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Summary

The behavior of hydrogen in zirconium and zircaloy is dis-

cussed with respect to absorption, diffusion and desorption

using published experimental results. Absorption as well as

desorption of hydrogen is affected significantly by the

adhering oxide layer and possibly by the oxygen concentra-

tion in the metal. The absorption rates obtained differ

depending on the pretreatment of the metal. There are at

times also large deviations in the published diffusion coef-

ficients, whereas the values for maximum solubility agree

quite well. Impurities therefore seem to have a greater

effect on the mobility of the hydrogen than on equilibrium

states.
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BEHAVIOR OF TRITIUM IN ZIRCONIUM AND ZIRCALOY

ABSORPTION - DIFFUSION - DESORPTION

A Literature Survey

INTRODUCTION

Approximately 30 x 10 curies of tritium are produced in the

atmosphere by reactions of cosmic radiation, principally

with nitrogen. The resulting dosage acting on the popula-

tion lies below the legally permitted upper limit by about a

factor of 100 (1). Furthermore, appreciable amounts of

tritium are formed by atomic bomb explosions as well as in

nuclear and fusion reactions:

Atomic Bombs:

- The amount of tritium, produced by atomic bomb tests

carried out in the 1950s and 1960s, was considerably more

than that formed by cosmic radiation. The per capita

dosage, attributable to tritium, was increased by a factor

of about 10 over that due to natural causes (1).

- Nuclear Reactors:

Per ton of heavy metal, about 700 curies of tritium are

formed in a burn-off of 34 GWd. The total exposure of the

population to tritium produced by nuclear reactors is

therefore comparatively very small. According to the

planned increase in energy produced in nuclear reactors,

the amount of tritium produced by nuclear fission will

however be approximately equal to that produced' by cosmic

rays already within a few decades. Furthermore, it must

of course be taken into consideration that the tritium,

produced in nuclear reactors, is not distributed uniformly



over the whole surface of the earth and that peaks of

localized concentrations occur.

- Fusion Reactors:
o

A 1 GW reactor requires about 5 x 10 Ci of tritium per

year; the constant inventory is roughly 10 Ci (2). Ac-

cordingly, in the event of the destruction of such an

installation, an amount of tritium, corresponding to one

third of the annual natural production, would be released

in a very short time.

It is evident from the numbers given that the amount of

tritium, produced in reactors, is still negligibly small

compared to the natural production and that therefore spe-

cial precautionary measures are not an urgent matter at the

present time. On the other hand however, provisions must

made in the long run so that artificially produced tritium

is not given off or is given off only to a slight extent to

the environment. For this purpose, it is necessary to

thoroughly investigate the behavior of tritium and its dis-

tribution in the reactors and nuclear-fuel recovery plants,

so as to be able to prevent the spread of tritium selective-

ly and effectively.

In light water reactors, about 50% of the tritium remains in

the zircaloy fuel element jacket tubes. It is therefore

important to know how the tritium behaves in this matrix

material, that is, what effect environmental conditions have

on absorption and desorption. A literature study of the

present state of knowledge is summarized in the following.

The objective of this study was to give a general overview.

A complete coverage of the literature was not attempted.

Besides the T/Zr system, the absorption of hydrogen in

zirconium alloys generally is also of interest, since 10 ppm



by weight of hydrogen already leads to embrittlement of the

material (13, 14). The 10 - 100 ppm of hydrogen, present

from the manufacturing process, must therefore be removed

first of all by a heat treatment (13). In addition, care

must be taken when the alloy is used later that no apprecia-

ble amounts of hydrogen can be absorbed.

As a short glance over the following pages shows, primarily

the H/Zr system is discussed, although the interaction be-

tween tritium and zircaloy should actually be at the center

of interest. This is due to the fact that only a few publi-

cations deal with the T/zircaloy system. It should however

be expected that components of the alloy such as Sn and Fe,

which are present in low percentages, have only a slight

effect on the behavior of the three hydrogen isotopes. The

diffusion coefficients of H and D are practically the same

in zirconium, zircaloy 2 and zircaloy 4 (51). There is not

yet a reliable basis for evaluating the effect of these

subsidiary components on the absorption and desorption of

tritium.

As shown in greater detail in Section 3, the difference

between the mobilities of the three hydrogen isotopes should

be small in comparison to the uncertainty of the experimen-

tal values. A summary of previous experimental results

concerning isotope effects in the diffusion of hydrogen may

be found in (3). Generally, the following values can be

expected for the ratios of the diffusion coefficients:

D2 : D2 : D3 = 1 : (1/2)
1 / 2 : (1/3) 1 / 2 = 1 : 0.71 : 0.58

Dj, D2 and D3 are the diffusion coefficients of 'hydrogen,

deuterium and tritium. In actual fact, this ratio of the

diffusion coefficients was found for cubic face-centered,

crystallizing metal at higher temperatures; at low tempera-



tures however there were reversals with D, _< D,. For cubic

body-centered crystallizing metals, especially at low tem-

peratures, values up to 20 were found for the 0,/D- ratio;

at higher temperatures (not less than 200°C), the experi-
1/2mental results approached the expected value of 2 ' . It

may be assumed that there are also no extreme deviations

from the expected values mentioned for densest hexagonal

packings of the spheres (o-zirconium) at elevated tempera-

tures. For diffusion in zircaloy, a value of 1.5 was found

for the D^/Dj ratio at temperatures ranging from 60 to 250°C

(48). It is highly probable that the results, found for the

H/Zr and D/Zr systems, are also transferable to T-Zr inter-

actions. The investigations of Ricca et al. (4, 5) showed

that the H/Zr and D/Zr systems behave very similarly also in

respect to solubility and equilibrium pressures.

TRITIUM ABSORPTION

It may be concluded from the literature, summarized in

Gmelin's zirconium volume published in 1958 (6), that very

deviating results were obtained in investigations of the

kinetics* of hydrogen absorption by zirconium. For instance,

Gulbransen and Andrew (7) report that hydrogen is absorbed

by Zr at temperatures from 235°C upwards and given off once

again in vacuum at temperatures from 440°C upwards. Hydro-

gen is absorbed by ductile zirconium only at temperatures

above 630°C according to Fitzwilliam et al. (8) and by

annealed Zr ribbon only at temperatures above 760°C accord-

ing to Ehrke et al. (9). This apparent erratic behavior of

different Zr samples led at the beginnings of the' 1950s to

thorough investigations of the rate of hydrogen absorption.

For instance. Belle et al. (10) determined the volume of

hydrogen (V) absorbed at temperatures ranging from .250 to



425°C as a function of time by a zirconium sample at a

hydrogen pressure of 1 bar.
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Figure 1: Absorption of Hydrogen by Zirconium at Different

Temperatures (10).

Key for Fig. 1:

H-Verbrauch
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= Seconds

Fig. 1 shows examples of the results obtained. After a

short induction phase of several minutes, the hydrogen ab-

sorption follows a parabolic time law:

V 2 = k x t

If the time t is expressed in seconds and the volume of

hydrogen absorbed in cc H2/cm
2 of surface, the proportional-



ity constant k at at the temperatures t = 249°C and 424°C is
-2

equal to 1.0 x 10 and 1.05 resp.

Belle et al. (10) used very carefully pretreated samples in

their investigations. % Nevertheless, they obtained absorp-

tion rates in some experiments, which evidently were consid-

erably higher than expected. The authors pointed out that

this could have been due to cracks in the material. Other

possibilities should of course also be taken into considera-

tion. Several reactions proceed consecutively during the

absorption of hydrogen by zirconium:

Adsorption at the ZrO, surface

Diffusion on the oxide surface

Splitting the H2 molecule

Diffusion through the oxide layer

Transition from ZrO, to Zr metal

Diffusion in the metal

Formation of Zr-H phases • ^ ^

Which of these partial reactions determines^fcfie kinetics is

so far not known. Gulbransen and Andrew (11) showed that

the oxide layer evidently has ^significant effect. This

effect can easily be seen Jjjvfhe curves of Pig. 2. Hydrogen

is absorbed very rapJjeHy by sample F, in which the oxygen

had diffused injfco"the metal phase because of the pretreat-

ment and ther ZrO2 layer had therefore at least largely been

remoyjacu In sample A on the other hand, hydrogen absorption

inhibited considerably by the dense ZrO~ coating. In

contrast, oxygen and nitrogen, which are dissolved in the

metal, have only an insignificant effect on the absorption

rate (11). These investigations convincingly show the ef-

fect of the oxide layer; which of the partial reactions,

taking place in the oxide layer, is however responsible for

this effect, cannot be inferred from the results.
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Figure 2: Effect of oxide layer on hydrogen absorption by

ĵzi-fconiura (11).

^'' A : normal oxide layer on Zr samples; i? : oxide

•-""' layer removed by heating (oxygen diffused into the

metal); B to E : samples pretreated as for F and

subsequently coated with a new oxide layer.

The effect of the oxide layer could also be recognized in a

series of corrosion investigations. Not only was the loss

of material determined in these investigations, but also the

the absorption of the hydrogen released by the oxidation.

The objective of these investigations was to reduce hydrogen

absorption extensively by a suitable pretreatment in order

to counteract hydrogen embrittlement. Debray et al. (16)

for instance showed that an oxide layer with a better pro-

tective effect is formed if the actual steam pretreatment at

400°C is preceded by an additional heat treatment at 200

300°C. Moreover, oxidizing agents (17) and alloying compo-

nents (18) evidently play an important role here, even

though the mechanism of action, at least in the case of the

alloying components, is still unclear. Hydrogen absorption

by zircaloy 2 cannot however be suppressed completely with

molecular oxygen (19). This shows that the hydrogen pro-

duced in the oxide layer diffuses at least partly into the

metal, even in the presence of an excess of oxidizing agent.



Dissolved oxygen or nitrogen does not hinder hydrogen ab-

sorption at least in regions of low concentrations (below

0.1 weight percent) at 150°C (11), that is, the weight

increase per unit time is the same (within the experimental

error) for all the samples investigated.

As already mentioned, the absorption of hydrogen can be

divided into several individual reactions: adsorption diffu-

sion in the oxide layer, phase transition, etc. In what

form the hydrogen is present in the oxide layer is not

known. In the metal phase, it is located at interstitial

sites. In the only slightly distorted densest hexagonal

packing of the spheres of o-zirconium, there are 2 tetrahe-

dral and 1 octahedral interstitial sites per Zr atom (4).

The maximum solubility of hydrogen in zirconium is however

already reached at an atomic ratio of Zr : H of about 1 :

0.001. At higher concentrations, the hydrogen is no longer

distributed randomly; regular Zr-H structures are formed

instead. The maximum solubility was investigated by several

authors (see Fig. 3). In an analysis of the results, Kearns

(20) comes to the conclusion (see also (32)) that the fol-

lowing equation describes the maximum solubility C of hy-

droqen (in ppm by weight)in zirconium an well as ir zirc-

aloys 2 and 4 at temperatures ranging from 300 to 550°C:

C m = 1.2 x 10
5exp (-4305/T) T in Kelvin

The deviation of some experimental values from those ex-

pected according to the above equation leads Kearns back to

the occasionally observed supersaturation (20, 25, 26) of

the solution of hydrogen in zirconium. A comparison of

experimental results (20) furthermore shows that the maximum

solubilities of hydrogen in zirconium, zircaloy 2 and zirc-

aloy 4 differ by less than 10% at temperatures ranging from
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Figur 3: Maximum solubility of hydrogen in zirconium, zirc-

aloy-2 and zircalo/--^, as a function of teidpera-

ture. The values for the extrapolated curves were

taken from the following publications:

H/Zr: (13, 14, 15, 20, 25, 38, 39, 41, 42)

H/zircaloy-2 and -4: (12, 20, 42, 43, 44)

The broken line was calculated using the equation

proposed by Kearns (20) (see text).

Key for Fig. 3;

Cm in Gew.-ppm H = Maximum concentration of H

in ppm by weight



300 to 800°C.

The heats of solution of hydrogen in the materials mentioned

are also approximately the same (20). This agrees with the

results obtained by Erickson et al. (25) for other zirconium

alloys.

Presumably, the maximum solubility can be extrapolated with

satisfactory accuracy using the above equation up to the

transition point of a-zirconium (densest hexagonal packing

of spheres) into B-zirconium (body-centered cubic lattice).

The maximum solubility in B-zirconium is less than that in

a-zirconium (13). An oxygen concentration of less than 10

atom percent has only little effect on the maximum solubili-

ty at temperatures between 650 and 800°C; at temperatures

below 500 C, the hydrogen solubility decreases at high oxy-

gen concentrations (47). The effect of allloying components

on hydrogen solubility was als investigated (20, 25, 26).

If the concentration of hydrogen in zirconium is increased

beyond the maximum solubility, hydride phases are formed:

-ZrH tetragonal

-ZrH2 face-centei

-ZrH, face-centered tetragonal

-ZrH2 face-centered cubic

The phase diagram for the H-Zr system is given in Fig. 4.

In addition to the phases, the equilibrium pressures of

hydrogen over the solid are shown in the diagram. These

equilibrium pressure will dealt with in greater detail in

the discussion of hydrogen desorption.

Kearns (34) has investigated the stability of ZrH2 in zirc-

10



aloy 4. The approx. 2 x 10~ cm thick lamella disintegrated

in less than 300 seconds when heated to temperatures above

300°C. The rate of the reaction is determined by the diffu-

sion of the hydrogen. In general, the precipitation is also

very rapid (34). However, supersaturation was also observed

on rapid cooling (20, 25, 26).
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Figure 4: Phase diagram for the H/Zr system (14, 32, 55, 56,

57). In addition, the hydrogen equilibrium pres-

sures are given.

Key for Fig. 4;

Gew.-%

At.-%

= Weight percent

= Atom percent

DIFFUSION

The diffusion of hydrogen, deuterium and tritium in zirco-

nium and zircaloy-2 has already been investigated repeated-

ly. Previously published results are summarized in Fig. 5.

The continuous curves indicate the particular temperature

11



range investigated; the dashed portions of the curves were

obtained by linear extrapolation of the Arrhenius lines. At

high temperatures, the absolute valises of the diffusion

coefficients show satisfactory agreement. On the other

hand, there are considerable differences in the slopes of

the lines. As the Table in the legend for Fig. 5 shows,

considerable fluctuations in activation energy result from

this.

10
•' IOOO/TCK"1]

Figure 5: Diffusion Coefficients as a Function of Temperature

12



Legend for Fig. 5:

Curve

1

2

3

4

5

6

7

8

9

10

11

12

Author

Schwartz +

Mallett +

Sawatzky

Cupp +

Kearns

Austin +

Mazzolai +

Gulbransen +

Elleman +

Gulbransen

Someno

Mallett +

Ref.

(15)

(13)

(12)

(50)

(51)

(49)

(53)

(48)

(54)

(48)

(52)

(13)

Year

54

57

60

62

72

74

76

54

74

54

60

57

Isotope

H

H

K

T

H

T

H

H

T

D

H

H

Material

zirconium

zirconium

zircaloy-2

zirconium

zirconium.

zircaloy 2+4

zircaloy-2

zirconium

zirconium

zircaloy-2

zirconium

zirconium

zirconium

Activation

Energy

kJ/mole

23.9

29.6

35.1

38.0

44.5

35.6

47.8

47.8

92

In the region of lower temperatures, large deviations can be

detected between absolute values of the diffusion coeffi-

cients as well as between the slopes of the lines. This is

all the more surprising since, with the exception of curve 7

(and 12), all values were determined using the same method,

that is, from experimentally investigated concentration

gradients. All the published papers furthermore refer to

the very careful sample preparation. No reliable reasons

for the deviations are given in any of the papers. It is

however pointed out a few times that impurities/ such as

oxygen, nitrogen or alloying constituents could possibly

affect the diffusion. Kearns (51) has however not found any

differences in the diffusion coefficient of hydrogen in

13



zirconium, zircaloy-2 and zircaloy-4. Cold forming and

grain size also do not affect diffusion (51). This agrees

with the observation of Cupp et al. (50) that diffusion

along grain boundaries can be disregarded. On the other

hand, diffusion parallel to the c axis of the crystal lat-

tice appears to proceed more rapidly than diffusion perpen-

dicular to this axis. Kearns (51) found the following

relationship to apply: 1 < D^/D^ < 2.

For the ratio of the diffusion coefficients of hydrogen and

deuterium, Gulbransen and Andrew (48) found the value of

D /D =1.5. This agrees well with the expected value of

/2, which is derived from the frequency factor. The diffu-

sion coefficient for tritium should accordingly be D, =
-1/2

3 x D.. It is therefore to be expected that the devia-

tions between the experimentally determined diffusion coef-

ficient for tritium (see curves 4, 6 and 9 in Fig. 5) and

the values for D, are due only to a small extent to the

isotope effect.

Mazzolai et al. (53) used the Gorsky effect in order to

determine the mobility of hydrogen in zirconium. The tem-

perature dependence of the diffusion coefficient, obtained

by chesis authors, is drawn as curve 7 in Fig. 5. At 600°C,

the results agree well with the values determined by other

authors. On the other hand, the slope of the curve is

considerably steeper. The activation energy, calculated

from this slope, is about 70 kJ/mole. Mazzolai et al. (53)

suspect that the deviation from the general trend at higher

temperatures is attributable to surface effects. These

effects should influence the results obtained from determin-

ing the concentration gradient, but should have ho bearing

on the Gorsky effect.

That processes at the surface are important, is also assumed

14



by Sawatzky (12). The diffusion coefficients, determined by

him by outgassing (curve 12 in Fig. 5), are clearly smaller

than the other values, while the activation energy of 92

kJ/mole is unusually high (see legend for Fig. 5). Austin

et al. (49) have investigated the concentration profile for

tritium in zircaloy-2 samples. Originally, the tritium was

contained in a relatively thin surface layer. After the

sample was subjected to a heat treatment, the distribution

shown in Fig. 6 was obtained. It can be seen clearly that

the concentration is considerably higher in the surface

layer than in the layers below. There must therefore be a

strong affinity between oxygen and hydrogen in the outer

layer (see also the next section).

I

«

I
£

10°

Tiefe x 10 cm

Figure 6: Depth distribution of tritium in a zircaloy-2

sample, which was heated for 200 seconds to 200°C

(49). It should be noted that the abscissa scale

has been expanded at lower depths

15



Key for Fig. 6t

Relative Tritium Konzen-

tration

Tiefe

Relative tritium concentra-

tion

Depth

Sawatzky (58) investigated the hydrogen profiles obtained

from therraodiffusion experiments, Z r H2 precipitation being

taken into consideration.

TRITIUM DESORPTION

An equilibrium is established between the hydrogen concen-

trations in solid and in gas phases. In the first part of

this section, the magnitude of this maximum possible concen-

tration in the gas phase, that is, of the equilibrium pres-

sure p, is first of all shown. The kinetics of hydrogen

desorption are then discussed in the second part.

High Hydrogen Concentration

The equilibrium pressures, resulting at higher hydrogen

concentrations, that is when H/Zr j< 0.01, are shown in the

phase diagram in i'ig. 4. The isobars, derived from these,

ae shown in Fig. 7. Further investigations of the equilib-

rium pressures occurring at high hydrogen concentrations

were conducted by Morton et al. (27), Hall et al. (22),

Edwards et al. (23) and Libowitz (29). The temperature

dependence of the decomposition pressure of <5-ZrH2 was de-

termined by Gulbransen et al. (14), Ells et al. (32) and

Beck (33). According to Morton et al. (27), the equilibrium

pressure for deuterium is higher for than that for' hydrogen

by approximately a factor of 4. Cold forming by 80% has no

effect on the equilibrium pressure (20).

16
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Figure 7: The equilibrium pressure p as a function of the

composition of the solid phase for the H/Zr system

(14, 32, 55; Fig. from (40)).

Key for Fig. 7t

Gew.-%

At.-%

= Weight percent

= Atom percent

The equilibrium pressure is increased by dissolved oxygen

(22, 28, 30). According to Martin and Rees (35), this is

attributable to the fact that the oxygen at the octahedral

interstitial sites (36) blocks neighboring interstitial

sites in the a-zirconium and that these therefore

longer available for hydrogen atoms.

Hydrogen Concentrations Below 0.01 Atom Percent

According to Sieverts, the functional relationship between

the equilibrium pressure p of hydrogen at low concentrations

and the composition C of the solid phase is expressed by the

following equation.

C/p1'2 = k Ae
-B/RT

17
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Figure 8: Sieverts' constant kg as a function of tempera-

ture. The numbers refer to literature references.

The values for Sieverts1 constant kg, found by different

authors, are shown as a function of temperature in Fig. 8.

The agreement of the values at temperatures ranging from 400

to 800°C is satisfactory.

Ricca et al. (4, 5) have investigated the H/Zr system as

well as the D/Zr system. It turned out that, in the temper-

ature range from 450 to 750°C, Sieverts' constant k for

D/Zr is only 2% larger than the constant determined for

H/Zr. It can therefore be assumed that the average values.

18
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Figure 9: Equilibrium pressures (in torr) for a hydrogen

concentration of 0.1 ppm by weight. The dashed

lines were obtained by extrapolation of the exper-

imental values (see Fig. 8). The numbers refer to

literature references. The almost horizontal line

at about 10~ torr represents the upper limiting

value laid down in Radiation Protection Regula-

tions.
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given in Fig. 8, can also be used as a good approximation

for Sieverts* constants for the T/Zr and T/zircaloy systems.

According to Anderko et al. (37), the following upper limit-

ing value arises for the partial pressure of tritium in the

atmosphere from the maximum concentration laid down in the

Radiation Protection Regulations:

p < 7,5'1O~15 (1 + f

6 is the storage temperature in °C. Anderko et al. (37)

estimated a value of 0.1 ppm by weight for the tritium

concentration in irradiated zircaloy fuel element jackets.

If this concentration is used, the equilibrium pressures,

shown in Fig. 9, arise from the Sieverts1 constant given in

Fig. 8. Considerable uncertainties of several orders of

magnitude arise when the lines are extrapolated to low

temperatures. A comparison with the permitted concentration

however shows that, in spite of the uncertainty arising from

the extrapolation, there are no misgivings about "normal"

storage of the jackets at low temperatures. However, this

estimate was based on the assumption that tritium is present

in the atmosphere only as the HT molecule. Whether tritium

is also given off to the atmosphere as HTO, either through

oxidation or through an exchange reaction with the. moisture

of the air which is catalyzed by the oxide layer, must still

be investigated experimentally.

In Fig. 10, Sieverts*s constant is shown as a function of

temperature for some a- and 6-zirconium samples, whose oxy-

gen concentrations differed significantly (13)., It can

first of all be seen that, for a given hydrogen concentra-

tion, the equilibrium hydrogen pressure for B-zirconium is

considerable smaller than that obtained for a-zirconium by

20



extrapolation. The equilibrium hydrogen pressure for B-

zirconium increases considerably with increasing oxygen con-

centration. This corresponds to the trend observed with high

hydrogen concentrations (see above). With o-zirconium on the

other hand, the equilibrium hydrogen pressure for a given

H/Zr ratio clearly decreases with increasing oxygen concen-

tration (see Fig. 10). Presumably this is due to the fact

that sufficient tetrahedral interstitial sites are free at

low hydrogen concentrations and the blocking effect of oxygen

does not become noticeable. The increase in the heat of

solution of hydrogen in a-zirconium by 2.1 kJ/gram atom (13)

per 0.1 weight percent of oxygen even shows that an attrac-

tive H-0 interaction, which becomes visible at low concentra-

tions, must occur in the Zr lattice .
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Figure 10: Sieverts* constant ko (in ppm by weight of hydro-
—3

gen/(10 torr) as a function of temperature for

a- and 8-zirconium (13). The oxygen concentra-

tion is given in weight percent (WT % ) .
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Figure 11: The proportion of tritium (R), desorbed from a

zircaloy-2 sample (with a diameter of 1.27 cm),

as a function of time and temperature (49)

Key for Fig. 11:
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- tritium fescrption

= Time
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It was already shown in the Diffusion Faction that the

diffusion coefficients, arising out of outgassing experi-

ments (12) (see curve 12 in Fig. 5), are significantly

smaller than those obtained in other investigations. The

desorption rates accordingly are significantly smaller than

would have been expected on the basis of the mobility of

hydrogen in zirconium. This can be seen well in the results

of Austin et al. (49), which are shown in Fig. 11. The
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upper continuous curve represents the expected values for

that "portion of the tritium in the sample, which is given

off to the environment. According to this, the zircaloy

sample (with a diameter of 1.27 cm) should contain only

about 25% of the tritium originally present after 100 sec-

onds at 262°C. In actual fact however, only 0.14% of the

tritium were desorbed even after 1 day (86,400 seconds) at

380°C.

Austin et al. (49, see also 59, 60, 61, 62) attempted to

describe the low desorption rate with the help of a 2-layer

model. On the basis of the tritium depth profiles deter-

mined by them (see Fig. 6), they assume that a thin surface

layer is present (presumably ZxOy_x)t whose diffusion coef-

ficient is considerably smaller than that of metallic zirco-

nium. Diffusion coefficients, determined for some oxide

layers, are given in Fig. 12. The authors assume that the

scatter in the values is due to cracks in the oxide layer.

On the whole, the values are lower than the diffusion

coefficients in the metal by 8 orders of magnitude'.

An example of the expected tritium desorption from the 2-

layer model is shown in Fig. 13 (upper curve). The experi-

mentally found values follow the expected trend up to about

14 hours; after that, the two curves take a completely

different course. After this time, the diffusion of tritium

from the lower layers should have a noticeable effect; in

the calculations, this leads to a steep increase in tritium

desorption. This increase is not observed experimentally.

At longer heating times, the desorption rate decreases al-

most to 0 (see Fig. 14), the percentage desorbed apparently

depending on the heating temperature.
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Figure 12: Tritium diffusion coefficient for the surface
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That the proportion of tritium desorbed asymptotically ap-

proaches a limit which depends on the experimental condi-

tions, was also observed by Greger and Kunz (63). Some of

the results obtained by them are shown in Fig. 15. Curves C

and D show the results of outgassing experiments, in which

argon was used as carrier gas. The desorption is clearly

increased when hydrogen is used as carrier gas (curves A and

B). Presumably, this is attributable to the fac't that the

active centers in the oxide layer are largely saturated by

hydrogen and therefore no longer restrain the tritium.
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