a sizeable disparity between

our data and the data of Belyakov and Zvezdin. We are of the opinion

that the reduced permeability of this alloy (compared to the permeability

of pure copper) is due to formation of an extremely stable bimetallic

impurity coating on the alloy's surface. If this is indeed the case,

and if tb° extent of formation of this coating is dependent on impurity

potenf-.ials in the environment surrounding the alloy prior to or during

permeation measurements, then the disparity between our work and that

of Belyakov and Zvezdin may be attributable to differences in back-

ground impurity levels and/or prior sample history. However, it

should also be noted that the permeation rates measured in our study of

this alloy are near the background levels of our gas collection apparatus

(Toepler pump), which may have biased our readings in the direction of

being too high. In order to circumvent this problem in future work, we

have constructed an all-metal hydrogen permeation apparatus capable of

measuring permeation rates that are orders of magnitude lower than those

measurable with the Toepler pump.

Because the hydrogen permeability of pure copper is only a factor

of friom 2 to 5 lower than that of most conventional stainless steels at

elevated temperatures (>400°C), its potential value as a tritium-barrier
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layer in stainless steel-clad composites is low. However, the copper-

aluminum-iron alloy would be very attractive for use as a barrier layer,

if its permeability can be kept at least as low as our results in Fig. 4

indicate. For example, at 600°C, the hydrogen permeability of a

304-SS/Cu-Al-Fe alloy/304-SS composite (with all three layers having

the same thickness) would be ^50 times lower than the permeability of

an equally thick layer of 304-SS (based on our data for the copper-

aluminum-iron alloy and for 304-SS).

Work is currently in progress to prepare a series of metallur-

gically-bonded 304-SS/Cu-Al-Fe alloy/304-SS composites in which the

304-SS and Cu-Al-Fe alloy are subjected to a variety of surface pretreat-

ments prior to bonding. The hydrogen permeation characteristics of

these composites will then be examined.

Fabrication Efforts on Multiplex Materials

During the past year, an effort has been undertaken to investigate

the prospects for preparing multiplex metal laminates in seamless tube

form and joining sections of these laminates by various welding proce-

dures. The ANL Materials Science Division prepared a mechanically-

bonded 304-SS/Cu/304-SS composite in seamless tube form by drawing

concentric cylindrical billets of 304-SS and copper into intimate contact

with one another. Sections of this composite tubing were then joined

contiguously (layer to corresponding layer) to form a linear joint as

shown in Fig. 5. The joint was fabricated by sequentially electron beam

welding (with controlled penetration) all the seams formed by (1) the

interior 304-SS layer, (2) the copper half-cylindrical inserts, and

(3) the outer 304-SS half-cylindrical inserts. X-rays of the entire

welded zone showed no evidence of weld imperfection. In actual opera-

tion, this linear joint could be given additional support by surrounding

the weld region with a cylindrical 304-SS collar.

Tests of the integrity of the linear joint followed by sectioning

to determine the weld penetration depths are planned. Future work will

also include an attempt to contiguously T-weld two sections of composite

seamless tubing.
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HYDROGEN PERMEATION CHARACTERISTICS OF VANADIUM

Prior studies conducted in our laboratory by Heinrich et al.1*

showed that relatively high hydrogen permeation rates could be achieved

in the 450 to 550*C range and at 1 atm upstream hydrogen pressure for

vanadium samples which had been hydrogen fired (activated) at 850*C

just prior to permeation measurements. In order to maintain these

high rates, Heinrich et at., indicated that it was necessary to periodi-

cally re-fire (reactivate) the samples in hydrogen. The hydrogen

permeation curve obtained from their data is shown as a dashed line in

Fig. 6. More recently, we have completed a series of studies in which

an attempt was made to determine the mechanisms involved in activating

&nd deactivating the hydrogen permeability of vanadium. Results of

permeation rate measurements and ion microprobe analyses for several

vanadium membranes, examined during the course of these studies, are

summarized below.

Hydrogen Permeation Studies

The experimental configuration and procedures used in the studies

of vanadium were the same as those described in the preceeding experi-

mental section for the measurements on composite materials. Because

of problems associated with flooding of the gas collection equipment

(Toepler pump) it was not possible to measure hydrogen throughputs

corresponding to permeabilities greater than 10 cc(STP)•mm/cm2-hr'atm ;

therefore, the high rates achieved by Heinrich et al., for activated

vanadium were not substantiated in our work. We did observe, however,

that at temperatures above 850°C the hydrogen permeability of a newly

mounted vanadium membrane was considerably greater than the upper

limit collection rate of our apparatus. In one experimental run an

0.5-mm-thick membrane (MARZ Grade Vanadium) was activated according

to the procedure of Heinrich et aZ.11 and subjected to sixty days of

hydrogen permeation at temperatures between 400 and 950*C, upstream

hydrogen pressures between 5 and 200 Torr, and a downstream hydrogen

pressure of <10~1 Torr. The hydrogen permeability of this membrane

was measured at periodic intervals and was found to drop monotonically
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with time. Because of this steady (day-to-day) drop in rate it was

not possible to make an accurate determination of the pressure dependence;

hence, for the sake of ccmparison with the data of Heinrich et al., a

half-power dependence was assumed.

Some of the results from this sixty day experiment are summarized

in Fig. 6. During the first two weeks the rate of decrease of permea-

bility was extremely rapid. Selected results from the third, sixth, and

eighth weeks, shown in Fig. 6, give evidence of the continuing decrease

in permeability and indicate a leveling off of the permeation rate in

the latter stages of the run (after the fiftieth day). The overall

decrease in permeability compared to the data of Heinrich et al. (assuming

they are correct) is roughly five orders of magnitude.

Microprobe Studies

Previously published results obtained from ion microprobe mass

analyzer (IMMA) scans of activated and deactivated vanadium samples12

showed that the major impurity element on the surface of deactivated

vanadium (which was not present in significant amounts on activated

samples) was oxygen. More extensive IMMA studies than those reported

previously have been carried out to obtain a better understanding of

the behavior of oxygen on vanadium surfaces at elevated temperatures.

The experimental methods used in these studies were the same as those

reported in reference 12. Oxygen to vanadium (0/V) ratios as a function

of depth into the sample are given in Fig. 7 for four different treat-

ments. The relative oxygen level was determined by ratioing the
160 and 51V (0.24% natural abundance) mass peaks. These 0/V ratio

data were calibrated using IMMA data for the as-received MARZ grade

material (indicated by diamonds in Fig. 7) and the analytically deter-

mined oxygen content of the as-received material (M.50 wppra). (The

uncertainty in the 0/V ratios given in Fig. 7 is estimated to be. around

+ 50%.) With the exception of the data for the as-received vanadium,

all other IMMA results in Fig. 7 were obtained on samples that were

treated in our permeation apparatus for comparable time periods 0^1500



Fig. 7. Ion Microprobe Data for Oxygen to Vanadium Ratio
versus Depth. 0 " as-received vanadium (MARZ Grade),
O = heavily oxidized sample (see text),Zi and V
= downstream side of a 1500 hr sample (two separate
scans of the same surface)
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hours) at temperatures in the range from 350 to 850°C. Data collected

for a sample that was inadvertently exposed to atmospheric oxygen levels

at an elevated temperature (^(WC) for a short period of time are

indicated by circles in Fig. 7. This sample is believed to be the one

subjected to heaviest oxidation during its treatment, and the results

in Fig. 7 appear to reflect this belief.

Efforts to characterize the source of the occasional humps in the

0/V versus depth curves were rot overly successful. The humps were not

observed with any consistency for a given surface and the depth at which

their maxima occurred varied from sample to sample and from location to

location on a given sample. Since the results in Fig. 7 do indicate

that the oxygen distribution profile within the vanadium used for these

studies is, for the most part, relatively smooth, the humps are taken

as evidence for the formation (to some extent) of oxide-rich clusters

or occlusions. Attempts uo correlate these humps with the presence of

other impurity species detected by the IMMA scans were largely incon-

clusive.

Whereas the hydrogen permeability of activated vanadium (as measured

by Heinrich et at. **) is comparable to that of palladium and the silver-

palladium alloys commonly used as hydrogen filters,13 the permeability

of the impurity coated vanadium observed in our study actually falls

well below the range of permeabilities exhibited by most conventional

unoxidized stainless steels. 5»11+'15 Although the data in Fig. 6 do

reflect the achievement of a relatively steady permeation rate after

fifty days of study, this rate (the solid line in Fig. 6) is undoubtedly

fixed by the intrinsic oxygen potential in our apparatus. That being

the case, any use of the data in Fig. 6 to predict the hydrogen permea-

bility of vanadium should be made discriminately.

Conclusions from the Vanadium Studies

Based upon the results of this investigation and on a cursory

examination of thermodynamic property data for the appropriate materials,

several conclusions can be drawn regarding the ultimate utility of

vanadium in fusion reactors. Results of the studies of oxygen concentra-

tion profiles (Fig. 7) show that even in a relatively clean environment,



build-up of oxygen at the vanadium surfaces and significant oxygen

penetration into the bulk metal occur readily. In order to avoid

severe oxygen penetration, the oxygen potential in fusion reactor

coolant circuits employing liquid sodium, liquid potassium, or high

pressure helium would probably have to be controlled at levels

corresponding to Oj partial pressures <10~3(' Torr.16>*7 Consequently,

the interfacing of vanadium with liquid sodium or potassium and the

containment of high pressure helium streams with vanadium at elevated

temperatures will present considerable difficulty.16»18 In addition,

for vanadium-structured fusion reactor designs which employ helium

as a coolant, the low oxygen potentials required to preserve the

integrity of the vanadium, would compromise the beneficial effects on

tritium containment and trapping that result from having ppm levels of O2

present in the helium.^

In liquid lithium blanketed fusion reactors with vanadium support

structures, oxygen potentials in the lithium will be much lower than

these which would lead to oxidation of the vanadium.20 (This is a

consequence of the fact that the thermodynamic stability of lithium

oxide is considerably greater than the stability of any of the oxides

of vanadium.2") While oxygen penetration of vanadium is not expected

to occur in liquid lithium systems, the low oxygen potential created by

the lithium environment will preclude the formation of an oxide layer

at the lithium-vanadium interface. This being the case, the hydrogen

permeation characteristics of the vanadium support structure in contact

with lithium could approach those of the activated .aaterial shown in

Fig. 6, unless the opposing surface of the vanadium is sealed by an

oxide layer. Maintenance of an oxide layer on one surface of vanadium

without incurring destructive penetration of the bulk metal, will

undoubtedly require a carefully controlled oxygen potential. Duplex

tubing or other multi-metal configurations in which the interior vanadium

surface (the surface between layers of the multiplex) is mildly oxidized,

could provide a means of utilizing oxide layers on vanadium to reduce

hydrogen, deuterium, or tritium permeation rates.21
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TRITIUM TRAPPING KINETICS IN INERT GAS STREAMS

This effort is directed toward studies of the kinetics of chemical

trapping reactions involving tritium in inert gas streams {e.g., helium,

argon, nitrogen). Specific gas stream environments that have practical

applications in fusion devices and reactors include (1) high-pressure

helium streams used as coolant circuits for power reactor blankets,

(2) low-pressure inert gas streams used in conjunction with either

double containment jackets for isolated reactor components or whole-room

atmosphere purges, and (3) the mainstream fuel cycle for D-T fueled

devices or reactors. With regard to the behavior of tritium in helium

coolant circuits and in inert gas purge streams, significant advantage

in terms of overall tiitium containment can be gained by converting the

tritium present in these streams to T2O or THO and then sorbing,

desiccating, or otherwise fixing the T2O or HTO in a medium that is

suitable for (1) tritium regeneration and reinsertion into the mainstream

fuel cycle or (2) consolidation of low-level tritiated wastes in prepara-

tion for long-term burial.

The chemical trapping requirements imposed by the needs of the

mainstream fuel purification and recycle system of a D-T fueled fusion

reactor are substantially different from those of the gaseous coolant

and purge circuits. During the course of passage through the plasma

chamber, the D-T fuel mixture will invariably pick up low levels of

nonmetallic impurities (.e.g. , 0, N, and C). Since only a small fraction

(<5%) of the injected fuel actually undergoes fusion in a single burn

cycle, it is absolutely essential (for power reactors) to continuously

recycle the unburned D-T mixture. Because of the deleterious effects

of impurities on plasma energy balance and stability, the impurities

picked up during one burn cyclu must be removed prior to reinjection

of the recycled fuel mixture. It would be desirable to identify chemical

trapping media that can effectively remove these nonmetallic impurities

without simultaneously tying up a large quantity of tritium.

The objective of this effort is to evaluate the performance of

materials that might be suitable for the two types of chemical trapping

operations summarized above. As a beginning for these studies, a trapping



kinetics apparatus was assembled, and a series of tests were performed

to evaluate (1) the efficiency of heated CuO/MnO2 mixtures in converting

HT to HTO, (2) the efficiency of heated magnesium beds in converting HTO

to HT without simultaneously pumping the HT, and (3) the effectiveness of

selected water sorting media in trapping HTO from flowing inert gas purge

streams. The results of these various tritium trapping studies will be

used to gain insight concerning the optimum size, configuration, and

flow parameters that should be applied to the design of equipment for

fuel conditioning and purge stream processing circuits of near term

experimental fusion devices and future fusion power reactors.

Experimental Procedure

The apparatus developed for these studies is shown in Fig. 8. The

initial branch is designed to permit series testing of an oxidizer bed

{<?.g. , CuO/MnO2) and a reducer bed (e.g. , magnesium reeta.l with provision

for by-passing cf either or both beds. The second branch is designed

to permit testing of various water sorbing or desiccating media and is

also fitted with a by-pass. Tritium from the carrier gas cylinder

(VI. 7 uCi/cc of HT in argon) is introduced to the pulse chamber with

both solenoid valve B and backup valve C closed. Pulses of the triciated

carrier gas are delivered to the trapping circuit by closing valve A,

opening valve C and triggering solenoid valve B. (After triggering of

a pulse, valve C is closed to guard against any low-level tritium leakage

across the seat of solenoid valve B.) Solenoid valve B is controlled

by an electronic pulser which opens the valve for a set length of time;

hence, uniform-sized pulses of the tritiated carrier gas should be

delivered with each triggering. (This uniformity of pulses was demon-

strated experimentally.) Tritium counting is performed with a Johnston

Laboratories Model 955B Tritium Monitor.

The apparatus in Fig. 8 is set up for either once-through flow

studies using an inert sweep gas (valve D open, valve E closed, and

valve F open) or recycled-flov studies (valve D closed, valve E open,

and valve F closed). In this way, both instantaneous and long-term

performance of various conversion beds and water trapping media can

be investigated.
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Results of Once-Through Pulse-Flow Studies

In this series of experiments, the tritium pulses were swept once

through selected conversion bed and trap configurations and exhausted.'

The objective of the experiments was to test the effectiveness of a

particular bed and trap combination on tritium concentration in the

sweep gas, when tri.tium is admitted to the system in bursts. Prelimi-

nary experiments showed that the tritium in the carrier gas is mostly

in the form HT when it leaves the pulse chamber and that a liquid

nitrogen cooled copper mesh trap effectively removes HTO from the sweep

gas but does not remove KT. Results of several different types of

pulse-flow studies are summarized below:

Effects of flow Rate on Monitor Response

The effects of sweep gas flow rate and bed temperature on tritium

monitor response to single pulses of the tritiated carrier gas were

evaluated for a series of oxidlzer bed/reducer bed/water stripper

configurations. A set of data collected for the B/Mg/r,, B/Mg/N2 and

B/B/N? configurations [B = by-pass, Mg = magnesium bed, N2 = liquid

nitrogen cold trap] is given in Fig. 9. The results in Fig. 9 show that

the effect of flow rate on the integrated tritium signal ?.s close to

linear in the 2 to 8 LPM range for all three configurations. (The inte-

grated tritium signal is obtained by measuring the area under the recorded

tritium count rate vs_. time curves using a planimeter). Similar results

for configurations with CuO and CuO-MnO2 oxidizer beds are currently

being evaluated. Linearity of the tritium monitor response during pulse-

flow operation is essential to the attainment of reasonably quantitative

results from reaction kinetics studies.

Performance of CuO and CuO-MnOz Oxidizer Beds

In another series of studies, we investigated the effects of particle

size and composition on the performance of CuO-MnO2 mixtures used in

oxidizer beds. The performance characteristics evaluated were (1) effec-

tiveness in oxidising HT to HTO, (2) magnitude and duration of tritium

hold-up in the bed, and (3) pressure drop in the bed. All experiments

were carried out (1) at a bed ten^erature of 600°C, (2) in the same bed
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container and apparatus configuration, and (3) at a sweep gas flow rate

of 2 LPM. The objective of this study was to identify a bed composition

and particle size range that gave high efficiency conversion of HT to

HTO, low pressure drop in the bed, and minimum tritium hold-up. Results

obtained for the compositions and particle sizes examined thus far are

summarized in Table 3. Generally speaking, roughly equal volume mixtures

of CuO and MnO2 v/ith particles in the size range -16 +42 mesh gave the

best performance, although hold-up was a problem to some extent in all

of the beds studied. Volume fractions ̂ l30^ o f -42 mesh material (either

CuO or MnO2) increased the pressure drop across the bed and led to greater

tritium hold-up (probably because of the increased surface area). CuO

by itself was found to be relatively ineffective in converting the low

levels of HT in the sweep gas to HTO, regardless of particle size. HT

to HTO conversion efficiency increased with increasing quantities of

MnO2! however, increasing the volume percent of MnO2 above 50% tended to

give increasingly larger tritium hold-up. Composition VII in Table 3

appears to be near optimum in terms of the objectives stated above.

Effects of H2 Addition to Sweep Gas

This series of experiments was conducted to determine the effects

of increased amounts of H2 in sweep gas on CuO-MnO2 oxidizer beds

that showed relatively high tritium hold-up in the previous series of

experiments. Comparative runs were made with either helium or helium-

1% hydrogen as the sweep gas. Results of experiments with the CuO-

M1O2/B/B and CuO-MnO2/B/N2 configurations are shown in Fig. 10. The

composition of the CuO-MnO2 bed used for Test V in Table 3 was selected

for this study because of its relatively nigh tritium hold-up characteris-

tics. Curves A and A' in Fig. 10 show that the tritium hold-up is greatly

reduced by swamping the HT in the sweep gas with H2. In a second experi-

ment, a pulse of the HT carrier gas was added to a helium swept stream

and, after sufficient equilibration time, the sweep gas was changed to

He-1% % • The results of this experiment (curve B in Fig. 10) show that

the original pulse is cleared from the bed by the ^-containing sweep

gas. Curves C and C1 in Fig. 10 are a repeat of the sequence represented
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Table 3. Summary of Studies of the Effect of Composition
and Particle Size on the Performance of CuO-MnC>2
Oxidizer Beds at 600°C and a Sweep Gas Flow Rate
of 2 LPM

Test

1

II

III

IV

V

VI

VII

Composition
(Volume %)

100% CuO

100% CuO

90% CuO
10% MnO2

70% CuO
30% MnO2

60% CuO
40% MnO2

60% CuO
40% MnO2

50% CuO
50% MnO?

Particle
Size Range

(Mesh)

-42

-32 +42

-32 +42
-42

-32 + 42
-42

-32 +42
-42

-32 +42
-16 +32

-32 +42
-16 +32

Relative Performance
HT to HTO
Conversion
Efficiency-

low

low

moderate

high

intermediate

high

high*

Relative
Pressure

Drop

large

low

moderate

moderate

moderate

low

*
low

Relative
Tritium
Hold-up

moderate

low

moderate

moderate

high

low

*
low

t Not possible to determine because of high tritium hold-up.

Slight improvement over Test IV.

by curves A and A1 except that the Cu0-MnO2/U/N'2 configuration is used.

These results demonstrate that the HT to HTO conversion efficiency of

the CuO-MnO2 bed is not grossly affected by the large excess of H2. In

the near future, an attempt will be made to determine the lower limits

for H2 levels in the sweep gas that can effectively reduce tritium hold-up

in CuO-MnO2 beds. Incentives for this extension of the Hj-swamping studies

are (1) the fact that 1% H2 levels lead to rapid depletion of the active

material in the oxidizer bed, (2) the need to minimize insofar as possible

the magnitude of isotopic dilution of tritium from the standpoint of

subsequent tritium enrichment and recycle, and (3) a recent observation

that the efficiency of magnesium metal reducer beds is adversely affected

by the large excess of H2 in the sweep gas.



A
CuO-MnOg/B/B
(SWEEP GAS = He)

A . . . . P U L S E RELEASE POINT

CuO-MnO2 /B/B
(SWEEP GAS=I% H 2 I N He)

CuO-MnO2/B/B«
(SWEEP GAS*He)

/CHANGE SWEEP GAS
/TOI% H£ IN He

OMnO2/B/N2 %
(SWEEP GAS = He) A

H

vn

(C)

Fig. 10.

(C1) (SWEEP GAS* I%H 2 IN He)

INCREASING TIME
Effects of H? in the Sweep Gas on the Performance of
CuO-MnO2 Oxidizer Beds



IV-J57

Results of Recycle-Flow Studies

In this type of experiment the apparatus in Fig. 8 is filled to

ambient pressure with the sweep gas, set in tha recycle configuration

with all beds and traps by-passed, and a pulse of tritium is introduced.

(Continuous circulation is provided by the circulation pump in tV>e tritium

monitor.) Thereafter, the desired sequence of beds and traps are valved

into and out of the circuit. A typical series of experiments is shown

in Fig. 11 where a comparison is made of the performance of a magnesium

metal reducer bed at 300 and 55O°C. In the all by-pass configuration

(B/B/B) the tritium monitor signal rapidly reaches a steady level. In-

sertion of the magnesium bed (B/Mg/B) has relatively little effect,

although we have often observed a slight increase in signal which may

be due to residual tritium from a prior pulse. Insertion of the nitrogen

trap (B/Mg/N2) always leads to a slight drop in signal because the

relatively large internal volume of the trap (compared to the piping)

causes a dilution of the tritium in the sweep gas. The plateau in this

latter configuration proves chat most of the tritium is in the oxidized

form. Insertion of the Cu0-Mn02 oxidizer bed (composition for Test VII

in Table 3) leads to two distinctly different effects. In curve A

where the magnesium bed is at 300°C, the tritium is rapidly removed

from the circuit as HTO indicating that the magnesium bed is not back-

reducing the HTO coming out of the oxidizer bed. In curve B where the

magnesium bed is at 550°C, it does effectively back-reduce the HTO.

(The initial drop in the signal in Curve B, when the Cu0-Mn02/Hg/N2

configuration is introduced, is believed to be due to hold-up of some

tritium by the oxidizer bed.) The response to the final configuration

in curve B (CuO-MnOj/B/!^) gives evidence that the oxidizer bed was

operating effectively prior to removal of the magnesium bed.
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PERMEATION OF HYDROGEN AT LOW PRESSURES THROUGH STAINLESS STEEL
AND IMPLICATIONS FOR TRITIUM CONTROL IN FUSION REACTOR SYSTEMS

Robert C. Axtmann, Ernest F. Johnson and Christopher W. Kuehler

Department of Chemical Engineering
Princeton, University , "0 7}

ABSTRACT

New experimental data on the permeation of hydrogen
through stainless steel indicate that at driving pressures
below 10"^ torr, the permeation rate is linearly dependent
on the driving pressure. A possible consequence is that the
permeation rates of hydrogenic species in fusion reactor sys-
tems might be much lower than those reported in contemporary
conceptual design studies which assume that the rates are de-
pendent on the square root of the driving pressure. The im-
portant implications of these low permeation rates are: (1)
tritium losses to the environment may be more dependent on
ordinary leaks from equipment than on permeation to the steam
cycle; (2) recovery of tritium from breeding blankets via
permeation windows may be impracticable; and (3) recovery of
tritium from breeding blankets not dependent on permeation
windows may be simplified by the possibility of operating at
much higher average tritium concentrations in the blanket and
cooling systems.
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INTRODUCTION

The permeation of hydrogen gas through metals has been studied for

many years, principally because of the deleterious effects on mechanical

properties of the metal. New interest in the area has been stimulated

by problems in fusion devices where tritium migration and holdup are im-

portant phenomena for both operational and environmental reasons.

These recent problems occur in temperature and pressure regimes

that are not well-explored. The first wall aside, it is likely that much

of the structural hardware in fusion reactors will be fabricated from

stainless steels or other iron alloys. So far as we are aware, no re-

producible hydrogen permeation experiments on any stainless steel have

heretofore been reported for driving pressures less than about 0.1 torr.

The classical expression for describing the permeation of diatomic,

homonuclear molecules through a metal membrane is Richardson's Equation,

viz.

J - 5 (Pl
1/2 - p2

1/2> (i)

where

P = Po exp[- -| Ep/RT] (2)

and

J = the permeation rate,

P = the permeability,

P = a constant,
o

E = the activation energy for diffusion,

R = the gas constant,

T *= the absolute temperature,

d * the thickness of the metal,

P-.Pj * the pressures at upstream and downstream surfaces, re-

spectively.



Experimental verifications of Equation (.1) are sparse in the case
2

of iron or iron alloys. Chang and Bennett , for example, found the ex-

ponent of P. to vary (with pressure) between 1/2 and 1; Phillips and
3

Dodge found only a weak dependence on d; Randall and Salmon reported

Chat a lengthy period of "activation" was necessary before tritium perm-

eation through 347 stainless steel rose to a reproducible value ; and

Flint's measured hydrogen permeation rates through 347 stainless decreased

markedly over a period of 300 hours at a temperature of 600°C.

All of these anomalies suggest that at least in some circumstances,

diffusion through the metal is not the rate-limiting step in the overall

permeation process.

EXPERIMENTAL

Apparatus

Physical Description

In order to observe hydrogen panr.eation under conditions at which

diffusion may not be rate limiting, the ultra-high vacuum apparatus de-

picted schematically in Figure 1 was constructed. Fabricated from 305

stainless steel to minimize surface contamination, the system is all

metal.

The high pressure chamber (I) can be evacuated by a sputter-ion pump

rated at 11 liter-sec ". The upstream pressure. P., is measured with a

nude ionization gauge that has been calibrated for H9. The low pressure

chamber (II) is pumped by a triode sputter-ion purap rated at 270 liter-

sec for H.j. and a titanium sublimation pump. The speed of the latter
" • -1

is estimated, very conservatively, to be at least 10,000 liter-sec . A

second nude ionization gauge, permits total pressure measurements, P?
s, on

the downstream side of the membrane.

The permeation membrane assembly is shown in Figure 2. The membrane

was machined from an ingot of warm-rolled, 304 stainless steel to 5 mil

thickness and a diameter of two inches. This piece was welded to lengths

of stainless steel tubing which were, in turn, welded to water-cooled

vacuum flanges. Two baffles in front of the membrane insured thermal
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equilibrium between the gas and the membrane surface. Before incorpora-

tion into the apparatus, the freshly machined membrane surface was de-

greased with acetone.

The temperature of the membrane is maintained by an external ensemble

of insulated heating eleoetits. A thermowell, drilled close to the »em-

brane's edge (cf. Fig. 2), allows temperature measurements with a chrome1-

alumel thermocouple.

Baking at 200°C overnight brought the base pressure in chamber II
-10 -9

into the 10 torr range while chamber I reached 1 x 10 torr. To main-

tain these vacua under no gas load requires activating the sublioator for

two minutes, once a day.
Method

To measure permeation rates, a conductance-limited orifice method

is utilized. In this technique, gas entering chamber II is pumped out

through a calibrated orifice by the high-speed pumping system. The flow

rate, Q, into the chamber is

« ' TTlJTs (3)

where

U * the conductance of the orifice*

P_ " the pressure in chamber II,

S * the pumping speed at the orifice.

The conductance o£ a circular orifice is given by

U - 62.5 Am"1/2 (4)

where
2

A ~ the area (cm ) ,

m « the molecular weight of the gas,

P'.r hydrogen and our orifice (1.69 cm diameter), U * 100 liter-sec" .

Si.u(3 the pumping speed is >10,u00 liter-sec , then from Equation (1)

Q ~ UP., i.e., the flow is definitely conductance-Halted.



IV-367

Since it is possible that significant partial pressures of gases

other than hydrogen may be present, an ionization current proportional

to P- is measured with a quadrupole mass spectrometer. The proportional-

ity between spectrometer ionization current at mass two and flow-rate

into chamber II was determined by admitting, in a separate experiment,

pure hydrogen to the chamber via a calibrated leak (cf. Fig. 1).

Hydrogen

Two sources of purified gas were used. Initially, research grade

hydrogen from Air Products Corp. was admitted directly into the evacuated

gas inlet system via a standard regulator valve. Later, Matheson UHF hy-

drogen was passed through a Matheson purification train (Models 64-1000

and 450) before entering the inlet system. Analyses of each gas, ob-

tained from the vendors, are given in Table I. The purified Matheson

gas that entered the permeation apparatus is expected to be of higher

purity than is indicated in the table.

The two samples of hydrogen gave identical results.

Procedure

Prior to this experiment, the membrane assembly was held at ~700"C

—8 —9

for one week. Pressures of 10 torr on the high pressure side and 10

torr on the low pressure side could be maintained under these conditions.

To insure that the membrane was free of leaks, 10 torr of helium was

admitted to chamber I with the mass spectrometer in chamber II set to

mass four, No increase in signal was observed.

P.. was controlled by adjusting both the variable leak valve through

which hydrogen was admitted and by varying the conductance of a 1 1/2"

valve attached to the 11 liter-sec' pump. In a typical run at a given

temperature, hydrogen was admitted to chamber I at the aininum value of

P. desired, by opening the variable leak. The mass spectroneter current

rose and approached a steady-state with a period that ranged froa one to

ten minutes, depending on the temperature. The difference between the

currents, with and without permeation, was taken to be proportional to

the permeation rate. Subsequent, higher values for P., up to the maxima
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Table I. Hydrogen Analysis (ppn)

Acetj'lene

Argon

Carbon Dioxide

Carbon Monoxide

Helium

Hydrocarbons

Methane

Nitrogen

Nitrous Oxide

Oxygen

Hater

Air Products
Research Grade

(Actual)

<0.05

<5

<0.5

<l.O

<0.2

<0.5

<5

<0.1

<0.5

.82

Matheson Ultra
High Purity
(Typical)

<1.0

<1.0

50

8

<1.0

<1.0

5



allowable in the 11 liter-sec"' ion purap, were obtained by opening the

leak further, closing off the purop no re, or both. P. wa.> then lowered

through the same sequence- of values and the raass spectrometer readings

were confirmed.

RESULTS

Figure 3 displays the results of hydrogen permeation neasureaents

through 304 stainless steel between 637*C and 709*C and driving pres-

sures from 2.0 x 10 to 1.6 x 10 torr. The experimental sequence in-

volved: three runs at temperatures which included the highest and the

lowest; a one week interval during which the sample was held ar rood

temperature under ultrahigh vacuum; and two runs at intemediate tem-

peratures. When the data at single values of P. from the five tempera-

ture runs were plotted versus reciprocal temperature, smooth curves re-

sulted. This circumstance argues that no significant changes occured on

the menbrane surfaces during the course of the experiment. Moreover,

ii.it? from a run in which the pressure was raised at a given temperature

agreed well with those obtained when the pressure was lowered (cf. Proce-

dure secti .1 above).

Least squares fits were made of the five, single-temperature runs

displayed in Fig. 3 to the empirical equation

J - bd'j)" (5)

where

J » the permeation rate.

All gave values of 0.980 < n < 1.017.

Budgetary constraints precluded _in_ situ studies of the surface char-

acteristic of the stainless steel sample. Elsewhere we have marshalled

evidence to support the thesis that, whatever the svrfaoe contaminants

(primarily O,S,P), their concentrations arc those characterisCic of 304

stainless steel in ultra-high vacuum at the temperature of our experi-

ments and that the surfaces equilibrate rapidly.We did not observe either

the "activation" period observed by Randall and Salmon nor the "aging"

reported by Flint on 347 stainless steel. Both of the latter permeation
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studies WITC performed at drivinj; pressures in the torr range or above.

A nore detailed account of [he experimental design and procedures

is available ; .1 theoretical intt-rjiri-t.ilion of the results will be of-

fered elsewhere .

DISCUSSION

Although the results of any single, new experiment must be regarded

with caution, it is instructive to examine the possible implications for

fusion reactor systems of the observed linear dependency of permeation

rates on driving pressures.

It is clear that a linear dependency would mean that the actual

peraeatior. rates at very low driving pressures will be much lower than

would be .i-stiaalcd froa a dependency on the square-root of the driving

pressures. Since certain Important features of conceptual designs for

fusion reactors are governed by estimates of tritium permeation rates,

any major changes in these estimates would require major alterations to

the conceptual designs.

Tr'ti'JH Lor.r. tc the tluvi totioent

Yor most recent conceptual designs of fusion power reactor systems,

including those fron Oak Ridge , Princeton , .ind Wisconsin , a control-

ling parameter has been the allowable loss co the environment. In these

designs the trltiun concentrations in the coolant streams flowing to the

principal steam generators have been set at levels that would limit the

permeation of tritium into the t̂eara to rates approximating the present

maximum allowable, tritium release rate to the environment. This design

restriction is based on the assumptions that tritiua entering the stean

cycle would not be recoverable and ultimately would reach the environment

and that all other tritium releases would be tightly controlled by sec-

ondary containment systems.

Actually, the maximum allowable tritium loss to the environment is

only one of three constraints on tritium concentration levels in fusion

power machines. The others arc the maximum allowable, overall tritiua

Inventory and the maximum tolerable concentration of hydrogenic species
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in the machine structures fixed by the tendency for hydrogen to embrittle

metals at concentrations above a few hundred parts per billion. The for-

mer depends primarily on the cost of tritium, which for first generation

power machines would be very high, and the latter depends on the solubil-

ity of hydrogen in the particular metals and its effect on metallurgical

properties, exacerbated in the case of tritium by the decay to

In the Princeton Reference Design (PRO) the may.iw.UTn tritium pres-

sure in the coolant helium flowing through the stean generators was set

at 10 atm to limit the permeation loss to the steam to approximately
-4 -1

10 gm-day . For the same system the embrittlenient constraint would

permit a concentration corresponding to approximately 10 atn tritiun
19pressure in the helium and the inventory constraint corresponds to about

10 a.m. Thus the permeation constraint is the most stringent of the

three applicable constraints by many orders of magnitude. However, if

we assume the linear law for estimating the likely permeation rates and

then compute the allowable tritium pressure for the same tritium loss

rate to the environment, we find that embrittienent becomes nearly

coequal in controlling importance. From Llrjuttion (1) tiiv driving

force for permeation, for a tritium driving pressure of 10 *J atn,is

10~ or 0.32 x 10~ atm . Ceteris parabis, the tritium pressure-

giving the same numerical value for the driving force un«W a linear law

assumption would be 0.32 x 10 atm, only slightly less titan the safe

pressure from the standpoint of wall ombritt lenient.

Smith has carried out this kind of calculation for the PRD in some-

what more conservative fashion by making use of data relevant for each
12

form of the permeation rate equations . He also assumed, for both cases,

that the metal wall was stainless steel without any cladding to hinder

permeation. For the Richardson's law case, the total transfer of tritium

from the coolant helium to the steam cycle is given by

(A/x) B ( p ) 1 / 2 exp(-E p/RT) (6)

where

a " metal surface area normal to the flux,

x » metal wall thickness,
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E = overall coefficient for permeation,

p - tritium pressure in the coolant helium,

E = activation energy for diffusion,

R •= gas constant,

T * absolute temperature.

In tiiis equation the effective pressure of molecular tritium in the

steam side of the heat exchangers is taken to be zero. Using data from

Maroni for all variables except J and p and assuming uniform tempera-

tures throughout a given heat exchanger and equal to the highest tempera-

ture in that exchanger, Smith estimated that the average tritium pressure

in the coolant helium system should be held to a maximum of 2.3 X 10
-4

atm to insure that the total permeation rate would not exceed 10 gm-

day (jca, one curie-day ).

Under the same assumption of negligible downstream tritium pressure,

the linear law expression for the tritium transport from the coolant

helium to the steam system is given by

J - AK(p) exp<-£ /RT) (7)
a

where

K = surface coefficient for permeation

E = activation energy for this permeation process

and the other symbols have the same significance as before.

SniLh used values for K and E from the experimental data of the
7 a

present study and summed A exp(-E /RT) over all the heat exchangers in
3

the same manner as for the Richardson's law case. This procedure gave
the result that an average pressure of tritium in the coolant helium of

-12
2.3 x 10 atm would be required for a permeation loss to the steam

—4
system of 10 g/day.

The calculations for both cases were based on data for protium rather

than tritium since the isotopic effect at the relatively high temperatures
14

in the heat exchangers is likely to be small — probably not greater

than the factor of (1/3) predicted from diffusion theory, which is in-

significant for this comparison.



Although there arc* considerable* uncertainties in tin- reliability of

these values of tritium pressures, it is apparent tiiat the i>ern;eation

rates at very low driving pressures might be substantially lower than

would be anticipated frorc an application of the Richardson's law rate

expression. This conclusion is supported by the study of iiri;-i:s who

analyzed the observed distribution of tritium in struciurvs in tin- m

salt reactor experiment at Oak Ridge. The tritium concentrations there

corresponded to permeation rates three orders of nagnHude Iroer than

would be predicted by Equation (1), even though the prinrjp.iJ permeation

pathways involved surfaces cleaned by the fluxing action of t'ie molten

salt on the confining metals.

We conclude that the control of permeation losses of tritium to tiu.-

steam cycle is unlikely to be as critical an itea for lusion power plants

as has been visualized heretofore. Rather, the principal causes of tri-

tium escape to the environment will be leakages through wall cracks,

pump seals, and the like; and releases during maintenance shutdowns. A

helpful feature here is that the stream pressures under normal operating

conditions will tend io mitigate the transport losses to the environrncHt.

Thus cracks in the walls of the stean generators wiJl result in the leak-

age of steam into the coolant stream rather than the reverse. Similarly,

cracks in the cooling Cube walls in the reactor blanket would result in

leakage from the coolant into the breeder r.ediuro.

Implications for Tricium Recovery

First generation fusion power machines based on the D - T reaction

must be self-sufficient in tritium, and, sin-c the ultimate breeding

ratios are likely to be snail (because of the many constraints imposed on

typical breeder blankets), high yield and efficient recovery of the bred

tritium will be mandatory. If the permeation losses through structures

are much lower than earlier estimates have indicated, it will be possible

to operate fusion plants at much higher average tritium concentrations.

An immediate consequence is that tne recovery of tritium from the breeder

blanket should be correspondingly simpler since the driving potential for

any recovery system will be greater and the amount of breeder material
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that must be processed and the size of processing equipment will be cor-

respondingly less for a given tritium production rate.

However, for recovery schemes based on the permeation of tritium

through membranes at low tritium pressures, the deleterious effects of

the linear law will tend to offset any advantage arising from possible

increases in the tritium pressure. For example, if the tritium pressure
—10 »8

were increased from 10 atm to 10 ata, the driving potential for perm-

eation would similarly increase for the linear law. From Richardson's
-5 1/2

law at the original pressure the driving potential would be 10 atm ,
—8

whereas for the linear law at the new pressure it would be 10 atm, i.e.,

the permeation rate would actually be three orders of magnitude lower than

the rate estimated by Richardson's law at the original pressure.

Watson has estimated the costs of metal permeation windows for the

Oak Ridge conceptual design to range from $100,000 to $500,000 for tritium

pressures in lithium of 10* to 10~ atm respectively. These costs

should be multiplied by about 10 to include ancillary equipment and in-

stallation under nuclear standards of construction. If the resulting

costs must be scaled up further by a factor of 1,000 to correct for the

effect of the linear permeation law, the final investment requirement

makes permeation an impracticable option.

We conclude that permeation processes foe tritium recovery might be,

at best, only marginally feasible if tritium pressures in excess of 10~

atm are intolerable.

For systems like the PRD where the tritium pressures in the coolant

helium do not influence the ease of recovery of tritium from the breeder

salt, the tritium concentrations in the coolant can be allowed to rise

two or three orders of magnitude, and the scale of the mole sieve driers

for removing tritiated water from the helium and the related pumping re-

quirements would be correspondingly reduced. These items were relatively

nodest in the original design , hence the economic advantage would not

be great.



For systems in which the breeding medium is a solid alloy or salt

(including metal oxides), with bred tritium diffusing from the solid in-

to the coolant or into an evacuated region, as in the BroofchaVcn coneep-
18

tual design , the effect of the linear law would be to permit higher

tritium pressures in the coolant or evacuated region and correspondingly

easier recovery of the tritium. It is not clear, however, that the trans-

fer of bred tritium from the solid breeder to the evacuated region will

occur at rates any faster than for permeation windows. The slew rate-

dictated by the linear law surface effect for stainless steels at low

hydrogen pressures might reasonably be expected to obtain for alurainuR

alloys and solid compounds.

SUMMARY

The principal conclusions that emerge from this study are:

1. Permeation losses of tritium from coolant fluids into the steam

system of fusion reactors are unlikely to contribute significantly to

the release of tritium tc the environment. Rather, the releases are

more likely to arise from leaks through cracks in structures and at seals,

from unavoidable releases during maintenance shutdowns, and from acciden-

tal releases.

2. An immediate consequence of the reduced permeation losses is that

it may prove practicable to maintain tritium concentrations at higher

average levels in the breeder blanket and in the coolant streams. Fur-

thermore, there may be no need to seek claddings to provide permeation

barriers on heat exchanger surfaces as has been suggested for most con-

ceptual designs. Higher tritium concentrations in the breeder system

should make the recovery of tritium easier and less expensive for re-

covery systems not dependent on permeation windows. However, permeation

windows may not be practicable for tritium recovery unless much higher

tritium concentrations are permissible.

3. The uncertainties involved in extrapolating available data on tri-

tium permeation rates and tritium solubilities in metals to the very low

concentrations that must obtain in fusion reactor systems are great. A

very high priority must be given, therefore, to experimental programs

aimed at eliminating the uncertainties.
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TRITIUM HOLDUP DUE TO COATINGS ON THE FIRST WALL OF
FUSION REACTORS

Harolya K. Perkins

W.R. Bottoms and T.A. Pandolfi

School of Engineering and Applied Science
Princeton University ^ 5

ABSTRACT

Coatings on vacuum vessels are expected to
affect the re-emission of tritium implanted by
energetic bombardment from the plasma. Based
on experiments with the ST tokamak and the ATC
tokamak, the first plasma devices to use tritium
will probably have deliberate or accidental
metallic films on their interior vacuum walls.
This paper presents the result of energy dis-
persive X-ray analysis and ion scattering spec—
tometry on samples taken from the ST tokamak
vacuum vessel; the stainless steel vessel has
acquired a molybdenum-tungsten coating attributed
to the evaporation of the limiter and to getter-
ing experiments. Scanning electron micrographs
reveal a cauliflower-like appearance suggesting
nodular growth. Metallic coatings such as these
with low hydrogen diffusion coefficients would
present a barrier to the re-emission of tritium
implanted in the bulk material, beneath the thin
coating. Tritium holdup will depend on the
mobility of hydrogen within the coating and sub-
strate as well as the frequency and duration of
plasma shots. These considerations are expected
to be core important for first generation tritium
machines, which could have short confinement
times and a high flux of tritium bombarding the
wall.
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INTRODUCTION

The first part of this paper presents evidence that the

late ST tokamak bad a tungsten-molybdenum coating over part

of its stainless steel vacuum vessel whereas the second part

will speculate about how such coatings could affect tritium

holdup in future tokamaks. ST-tokamakers are not at all

surprised that near the plasma-confining limiter the wall be-

came coated with tungsten and molybdenum. Figures 1 and 2

show pictures of limit err. removed from the ST machine after

overheating via a plasma phenomenon called run-away electrons.

Plasma conditions improved so much after a run-away-electron-

induced evaporation, that molybdenum rods were inserted in

the plasma to deliberately coat the wall providing a "getter"

pump for impurities [1]. In ST's dying days, its walls were

coated with aluminum. Recent experiments on ATC have involved

coating interior walls with titanium [2].

We consider it quite possible that the walls of future

tokamaks may acquire coatings during their esc- If machine

plans include the use of tritium, it is important to recognize

that the holdup and re-emission of tritium imp1anted in the

vacuum wall during a D-T discharge will depend on the chemical

composition of the wall surface.

ANALYSIS OF THE ST VACUUM VESSEL

This section contains data obtained by energy-dispersive

X-ray analysis on samples taken from the ST vacuum vei.se.I,

which indicate major fractions of molybdenum and tungsten in
—4

the first 10 cm thick region near the surface. (The inci-

dent 30 keV electron beam used in these studies excited X-rays
-4

to a depth of about 10 cm.) Following a discussion on the

variation in surface composition at different locations in the

tokamak machine, depth profiles of these surfaces are pre-

sented. Ion scattering spectra or Auger electron spectra
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which sample only the first few atomic layers of the surface,

were taken sequentially while the surface was being eroded

by sputtering.

Figure 3 shows the plan view of the ST tokanak which

was dismantled last year after three years of operation.

Its toroidal vacuum vessel had a 109 cm major radius, a 15.8

cm minor radius, and was constructed from 305 stainless steel.

The sections that we analyzed, shown in Figure 4, came fro*

the inside and outside of the torus near B; the liaiters

shown in Figures 1 and 2 were located at A, which w?s 49 ca

away from B, measured on the outside of the torus.

The scales beneath the two strips in Figure 4 are used

to designate sample origin and the letter I or E to desig-

nate whether it was on the inside or the outside of the

toroidal vacuum vessel. Reference to Figure 4 shows that

samples at 113, 136, E8, and E18 had been taken prior to the

photograph. The left hand ends, 12 and El, were located *bout

20 cm and 30 cm respectively from the liniter location A in

the ST vacuum vessel. Distance from the limiter increases

with increasing scale number.

Scanning elctron micrographs cf the plasma-facing sur-

face show a complex of overlapping spherical shapes (Figures

5 and 6 ) . The cauliflower-like appearance of the surface

resembles coatings that can result from radio frequency diode

sputtering [3]. Samples taken from the outside of the torus,

E locations, seemed to have a aore complicated, nodular

appearance than those from the inside of the torus. The

surface cracks on sample 35 (£21) were not found on samples

taken from E17 and E22.

Weighted surface compositions of samples from a nuaber

of locations, as determined by energy dispersive X-ray anal-

ysis, are given in Table 1. These compositions were calcu-

lated by dividing the peak height for the MoLn , WMa,S,
1
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Fig. A. Sections of the ST tokamak vacuum vessel. The
upper section designated I was from the inside of the toroid-
al vessel. The lower section, designated E, was from the out-
side of the toroidal vessel. The number on the scale beneath
each strip is used to designate its location.
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Fig. 5. Scanning electron micrographs of samples taken
from the lower strip shown in Figure 4. Sample 25 came- tron
E2, Sample 35 from E21, and 33R was the non-vacuum side of a
sample from E21.
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-4
Table 1. Weighted Composition of the First 10 ci

of the ST Tokaaak Vacuum Wall a

Location

El -

E21

11 -

144

E8

19

ZMo

44 ±

36 +

17 ±

24

1

2

4

c

XV

31 ±

20 +

13 +

16C

2

2

2

ZSS

25 + 2

49 + 3

lv + 6

59C

These compositions should be taken only as relative
numbers since no corrections were made for variation
in composition with depth which is important in
energy dispersive X-ray analysis. Also, it was not
possible to correct the composition for those elements
not readily detected by this technique, e.g., oxygen
and carbon.

See text and Figure 4 for notation.

c Only one spectrum taken.
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and FeKa1 . lines in the sample spectrum by the height found

in pure Mo, V, or 305 stainless steel. The spectra for the

pure Mo, W, and 305 stainless steel were obtained within a

thirty minute period with the same instrument settings and

same sensitivity. These normalized peak heights are assumed

to be proportional to the atomic fraction of Mo, W, or SS in

the sample. Percent compositions are calculated by assuming

Mo, W, or SS are the only substances present in the surface.

Probably the two major contributors to errors in Table I are

composition changes with depth and ignored elements such as

oxygen and carbon. Typical spectra obtained are shown in

Figure 7.

By examining Table 1 one sees that the outside of the

torus has a thicker coating of Mo and W than the inside. The

thickness decreases as one moves farther away from the limiter.

Figure 8 shows a depth profile of a sample from E2 using

ion scattering spectroscopy which samples only the first "aw
o

A of the surface. This confirms our earlier supposition

that th* wall had s Mo and V coating. For this sample no

iron is seen in the first 400A and significant amounts of iron
o

start to appear only after the removal of 1500A.
e

A depth profile to 800A of a sample from £21 using Auger

electron spectroscopy was used to calculate the compositions

listed in Table 2. Again the intensity is compared to in-

tensity from the pure metal or MgO for 0. Oxygen was a major

impurity in the ST tokamak discharge which is consistent with

its presence through the first 800A. The surface was exposed

to atmospheric oxygen for a year prior to these measurements

and a machine shop environment for a number of days. The ex-

posure of these samples to machine shop environments insures

the presence of carbon on the outer surfaces and the sputter-

ing process used for depth profiling of the chemical compo-

sition can push the carbon into the substrate. The distri-

bution of carbon through the first 800A is therefore con-
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CHANNEL NUMBER (25 eV/CHANNEL)

600 700

Fig. 7. Typical X-ray energy dispersive spectra from
a ST tokamak interior surface. Sample ST 24 was located at
E2,, sample ST 32 was located at E21, and sample ST 33R was
the reverse side of a sample located at E21.
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Fig. 8. Depth profile of * sample from the ST toksaak
located at E2 using ion scattering spectrweopy. This tech-
nique as used here is insensitive to carbon and oxygen.



IV-392

sidered to be artifactual. Additional experiments will be

required to determine carbon distribution.

In summary the section of the ST vacuum vessel studied

showed W and Mo present in varying amounts. Depth profiles

performed on samples taken from the outside of the torus

showed the metals in the near surface regions to be primar-

ily W and Mo. Presumably these coatings were formed by

evaporation of W and Mo exposed to the plasma, most notably

the limiters. The electron micrographs show that the sur-

face of this coating is a complicated overlapping of

spherical shapes.

Table 2. Composition Using Auger Electron
Spectroscopy of a Sample from E21

Depth from
Surface

10A

800A

%rlo

4

11

%W

33

55

%Fe

8

8

%Sn

4

3

%0

4

3

%Ca

47

20

The sputtering process employed in our experiments can
cause surface carbon to move beeper into the metal sur-
face region. See text.



THE EFFECT OF COATINGS ON TRITIUM
TRANSPORT AND HOLDUP IN THE FIRST WALL

The bombardment o:' the plasma containing vacuum wall by

energetic tritium neutrals and ions results in a certain

fraction being implanted beneath the metal surface. Both

the average implantation depth and the fraction of implanted

ions increase with .increasing energy [A,5]. McCracken and

Erents [6] have performed a series of studies on deuterium

re-emission from metals bombarded with energetic (7-36keV)D

ions. Their initial papers proposed a diffusion model for

the re-emission of D from metals, such as Ni, Mo, W and SS

which react endothermically with D. Later studies have shown

the importance of traps, either produced during or prior to

irradiation, on the re-emission process. Other phenomenon

such as blistering and gas sputtering can also occur.

This section uses a simplified diffusion model for re-

emission to illustrate that coatings can change the quantity

of implanted tritium which eventually returns to the plasma,

the model follows.

A uniform coating of metal M^ with' a thickness Z has

been deposited on the vacuum wall of metal M, with a thick-

ness d. Tritium is either a) implanted in the coating at a

distance -X- or b) in the wall at a distance X, (Figure 9).

The diffusion constant D, solubility S, and permeability F

for each metal are constant. The following boundary con-

ditions on the concentration of tritium C.(x,t) and C?(x,t)

e x i s t < C1(x,0) - 0 x < 0

C2(x,0) - 0 x > 0

C1(-£Jt) - 0 (1)

C2(d,t) - 0

C2(x,t) as x -• 0

Sl S2



PLASMA VACUUM WALL

1X,O
START

EQUIVALENT TRITIUM DISTRIBUTIONS n, AT X , , n f AT X ,

Fig. 9. Schematic of surface coating on vacuum wall.
Xx and/or X2 designate positions that Nj and/or N2 tritons
are implanted. The numbers X l t X2, 4, and d as used in the
text are positive and negative signs are explicitly written.
P. and P9 are the peraeability constants for tritium in the
coating and vacuum wall respectively.



and a) (^(-X^O) - N ^ ^

or b) C2(X2,G) - S26(x-X2).

At t » » all the implanted tritium N. or N_ will have

diffused out of the wall. The quantities of interest are the

fraction of the tritium implanted at X. (i * Ior2) that

returns to the plasma F(-£, X ) and the fraction that leaves

the wall at d F(d,X ). Their ratio varies inversely as

the ratio of the permeation impedance I(x,X.) of each path

F(d,X1) IC-Jt.Xj)

For calculational purposes use is made of the analogy between

Ohms law and the permeation equation [7]. The impedances to

the plasma and outside surfaces for implantation in the coating

depend on distance divided by the corresponding permeability P.

(3)

The fraction exiting at d is

{2-X,)?:1 (4)
F(d,X

dP~

For implantation in the vacuum wall at X~ this fraction is

d P 2 J

The linearity of F with X means that one can sum (4) or (5)

over a distribution of ranges to obtain F(d,Xi). Now the

implications of (4) and (5) will be examined.



Tritium permeability varies over many orders of magni-

tude for materials such as stainless steel, W, and Mo (Table

3). The TFTR under design at Princeton Plasma Physics Labora-

tory will have a 0.80 cm thick wall (presumably stainless

steel) that faces the plasma. The characteristic time for

diffusion through this wall at room temperature is

I « | - « 6 x 10 Usec - 104 years.

Machine plans call for the use of tritium for about 4 years

(after 18 morths of experiments using only deuterium and

hydrogen); therefore, essentially none of the implanted

tritium will escape the vessel during its lifetime.' The

quantities F(d,Xi) in this case are the fractions of in-

planted tritium that will remain in the wall.

Without a coating (J£ * 0) equation (5) shows that

X2F(d,X2) - ji .

With a coating of tungsten

F(d.-X-)
6xl020)

Jl(6xlO2O)+d(lO11)

F(d,X

* The bellows section uhich is 0.1 cm thick is shielded from

the plasma by an extension of the 0.80 cm wall.

t The maximum bakeout temperature is 250°C but it probably

will not be baked out after tritium has been used; at 250°C
T • 1 year.



Table i. Tritium Solubility, Dlffosivity, and Permeability

304 Stainless Steel T • 300*X

S - 1.6 x !0"3exp( -

I) - 1.8 x 10-2
exp( - ifSfiS) 1.3 x

P - 1.6 x 102 exp( - lJJ2fij 9.1 x 1(T1 2

K X

3.5 x l o " 2 0

^fift) 7.3 x ICT10

1.7 x 10" 2 1

s -

D -

P -

8.2

2.4

1.1

X

X

X

10"

10~

102

Molvbdenum

S - 1. 1X 1O~

exp{ -

exp( -

exp( -

exp ( - 1 .3 x 1O~8

D - 1.1 x 10-2exp( - igfifi) 2.5 x 10"1 3

P - 5.4 , 101 exp( - IJffift) 1.5 x

Units S<atnT1/2), Dfcm^ec' 1), P(cc(STP)c»-1h-1atia"1/2)

a. Data for S from (8], D from [9], and P fro* (10).

b. Data from ill].



Using the projected ranges in Table 4 one finds that a 10~cm

coating of W would result in 3% and 5G% of the implanted

tritium remaining in the wall for an incident particle

energy of 0.5 keV and 10 keV respectively. This compares to
-5 -33x10 % to 1x10 % for uncoated stainless steel.

Table 4. Projected Range for Tritium Based on

Shirftt's Approximation8

Energy (keV)

0.5

1.0

10.0

Fe

30

50

900

Range x 10 cm

Mo

30

50

700

W

30

50

500

Ref.

A 200A layer of W would result in all the tritium im-
o

planted at a depth greater than 200A remaining in the wall.

The larger permeability constant for Mo means that the

effects from Mo coatings would be several orders of magni-

tude less.

No discussion has been made about the energy distri-

bution and flux to the first wall. Even if our simplified

model were correct, these quantities will determine whether

a coating causes appreciable holdup in the wall.

j'ne model proposed above can make only semi-quanti-

'.ati s • tements about tritium holdup and transport in

-; ' .. reactor vails that have been coated during use. The

t-1 tci of chemical contamination at the vacuum vessel

surface and at internal surfaces will undoubtedly be



important. Jh<. roughness of the internal surface of the

coating <ind cK-pree of coverage are important as well as

radiation daaagf. In the case of high fluxes in materials

with low hydrogen solubility, such as tungsten, blistering

may occur. This discussion is designed only to identify

the nature of the problem and point out areas which must

be investigated before predictions cf the magnitude of

tritium holdup arc possible. The model suggests that

tritium holdup could be minimized by having a coating with

a very high permeability for tritium, such as vanadium.
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PI-:RM-:ATIO\ OI- TRITIUM AND M-UTKRIUM TianuGH 21-6-9 STAINLESS STEEL*

W. A, Swansiger

Sandia laboratories , l.ivermore, CA

ABSTRACT

Tritium and deuteriun permeabilities were measured for
annealed 21Cr-6Ni-9Mn stainless steel at hydrogen isotope
pressures of 1.3 to 13.3 kPa (10 to 100 torr) and sample
temperatures of 95 to 430°C. The effects of two surface
treatments were compared. The tritium permeability of a
sample which had been sputter-cleaned then sputter-coated
with 200 A of palladium is given by:

0 = 9.9xl0"3exp(-15760 cal.mol"1/RT)cc(STP)T2«cni
l.sec'1.atm"1/2

The tritium permeability of a sample which had been passi-
vated using a common nitric acid - Nitradd treatment is
given by:

-1 -1 -1 -1/2
<$> = 4.5 exp(-24500 cal-mol /RT)cc(STP)T,»cm «sec «atm '

This treatment, which is often used to clean stainless steel
prior to welding, creates a thin, stable oxide film.
Deuterium permeabilities were determined for two samples
which had received the same treatments as the tritium per-
meation samples. The activation energies for permeation were
the same (within experimental error) as for the corresponding
tritium samples.

*This work is supported by the U. S. Energy Research and Development
Administration.



VJ-i >~

l\TROI«imo\

In a fusion reactor, the principal tritium flow path to the environ-

ment is through the liquid metal heat exchangers to the steam systeia

where tritium would lx? released to the environment as part of the Mow-

down of the steam-water system.

Stainless steels are prime candidate materials for steam system con-

struction because of their relatively low cost, ease of fabrication, and

resistance to corrosion. Calculations have shown that meeting the tritium

release limits now in effect for light water reactors may require some

means to reduce the permeability of the steels used in the stean system. *"

Since the introduction of a permeation barrier could affect cost of fab-

rication and probably operational lifetime, it is important for the reactor

designer to have accurate values of tritium permeabilities for stainless

steels with and without permeation barriers so that barriers can be com-

pared with each other and with other alternatives. This paper reports

deuterium and tritium permeabilities for 21-6-9 stainless steel with two

different surface treatments.

EXPERIMENTAL THCIKIQiJES

Circular permeation specimens (approximately 0.092-mm thick, 18.5-mm

diameter) were machined from a sheet of annealed 21-6-9* stainless steel.

The foils were chemically cleaned using a solution of 205 Nitradd,** 30*

nitric acid in deminer-aized water. Auger analyses performed before and

after this treatment showed that the oxygen signal decreased and the

chromium signal increased as a result of the cleaning. The surface of

bright stainless steel is typically covered by a thin oxide layer less

than 150 A thick. Since the effects of oxide films on permeation are

*Nominal composition (in wtl): Cr = 20.2, \'i = 6.3, Mn = 9.0, Si = 0.5,
balance Fe.

**Turco Products, Wilmington, CA



variable,"' an effort was made to minimize surface effects on certain of

the samples. To this end, several of the foils were sputter-cleaned,

then 200 \ of palladium was sputter-deposited on both faces of the samples.

The palladium coating serves to protect the sputter-cleaned sample from

oxidation, which would occur on unprotected stainless steel surfaces even

at roan temperature. Since palladium itself is relatively unreactive and

since it is so highly permeable to hydrogen isotopes compared to stainless

steel, this technique should allow the measurement of true bulk permeabil-

ities. Variations of this technique haw* been used by others with good

results.5'6

Each permeation specimen was placed between two 1-mm thick copper

gaskets, which in turn were sealed between two Varian mini-conflat fittings.

The assembly was bolted into the permeation apparatus and enclosed in a

76-nun diameter copper heat sink. Thermocouples to monitor sample temper-

ature were placed in contact with the edge of the specimen via holes

drilled through the heat sinks and Varian fittings. The heat sink was

surrounded by a heating blanket. Sample temperature was held constant to

within ±0.3°C.

Deuterium and tritium permeation measurements were carried out in

separate all-metal ion-pumped vacuum systems. The time-lag (TL) permeation

method was used in the tritium system whereas a modified time lag (MTL)

method was used for the deuterium measurements. In both cases, a constant

hydrogen isotope pressure is maintained on the upstream side of the sample.

In the TL method, the permeating gas collects on the downstream side of

the sample in a closed volume. From the rate of buildup of this gas, the

diffusivity and permeability can be computed. In the MIX method, the

downstream volume is continuously pumped at a constant rate. This modi-

fication yields the time derivative of the time-lag data.

In the deuterium system a quadrupole mass spectrometer was used to

detect the permeating gas. Since the permeating deuterium can exchange

with other hydrogen-containing species, masses 3, 19, and 20 were scanned

in addition to mass 4. Permeation rates were determined by comparison

with calibrated orifice leaks. Before admission to the upstream side of

the system, deuterium was purified by permeation through a heated
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Pd-25 percent Ag tube. Deuterium pressure was held constant within
±0.013 kPa over the range 1.3 to 13.3 kPa (10 to 100 torr) by a servo-
controlled leak valve receiving feedback from a capacitance manometer.

The upstream side of the tritium system is similar to that of the
deuterium system, but it simultaneously feeds up to six pemeation
samples, each with its own temperature controller and tritium detector.
Each of the tritium samples is close-coupled downstream to a specially
designed ionization chamber having no elastomeric components. The ion-
isation chambers were filled with 700 torr of ultra-high purity helium-4
and were charged to +1000 V fiC. The current generated by tritium decay
in the chambers was measured by vibrating-reed electrometers. The chambers
were calibrated using standards containing known quantities of tritiua.
All tritium measurements were made with an upstream tritium pressure of
1.3 kPa (10 torr].

RESULTS AKD DISCUSSION

Figure 1 is an Arrhenius plot showing tritium permeability as a
function of temperature for two samples of 21-6-9 stainless steel which
received different surface treatments. The permeability of sample C401,
which received the chemical cleaning described earlier, can be represented

by <J> = 4.47 *'7£ exp(-24500 + 800 cal-mol"1/RT)cc(STP)T,-cm"1-sec'1-ati7r1/'2.

The limits represent precision, not accuracy. The permeability of sample
C202, which had been sputter-cleaned then sputter-coated with 200 A of
palladium, is (in the same units): <J> = (9.913 + .0005) xlO"3 exp(-15755
t 9/RT). The chemical cleaning resulted in a greatly reduced tritium
permeation rate in the temperature range of the measurements. Extrapola-
tion of the data to room temperature indicate tritium permeation through
the chemically cleaned sample would be lower by a factor of 5700 than
through the palladium coated sample.

An indication of whether true bulk properties are being measured is
how well the time-dependent hydrogen flux compares with the theoretical
curve obtained by solution of Fick's second law
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with the experimentally defined boundary conditions. The diffusion coef-

ficient is represented by D, concentration by C, time by t, and distance

parallel to the direction of hydrogen flux by x. The dashed line in Fig. 2

is the thoretical curve (2 parameter fit, diffusivity snd permeability

being varied) generated by a least squares fit to over 1400 experiment;-\

points for sample C202 at 156°C (Pd-coated, T, permeation). The fit appears

to be very good and is not significantly improved by a model introducing two

more adjustable parameters. This 4-parameter model corresponds to simul-

taneous diffusion along two parallel paths (e.g., nonuniform surface film

or bulk and grain boundary diffusion). Figure 3 shows a 2-parameter fit

for sample C401 (chemically-cleaned, T 2 permeation). The fit is very poor

and is greatly improved by use of the 4-parameter model as shown in Fig. 4.

Work is in progress to develop and verify models for such non-ideal cases

as represented by the chemically-cleaned samples.

Figure 5 is an Arrhenius plot showing deuterium permeability as a

function of temperature for two samples of 21-6-9 stainless steel which

received surface treatments identical to those received by samples C202

and C401 referred to earlier. Sample A102 was sputter-cleaned and palladium

coated in the same apparatus and at the same time as sample C202. Sample

AlOl was likewise cleaned at the same time and in the same way as sample

C401. The deuterium measurements were made at upstream pressures of 1.3 to

13.3 kPa (10 to 100 torr). The deuterium permeabilities can be represented

by:

AlOl <}; = 2.0 * j 5 ^ exp(-27600 ± 6200 cal'mor1/CT)cc(STP)D7«cm"
1«sec ̂ atm lf2

A102 <J> = (3.97 tg'gj) xlO"2 exp(-16280 t 740/RT)(same units)

Permeation rate has found to vary linearily with the square root of

D 2 pressure for the palladium coated sample but not for the chemically

cleaned sample. This is an indication that permeation through sample AlOl

was not bulk-diffusion controlled and would account in part for the scatter
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6.0

Time (sec) xlO"°
Fig. 2. Ionization chamber current (proportional to total quantity

of tritium pennented) as a function of time for Pd-coated 21-6-9 stain-
less steel at 156°C, 10-torr tritium pressure. The dashed line represent-
ing the best 2-parameter fit (diffusivity and permeability) is virtually
coincident with the solid line, connecting the data points.



Time (sec) xlO"s

Fig. 3. Ionization chamber current as a function of time for
chemically-cleaned 21-6-9 stainless steel at 130°C, 10-torr tritium
pressure. Smooth curve is best 2-parameter fit by the least squares
method.
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Fig. 4. Same data as Fig. 3 but least-squares fit uses four adjust-

able parameters.
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in tf.e d:ita. least squares fits of the type shown in ligs. 2 through 4

were applied to the deuterium data. They confirmed that permeation

through the chemically-cleaned sample was not hulk-diffusion controlled

hecause the 2-parameter fits were invariably poor.

It is apparent from the Arrhenius plots that the permeability of A101

(chemically cleaned sample in the deuterium system) when extrapolated to

the temperature range of C401 (chemically cleaned sample in the tritium

system) is lower than would be expected. The most likely reason for this

is sample-to-sample variability in the surfaces produced by the chemical-

cleaning process. As a demonstration of this variability, data were

obtained at two temperatures for a third chemically cleaned sample in the

tritium system. Though the activation energy for permeation was about

the same as for samples A101 and C401 (about 25 kcal/mol), the permeation

rate was 7 times lower than that of C401 at 100cC. This is small compared

to the factor of 300 difference at 100°C between sample C401 (chemically

cleaned) and sample C202 (Pd-coated) but is still much larger than experi-

mental error.

CONCLUSIONS

Tritium and deuterium permeation measurements on annealed 21-6-9

stainless steel have shown that a simple chemical cleaning treatment can

reduce the tritium permeation rate by a factor of 500 at 100°C over that

of Pd-coated 21-6-9. Extrapolation of the data to room temperature pre-

dicts a permeability reduction of 5700. Although the surface layer

created by the passivation treatment appears to be stable in hydrogen at

temperatures >400°C, the high activation energy for permeation of the

passivated steel makes the permeability of the Pd-coated and passivated

steels about equal at the temperatures the steam system of a fusion

reactor is likely to operate.
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THE PERMEATION OF TRITIUM THROUGH ALUMINIUM IN THE
TEMPERATURE RANGE OF 25 TO 25O °C

H. Ihle, U. Kurz and G. Stocklin v ,

Ir.stitut ftir Chemie der Kernforschungsanlage Jiilich GmbH
Institut 1: Nuklearchemie

D-5170 JUlich, FRG

ABSTRACT

Permeation of tritium through aluminium is
expected to be very low at ambient temperatures
due to the high endothermic heat of solution of
hydrogen in this metal.

In order to obtain experimental data for
its use as tritium-barrier, the permeation of To
at about 0.2 atm pressure through a 1 mm wall of
an Al-capsule with an area of 1OO CIR2 was measured
in the temperature range of 25 to 250 °C. Gas
flow counting was used for detection.

In the temperature range from 150 to 25O C
the permeation rate appears to be controlled by
bulk diffusion, since the measured heat of permea-
tion, Q = 29,400 kcal/mol, agrees well with the
heat of permeation of H, through Al calculated
from known diffusion and solubility data, obtained
from measurements close to the melting point of Al.

Between 25 and - 150 °C the observed permea-
tion of tritium through Al was higher than expec-
ted from calculations, possibly due to grain boun-
dary diffusion; however, it is still many orders
of magnitude lower than that through most common
metals.

INTRODUCTION

Permeation of hydrogen through most materials of construc-

tion, e.g. for large vacuum chambers or gas handling equipment

filled with tritium, is high enough to cause significant
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leakage of tritium to che surroundings even at ambient tempera-

ture. Since parameters influencing the total release of tritium

like physical size, pressure, and temperature are usually

fixed by considerations other than minimization of tritium-

leakage, appropriate choice of wall materials of low hydrogen-

permeability can reduce the tritium release substantially.

A survey on hydrogen permeation rates through some metals

as a function of temperature is given in Fig. 1. The informa-

tion in this figure was obtaind from various compilations '

and should serve for illustration only.

It is seen that experimental data are generally limited

to permeation fluxes z 1O~ - 10~ cc(STP)mm/cm *h«atm ' . The

widely differing slopes in the log $ vs. 10 /T curves are

chiefly due to the large differences in the heats of solution

of hydrogen in various metals; the activation energy of

diffusion for hydrogen in metals is rather similar for all

metals and therefore has little influence on the large diffe-

rences in permeability expected in the extrapolated region at

low temperatures.

Of the more common metals, aluminium should have a parti-

cularly low permeability because of the high endothermic heat

of solution of hydrogen in this metal. To obtain experimental

data with respect to a possible use of aluminium as tritium-

barrier at relatively low temperatures, t*e carried out tritium

permeation experiments under conditions which allow the

measurement of very small fluxes of tritium.

EXPERIMENTAL

The apparatus used is shown in Fig. 2. The source for the

permeation experiments is a cylindrical, electron beam-welded
3 2

capsule of 100 cm volume, about 100 cm surface area and 1 mm
wall-thickness; the disks at both ends are 6 mm thick. The
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Fig. 1 Permeation of hydrogen through metals
as a function of temperature
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Fig. 2 Apparatus for measurement of tritium
permeation (for details cf. Experiirentr.1 part)
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capsule contains 5O Ci of tritium, corresponding to a pressure

of about 0.2 atm at 25 °C, and is heated by a Mo wire heater.

The temperature was measured with several Pt-wires directly

welded onto the aluminium surface, whereby small temperature

gradients could be detected. A stream of argon entering the

space between the capsule and an outer containment, which also

consists of aluminium, mixes with the permeated tritium and is

lead to a gas proportional flow counter after admixture of

about 10 % methane.

In steady state, the permeation rate through the aluminium

wall is directly proportional to the product of the argon flow

and the concentration of tritium in the gas, which is measured

radiometrically. The smallest measured permeation rate wes
—13 2 1/2

1.3 • 10 cc<STP)'mm/cm -h'atm ' corresponding to a flux of
3 2

^ 10 To molecules/cm sec at 1 atm pressure within the capsule.

For the measurement of very small fluxes [$ <. 10~ cc(STP)»ram/

cm *h»atm ' ], the gas flow was interrupted and the tritium

accumulated in the space surronding the capsule for about one

hour. We estimate that, by extension of the accumulation time

by a factor of 10 and the use of low level tritium-counting,

the limit of detection could be lowered to about 10 to 20 T_-
2

molecules/cm sec.
For the dependence of the permeation rate on the pressure

of tritium inside the capsule due to changing temperature,

the square root law was assumed to be valid. which was ex-

perimentally verified in early work on the permeation of

hydrogen through aluminium at a temperature close to the melt-

ing point3 in the range of pressure used in our experiments.



RESULTS AND DISCUSSION

The measured permeability of tritium through aluminium is

shown in Fig. 3. The values cover a range of 1O in a region

of low fluxes, where r.o direct measurement was possible up till

now. Our results are directly compared which those obtained by
4

Cochran , who also used aluminium with an untreated surface for

his measurements of the permeation of hydrogen between 4OO and

600 C. His results and our own values for the tritium permea-

tion between ^50 and 250 °C agree reasonably veil with the

permeability calculated from solubility and diffusiwity data

for hydrogen in aluminium based on the experimental results of

Eichenauer and Pebler .

It is therefore concluded that in the range from 150 to

250 °C, lattice diffusion is the rate deterir.ing step in the

permeation process. The temperature dependence of the permea-

bility of aluminium to tritium in this range can be expressed

by the folicv/ing equation:

* = (1.5 i l.O) 10D'e::p(- -2- ' ' C^ T"
 34~) cc (STP) «mm/cm2 »h»atm1 '2

Below 15O °C the measured permeation is higher than expec-

ted from values obtained at higher temperature, which may be

due to grain boundary diffusion.

The results on tritium permeation were directly compared

with those obtained at higher temperatures with hydrogen

because the isotope effects on solubility and diffusivity in

aluminium are not known.

Surface phenomena, to which the low permeability of

aluminium was attributed in some earlier work , do not appear

to have any significant influence on the results of this work,

which was carried out with untreated aluminium metal. It would

be interesting to obtain results on the influence of atomic

tritium by the method described, e.g. from a discharge in the
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Fig. 3 Experimental results on the permeation
of tritium through aluminium
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capsule as obtained at higher temperatures and discussed in
4

ref. . The permeation rates should be much higher, but tne

effects of surface films and their catalytic, activity on the

recombination of atomic hydrogen, or its reaction with adsorbed

impurities or other components of the system, will depend on

temperature and other parameters which are not known.

CONCLUSION

In the temperature range covered in this study, the per-

meation rate of tritium through aluminium is very low and

appears to be controlled by lattice diffusion with some con-

tribution from grain boundary diffusion. The radiometric method

applied is simple, and owing to its high dynamic range and

sensitivity seems to be well suited for further investigation

of diffusion barriers for tritium.

Our results suggest the use of aluminium for tritium

handling devices which are operated at relatively low tempera-

ture, and its use as a cladding layer at the outer surface of

vacuum tanks of plasma experiments with tritium.
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TRITIUM DIFFUSION IK CERAMIC CTR MATERIALS*

J. D. Fowler R. A. Causey
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K. Verghese

North Carolina State University
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ABSTRACT

Gas release experiments have been used to measure
diffusional release of recoil-injected tritons from the
following materials: Al-?0-i (single crystal, sintered
and MgO-doped), BeO (single crystal and sintered),
alpha-SiC (single crystal, hot pressed, and Al-doped>,
beta-SiC (single crystal), Y_0 , Yttralox,*** and SCB
glass. Diffusion coefficients were obtained over five
orders of magnitude at temperatures between 320 C and
1400 C. In most cases, fractional release curves are
indicative of classical diffusion, and Arrheniu* plots for
a given material can be described by a constant activation
energy. Characteristic activation energies varied from
30 to 70 kcal/oole. Isothermal diffusion coefficients
increased by several orders of magnitude with the addition
of small amounts of heterovalent impurities. Diffusion in
the 0.1 weight percent MgO-doped alumina was five orders
of magnitude larger than the single crystal alumina, and
similar enhanced diffusion was observed for Al-doped SiC
over undoped SiC.

*Work supported under ERDA Contract AT-(40-l)-4721

**Present address: Brookhaven National Laboratory
Upton, New York

***General Electric Company



IXRODDCTiaN

Ceramic materials offer many advantages over metals for potential use

as first wall materials in controlled thermonuclear reactors (CTR's).

These advantages are the ability to withstand higher temperatures than the

metal systems, decreased plasma contamination that results from wall

erosion and cheap availability of material resources. Some of the current
1 2

designs of CTR's ' propose to use ceramic materials in various parts of

the blanket regions as first wall materials and as insulator coatings on

raetal components. The materials under consideration include silicon

carbide, silicon nitride, beryllium oxide, silica, alumina, and yttria.

Tritium permeation rate through ceramic layers in CTR blankets is an

important design consideration because of possible problems with environ-

mental release of tritium and with possible buildup of large tritium

inventory in the blanket components. Tritium diffusion data necessary

for these design calculations is currently lacking. Except for SiO ,

TiO_ and BeO, few direct measurements of tritium diffusion coefficients

in ceramics have been reported in the literature.

In this paper, tritium diffusion coefficients for several ceramic

materials of interest for CTR systems are reported. These materials are

single crystals of AIJ)., BeO and SiC, sintered BeO and A W N ' PoIv~

crystalline Y.O., Lucalox, Yttralox, hot-pressed SiC, SCB glass and

pyrolytic carbon. The tritium concentrations and measurement temperatures

are believed to be in the range of application for CTR designs. The

experimental results for pyrolytic carbon are to be considered preliminary.

EXPERIMENTAL METHODS

Tritium diffusion coefficients for the different materials were

determined by release rate measurements of recoil injected tritium from

samples. Tritium injections were carried out by irradiation in the North

Carolina State University Pulstar reactor of samples surrounded by a thick
2 6 6 ^

blanket ("16 mg/cm ) of Li enriched Li^CO,. The Li(n,o) a reaction

results in a linear tritium concentration profile in the sample with the

concentration going to zero at the maximum recoil range in the sample



(between 20 and 35 urn in the ceramic materials considered in the paper).
11 2

Most of the samples were irradiated in a neutron flux of 1 x 10 n/ca -sec
14

for 30 minutes, resulting in a tritium recoil into the surface of 1 x 10
2

atoms/cm . The maximum tritium concentration ranged from 0.03 to 0.09 ppm
(wt.) for the different materials.

A gas release system (See Figure 1) was used for all release rate

measurements. Helium was purified by use of a titanium 0. getter and cold

trap and then mixed with hydrogen. The hydrogen addition was found

necessary to prevent anomalous and irreproducible release measurements.

These are believed to be due to tritium absorption on the nullite sample

tube. This helium-hydrogen mixture was then swept over the isotheraally

heated sample and through an ion chamber. The current produced by the

tritium in the ion chamber was measured by an electrometer and converted to

digital output by an analog to frequency converter. In some measurements,

the ion chamber was replaced by a proportional counter with a 902 argon-

10% methane sweep gas. Data taken with both systems were in agreement.

As an aid in understanding diffusion results, it is generally desir*

able to measure concentration profiles. For most ceramic materials,

however, sectioning techniques are quite difficult. Fyrolytic carbon is

one exception. Fyrolytic carbon coated microspheres were etched, 5 |nu

at a time, using chromium trioxide and sulfuric acid , and aliquots of

tritiated water were distilled from the polish solution and liquid

scintillation counted. Release measurements and profiles were also made

for pyrolytic carbon samples that were exposed to tritium gas. Gas

tagging was accomplished by sealing the samples in evacuated ampoules

containing irradiated LiAlO- powder, and heating the ampoules to drive the

tritium from the powder and into the carbon.

RESULTS

Method of Data Analysis

Experimental data were gathered from printouts of the electrometer

output at specific time intervals (usually 100 sec). These counts were

proportional to the average tritium release during that interval. After

the subtraction of background readings, graphs were plotted of cumulative
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1/2
fractional release vs. (time) . For one-dimensional diffusion from a

plane surface and small fractional releases ( <.2O), the diffusion

coefficient can be determined from the slope of the graph by the relation

4
where R is the recoil range of tritium in the material. Recoil ranges

were calculated by the Bragg-Kleesman rule using the measured 21 micron

recoil range in niobium as a reference.

Except for some of the Lucalox results (see below), data analyzed by

this method gave unambiguous diffusion coefficients. Arrhenius plots

(In D vs. 1/T) were straight lines over the measured range of diffusion
2

coefficients. Least squares best-fit values of D (cm /sec) and

activation energy Q (kcal/mole) for the expression D = D exp(-Q/RT)

were determined from the data and are presented in Table 1.

Alpha-alumina and Lucalox

Single crystal samples of a-alumina vere purchased from Union Carbide.

The samples were 1.0 cm x 0.5 cm x 0.1 cm with one of the large faces

polished at an orientation of approximately ten degrees with respect to the

basal plane. Release curves taken over the temperature range studied

(Table 1) were in agreement with standard classical diffusion solutions.

The diffusion coefficients determined from the release curves are

presented in an Arrhenius plot in Figure 2.

Sintered polycrystalline samples of a-alumina with low impurity

levels (<50 ppm MgO) and grain sizes of one to six microns were

fabricated locally and used in tritium release measurements. The

resulting data were analyzed as if the samples had one-dimensional slab

geometry. These results are also presented in Figure 2 and Table 1 and

are seen to be somewhat higher with a lower activation energy than the

single crystal data. If the extreme case of grain boundaries as

instantaneously rapid diffusion paths is considered and a model based
6

on four micron diameter spherical particles is applied, tie diffusion

coefficients listed would be reduced jy a multiplicative factor of



TABLE I. Measured

upper Halt on D ,̂

tritium dtffualon coefficients - ltast square* beat-fit values for

D~ la lower Halt on DQ, and o(Q) la the standard deviation of the

D - Doexp(-Q/RT). D*

activation energy.

la

Material
(S. C. - s ingle

crystal)

A12O3 S.C.

AljO^ sintered

BeO S. C.

BeO sintered

Lucalox

a - SIC S. C.

e - sic s. c.

Al-doped
a - SiC S. C.

Al-doped hot-
pressed o> - SiC

SCB glass

V20, hot-pressed

Vttralox

Number
at

points

9

7

14

11

15

1?.

10

8

11

10

8

6

(?«2/sec)

3.26

7.35 x 10"2

1.11 x 10"2

7.00 x 10"2

39.8

1.09 x 10

28.0

4.04 x 10"*

0.904

2.95 x 10"*

0.431

3.87

(W/sec)

9.86

0.247

8.91 x

0.445

357

2.92 x

172

3.80 x

6.68

6.34 x

7.13

32.2

ID"2

lO-2

io-3

10"*

D"

1.08

2.19 x 10"2

1.39 x 10"3

1.10 x 10"2

4.43

4.05 x 10"3

4.55

4.29 x 10"5

0.147

1.37 x l(f*

2.6 x 10"2

0.464

Q
(kcal/mole)

57.2

43.8

52.5

48.5

41.8

54.9

65.0

34.0

48.2

30.2

39.1

39.5

o (Q)
(kcal/aole)

2 .4

2.5

4.7

3.6

3.2

2.5

4.1

4.2

3.5

1.2

4.3

3.1

Temperature
range CO

600-1000

600-900

650-1200

500-950

360-570

700-1300

750-1000

450-950

500-800

350-ROO

420-620

350-600

1
a.
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4.03 :•; JO . This correction would place then; about two orders of

below the single crystal data.

.•..-.-I'ireJ sampled of Lucalcx were obtained Jrom the General Electric

Cor.ip:t. y. Analysis of the composition by electron microprcibe (Table 2)

reveals a small araount of MgO impurity, with soiae silica appearing near

grain boundaries. The nominal grain size was about 30 microns, which is

i.5 tiraes the tritium recoil range, with free grain surfaces appearing

slightly rounded and smooth under the scanning electron microscope.

Anomalous diffusion was observed in all five Lucalox samples run at

t-e-mperatures below 450 C. In these samples, fractional release was linear
I n

with (t) ' for the first 1000 to 2000 seconds, after which the slope

sharply increased to another linear relationship. This change in slope

occurred at total fractional releases of one to four percent. Diffusion

distances corresponding to the change in slope and calculated from the
I/"5

formula X = 2(Dt) ~, ranged from 0.1 to 0.7 micron. Diffusion

coefficients obtained from the initial slopes were smaller and had a

much higher activation energy (_63kcal/nole) than D's obtained from the

•5-iccnJ (t-»10CiO to 200(i sec) slope. Trie latter values for D agree well

with the extended Arrher.ius expression obtained at higher temperatures,

whi_ti ;s prvsented in Fieure 2 and Table 1. The data for Lucalox show

v.v.ch Inr'df-.T diffusion coefficients than were observed in single crystal

or sintered alumina.

IT. order to investigate the possibility of concentration effects on

fritiaa diffusion, one sample of Lucalox was irradiated t:o only three

pcrcnitt cf the usual tritiuta concentration. The resulting diffusion

•v •,':•. i-rt fell within the neasurement standard deviation of the other

' • espies, indi-:atin,y that no rrajor tritium concentration effect

t . . • ' :: E-iiis level.

Beryllium Oxide

: .:• crystal samples of beryllium oxide were provided by

I.iter.v-' ' .-.il. Two of rhe .samples had been sliced and etched

i'-i S,.1L to ce'iove cutting nnni-., and two were as-grcwn crystals

.i.-vi ' ...Ti in diameter. One of the sliced samples was analyzed by the



TABLE II. Characterization of materials.

Material Composition or Impurities

Lucalox '

BeO sintered

BeO S. C.a*d

Al-doped a - SiC S.C.a*e

Al-doped ot- SiC
hot-pressea'

a - SiCa'e

6 - SiCa

Yttralox *C

SCB glassb'd

A12O3, 99.82; MgO, 0.2%. Si, 0.5% near grain

boundaries.

Mg, 0.22; Si, 0.32%.

no measurable impurities.

Al, 0.6%.

Al, 1%.

small amount of oxygen,

no measurable impurities.

Y203, 89%; ThO2, 10%; Nd

SiO2, 46.1%; BaO, 31.3%;

12.5%; Cr2O3, 1.0%; E u ^

^ , 1%.

A l ^ ,

, 0.8%.

, 3.3%; TiO2,

ay electron microprobe

by supplier

supplied by General Electric Company.

supplied by Rockwell International.

supplied by Carborundum.

supplied by The Norton Company.



electron microprobe and no measurable impurities were found. The limit

of detectability ranges from 0.01 to 0.05 percent, depending on impurity

species, so this technique is suitable only for major iapurity levels.

Diffusion results for single crystal and sintered BeO are listed in

Table 1 and are shown in Figure 3.

Sintered samples of beryllium oxide were obtained frox the Brush-

Wellman Company. Grain size was listed as 5 to 15 microns. Major

impurities as listed by the manufacturer are presented in Table 2 and

electron microprobe analysis gave similar impurity levels. Data for

these samples have been corrected for a specific surface area of
2

0.11 a /g, determined by BET surface area measurement. Inspection of

Figure 3 and Table 1 reveals that the sintered specimens had higher

diffusion coefficients than the single crystals.

As with sintered alumina samples, the question of enhancement of

diffusion by rapid movement of tritium along grain boundaries arises.

Several of the sintered BeO samples were quenched in liquid nitrogen

after irradiation but prior to diffusion measurements. The diffusion

coefficients taken from these samples were about an order of magnitude

higher than those obtained from unquenched samples. This was attributed

to enhanced diffusion along cracked grain boundaries and the data were

discarded. One fresh sample was annealed prior to irradiation in a

helium atmosphere at 1500°C for 12 hours. The diffusion result for this

sample was identical to results from unannealed samples, indicating that

prior annealing has a negligible effect on the results.

Yttria and Yttrilox

Samples of hot-pressed yttria fabricated from powder of 99.99 percent

purity were obtained from the Ceradyne Company. The quoted grain size

was 30 microns, which is somewhat larger than the recoil range of tritium

in yttria.

Yttralox, a material which is about 90 percent yttria, was obtained

from the General Electric Company. Composition, as listed by the supplier,

is shown in Table 2. The samples were optically clear, with specularly

reflecting surfaces. Tritium diffusion results, which are presented in



T(*C1

«-•
KJ

lO'10

10-"

IO"»

IO"14"

10"0

ier»-

!*OO IjOOO

\ v

° \ \
V \

G \ o
O G

\

c

^ACTIVATION ENERGIES

i 1 1-

•00 700 COO
• • m

- X - BtO *Mr«d
—© 8tO SC.

\ ,493*

\ X
\ x

\ \
>\ \

No \
\ \

\ \
o \©

\
\

- 1 1 1—

800

\

•—
I.I 12

CK)"

Fig. 3. Arrhenius plot for tritium diffusion in single crystal
and sintered beryllia.



Figure 4 and Table 1. sho^ a close similarity between yttria and Yttralox.

SCB Glass

Samples of SCB glass approximately 85 microns thick coated on

Kastelloy A" substrates were supplied by Atomics International. This

glass was developed as a hydrogen permeation barrier for the SNAP reactor

program. The composition is listed in Table 2, and the tritium release

results are presented in Figure 4 and Table 1. After anneals for several

hours above 820 C, the sample color changed from light green to black.

This calor change in apparently due to reduction of the TiO. constituent

by the hydrogen component of the sweep gas.

Silicon Carbide

Several samples of silicon carbide were obtained for this study, as

follows: (a) Single crystals of a-silicon carbide with flat surfaces
2

approximately 0.5cm in area were obtained from Carborundum. These

samples were believed to he very pure, with the major impurity being

aluminum at about 50 ppm. (b) A large piece of as-grown o-silicon

carbide with numerous single crystal pieces grown on the surface was

supplied from Carborundum. The single crystals, which had smooth

surfaces of the order of 0.5cm*", were removed from the large piece by

fracturing. The stated purity was 99.0 percent, but electron microprobe

analysis yieldeu an oxygen impurity of several percent. Because of the

inefficiency of the electron microprobe for detecting low atomic weight

elements, the exact amount of oxygen is not kr.-..•••• .. (c) A large piece

of as-grown ^-silicon carbide similar to the ore just described but

blac'< instead of green was also obtained from Carborundum. This was

nominally listed as being 98.6 percent pure. The electron microprobe

analysis of a sample of this material showed 0.6 percent aluminum

impurity. This material is subsequently referred to as aluminum-doped

single crystal silicon carbide. (d) Samples of hot-pressed a-silicon

carbide with 1.0 percent nominal aluminum impurity were obtained from

the Norton Company. These samples will be referred to as aluminum-doped

hot-pressed silicon carbide. (e) Two different sets of small single

crystals of S-silicon carbide were obtained locally. No history is avail-
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IV-h-36

able for these samples. Electron microprobe analysis of these samples

showed no measurable impurities. It is estimated that the level of

detectability of impurities is 0.01 to 0.05 percent.

The results for the silicon carbides are presented in Figure 5 and

in Table 1. Surprisingly, types (a) and (b) (see above) gave identical

diffusion coefficients and are listed together as "S. C. a-silicon carbide."

Similarly, results for both lots of S-silicon carbide were identical, and

these are listed together. Over the temperature range measured, the

results for both of the Al-doped materials were in fairly close agreement,

but they are listed separately since least-squares values of D and

activation energy differed somewhat for these two materials.

Pyrolytic Carbon

Initial research for pyrolytic carbon was concentrated on release

rate measurements for recoil injected pyrolytic carbon microspheres.

These samples, supplied by General Atomic Corporation, consisted of a

150 urn LTI pyrolytic carbon coating on a 5S0pm diameter ZrO_ substrate.

The coatings are similar to those used on coated fuel particles for

HTGR reactors. It was noticed that the tritium release rate was depen-

dent on the partial pressure of hydrogen in the sweep gas, the release

rate increasing as the hydrogen partial pressure increased. Figure 6

shows two separate Arrhenius relationships for pyrolytic carbon, one for

experimental runs in pure helium, the other in a 10% hydrogen-90% helium

atmosphere.

Chemical sectioning was used to determine tritium profiles for

samples before and after annealing (See Figure 7). Profiles for samples

before annealing showed agreement between calculated and observed tritium

recoil ranges. The tritium profiles for recoil injected samples annealed

for different times and temperatures in the abj£u<-e of hydrogen closely

resembled results expected from classical diffusion. Those annealed in

the presence of hydrogen at lower temperatures showed the outer region

to be depleted of tritium with the inner portion virtually undisturbed.

Profiles were also measured for samples that were impregnated with tritium

by exposure to "H gas at different temperatures (see Figure 8). These
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profiles showed that tritium diffused rapidly inward at all temperatures

above 600 C to approximately 25 Um wich only very slow penetration to

greater depth. The same experiment performed after the first 25 »•

were removed from the particles gave similar results.

DISCUSSION

Diffusion coefficients measured in this study are smaller and

activation energies much larger than those usually observed for metals

at similar temperatures. Other measurements made on ceramics have

given similar results. '

BeO

9
Scott and Wassell measured activation energies of 49 to 60 kcal/mole

in single crystal and powdered samples of beryllia. Our results agree

substantially with their findings for single crystals but are about three

orders of magnitude larger than their results for powders. In their
9

experiment tritium was produced by fast-neutron transmutation of Be,

which involved irradiation fluences nearly 10 greater than in our work.

A possible explanation of the discrepancy which they round between

powders and single crystals is that in powders with' radii of several

hundred lattice constants, tritium would likely diffuse out atomically,

whereas in bulk materials tritium atoms might combine to form molecules

before reaching the surface. A simple random walk calculation based on

the concentrations in our samples indicates that tritium atoms are likely

co come within first neighbor distances of other tritium atoms before

reaching the surface. Since molecular tritium would be influenced to a

much smaller extent by lattice electrostatic forces and chemical bonding

than the atomic form, the jump frequency eight be increased, resulting in

a higher diffusion coefficient for the molecular species.

Scott and Wassell also found that during postirradiation anneal some

of the tritium left the samples as water vapor, contrary to our findings.

For some of our measurements with beryllia, single crystal alumina, and

alumina powder, a liquid nitrogen cold trap was inserted between the sample

heating tube and the detector, but essentially no tritium was found to

be trapped in the cold trap.



A BET surface area measurement was made on the sintered beryllia

used in our experiments, but the diffusion coefficients in sintered

samples were more than an order of magnitude higher than in single

crystals even after this correction was applied. This might be due to

rapid diffusion in the sintered samples or to an impurity effect (see

below) since the sintered samples contained greater amounts of impurities

than the single crystal specimens.

If fast diffusion does occur along grain boundaries, a mare accurate

description of release would be given by the uniform sphere model

discussed above. Using a sphere diameter of ten microns, which is the

average grain size in the sintered samples, the diffusion coefficients for

the sintered data listed in Figure 3 and Table 1 would be reduced by a
_2

multiplicative factor of 6 x 10 . This correction would place the

sintered and single crystal data in almost complete agreement.

Results for single crystal alumina fall about a factor of ten below

the results of Roberts and Roberts when extended to the temperature

range 1400 - 1630°C. Considering the large temperature extrapolation and

the fact that their sample purities were in the 99.5 to 99.9 percent

range, this agreement appears satisfactory. A comparison between the

results for Al_0, and Lucalox is presented in a later section.

SCB Glass

Activation energies for hydrogen isotope diffusion measured in glasses

usually range from eight to thirteen kcal/mole, depending on composition.

The more highly doped glasses usually have higher activation energies.

These measurements often are taken from permeation studies and likely
12

involve molecular diffusion. Matzke, on the other hand, obtained much

higher activation energies of 42 to 52 kcal/mole for ion-injected tritium

using 40 keV ions to a dose of 4x10 x ions/cm . These unusually large

activation energies were attributed to the existence of radiation damage

during ion bombardment and the possibility of ionic or atomic diffusion

following ion bombardment.



SCB glass was developed originally as & hydrogen barrier for SNAP

ZrH reactors. A permeation activation energy for hydrogen has been

measured as 30 kcal/nole which agrees with our tritium diffusion activa-

tion energy. It has been found that hydrogen solubility is not a strong

function of temperature in glasses, and therefore permeation and

diffusion activation energies should be similar.

The high activation energy for this glass therefore does not appear

to reflect trapping effects which resulted from the energetic introduction

of the tritium atoms.

Pyrolytic Carbon

One possible explanation for the anomalous results for pyrolytic

carbon is that the microspheres have pores throughout the coatings with

a maximum pore length connecting with the surface of approximately 25ua.

Research performed at General Atomic Corporation on Microscopic studies

of pyrolytic carbon appears to confirm this explanation. The existence

of these pores is supported by the data showing that H_ gas diffuses the

same distance inward regardless of the temperature. The rapid release of

tritium from the outer region of the recoil injected samples in the

hydrogen-helium atmosphere is also consistent with this hypothesis as

hydrogen from the sweep gas may rapidly diffuse into the pores and release

tritium from the pore surfaces by isotope exchange. From the high

tenperatures necessary (above 700 C) to obtain measureable tritium release

from the recoil injected samples in pure helium, it would appear that

tritium atoms become chemisorbed on the pore surfaces. High temperatures

were also necessary to release tritium in pure helium from samples that

were gas tagged by tritium gas.

It should be pointed out that the Arrhenius relationships in Figure 6

are based on classical diffusion models but may not represent true

diffusion coefficients for tritium in pyrolvtic carbon. However, it is a

convenient way at present to compare tritium release rates uuuei the

different experimental conditions.



Impurity Effects

One striking result of the present investigation has been the

apparent sensitivity of tritium diffusion coefficients to small amounts

of heterovalent impurities (alumina vs. Lucalox, silicon carbide vs.

Al-doped silicon carbide). A similar effect has been observed for defect

diffusion in alumina, ' boron diffusion in silicon carbide, hydrogen
17 18

diffusion in rutile, cation self-diffusion in beryllia, and nickel
19

in defective spinels. Several theoretical papers have been published

on the effects of impurities and charge-compensating defects on diffusion

properties.20'21'22

That tritium diffusion exhibits such an effect is an indication that

tritium motion is associated at least partly with a lattice defect

mechanism in materials.

It should be emphasized that the enhanced diffusion observed in

Lucalox and doped silicon carbide cannot be due to rapid diffusion along

grain boundaries since the grain size in Lucalox is 1.5 times the tritium

recoil range, and some of the silicon carbide samples were large single

crystals.

The tritium itself represents an impurity in the lattice which could

give rise to an impurity effect. However, in the concentrations used in

this study, tritium was not the major impurity in any of the materials.

Diffusion coefficients for Lucalox were not affected by lowering tritium

concentrations a factor of 30, so no K concentration effect on diffusion

appears to exist over this concentration range. Further evidence of no

concentration effect is given by long-time diffusion anneals which gave a

good fit to the expected behavior for concentration-independent diffusion
4

coefficients.

Chemical Bonding

A possible explanation for the high activation energies in ceramic

oxides might be the formation of hydroxyl groups by the recoiled tritium

atoms. This has been observed in IR absorption spectra of protcn and
23

deuteron-botnbarded alumina. We have obtained IR absorption spectra of



14 2
several alumina and beryllia samples with recoiled tritium (10 ions/cm )

and some samples which had been annealed for several hours in the sweep

gas (90 percent helium-10 percent hydrogen). No hydroxyl formation has

yet been observed. However, detectability thresholds have not yet been

established, and the measurements will be continued at higher recoil

densities and annealing pressures.

The possibility of hydrogen reaction effects in silicon carbide

cannot be neglected, as evidenced by the face that hydrogen etcher silicon
24

carbide appreciably at temperatures near the highest used in this study.

CONCLUSIONS

1. Except for PYC and Lucalox, tritium release curves agree with

classical diffusion solutions Diffusion measurements in pyrolytic

carbon appear to be complicated by sorption processes on the carbon.

2. Results are in fair to good agreement with those of other

wor! -rs; in those few cases where comparison is possible.

3. Tritium diffusion coefficients are considerably lower than in

metals at equivalent temperatures. Ceramic materials, therefore, appear

to be promising candidates for tritium barriers in CTR blankets.

4. Tritium diffusion activation energies, which are higher than the

values typically observed for metals, lie in the range 30-65 kcal/aole.

5. The addition, of caall amounts of heterovalent impurities appears

to significantly increase measured diffusion coefficients.

6. Diffusion release of tritium from single crystals is smaller than

release from sintered or hot-pressed isaterials, implying some enhanced

mobility along grain b?undari&3.

7. Tritium was not detected as water vapor in the release stream,

implying release as hydrogen gas and not the oxide.

8. At 700°C, diffusion coefficients for the materials used in this

study span a range of 6 orders of magnitude.
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