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ABSTRACT

Unvented CREATE tests have shown that, under reducing conditions, most of the

tritium (greater than 70%) is released from LiAl(>2 and Li£O as HT or T2;

the balance as HTO or T20. Residual tritium is very small, less than 0.02%.

Varying the sweep gas composition has a dramatic effect on the form of tritium

released. With a quartz extraction tube during post-irradiation heating, a He

sweep gas results in 10-30% release as HT or T2; with a He-1%H2 sweep gas,

greater than 60% release as HT is achieved. The effect of extraction tube

material is also significant. Using pure He sweep gas, a quartz extraction tube

results in 10-30% release as HT or T2; stainless steel produces 80-95% as HT

or T2- Chalk River and CEA (Saclay) - fabricated LiA102 behaved similarly

to that from ANL in these tests. The first vented test at Chalk River,

CRITIC-I, planned for 1986/87, will examine ANL-fabricated Li2O, 0.3 wt%
 6Li,

30 mm 10, 40 mm 0D annular pellets, in a six-month irradiation at 700-1200 K,

varying the sweep gas, with on-line HT/HTO measurement.
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1. INTRODUCTION

There is currently an effort by the international fusion community to test

and evaluate solid breeder blanket options. Major topics include material

selection, optimization of microstructure and blanket operating conditions,

and tritium release characteristics. The FINESSE study (1) recently reviewed

the world effort on irradiation testing. In Canada, the program is based on

the long-term experience with ceramics, irradiation testing and tritium

handling at Chalk River Nuclear Laboratories (CRNL). French (2), U.S. (3),

and Japanese (4) in-reactor tests have previously examined individual aspects

of extraction vessel material and sweep gas composition on the form of

tritium recovered from L1A102 and Li20. Fischer and Johnson (5)

expressed the effect of experimental conditions on the form of the released

tritium in terms of oxygen activity on the thermodynamlc interrelationship in

a breeder system. This paper gives details of tritium behaviour in lithium-

based ceramics in unvented tests, and outlines a major instrumented test

under preparation for 1986/87.

2. EXPERIMENTAL

2.1 Unvented Capsule Tests

The unvented capsule tests, designated CREATE (Chalk River Experiment to

Assess Tritium Emission), are those that do not have tritium release instru-

mentation (thermocouples and flux detectors can be included). Tritium

release information is obtained after the irradiation is complete, and the

capsule is removed from the reactor. Capsule tests can measure the

interaction between the ceramic and the cladding material - thought to be a

problem, especially between Li20 and certain cladding materials. Also

pellet swelling, cracking, and grain size and pore size changes can be

observed, as can the amount of tritium remaining in the ceramic. Information

can also be obtained on the form of tritium released, as a function of

capsule material and sweep gas.
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Maximum sample size is 2 cm diameter and 15 cm long. Typically, samples

weighing 50-100 mg are cut from sintered pellets of the ceramic for

irradiation. Each sample is vacuum-annealed in a quartz tube, and sealed in

the tube for irradiation without further exposure to air. L1A102 samples

are annealed at 670 K and 3 x 10~2 Pa for 1 h; Li20 samples at 870 K and

3 x 10~2 Pa for 6 h. Samples are then irradiated for 48 h at an average flux
1 ft — 9 1

of 7 x 10 n.m .s and an estimated temperature of less than 370 K. The

maximum flux available is 4 x 10 1 8 n.m"2.s"1 (thermal) and 7 x 10 1 7 n.nT^s" 1

(greater than 1 MeV).

The apparatus used to recover the tritium is shown schematically in

Figure 1. Table I gives sample characteristics. The free tritium recovered

at room temperature is measured, as well as the isothermal tritium release at

the post-irradiation test temperature. Both tritiated water and reduced

tritium are determined. The tritiated water may include T2O and HT0, and

the reduced tritium T2 and HT, but for simplicity only HTO and HT are used

in this paper to refer to these tritium forms. The HTO is removed in the

first ethylene glycol bubbler and the sweep gas then passes through an

ionization chamber, which provides on-line monitoring of the HT released. A

second measurement of the HT is obtained by passing the sweep gas through a

CuO bed to convert the HT to HTO, and another set of ethylene glycol bubblers

to remove the HTO. The total integrated release of both HT and HTO is

determined by analyzing the bubbler solutions using liquid scintillation

counting. The time dependence of only the HT release is obtained from the

ionization chamber readings.

Both He and He-1% H2 can be used as sweep gases at a flow of 0.5 L/min.

The He is purified by passing it through a hot titanium bed; the He-lZ H2,

by passing it through a Deoxo unit and a molecular sieve drier. The oxygen

and moisture contents of the purified gas are less than 1 yL/L.

Extraction tubes constructed from quartz, stainless steel, Inconel-600 and

nickel are available. Tests are generally performed at 873 K for 4 h.

Tritium remaining in the ceramic after annealing is recovered by dissolving



TEMPERATURE
CONTROLLER

THERMOCOUPLE

DRIER

EXTRACTION
TUBE
(VARY
MATERIAL)

I
I

ETHYLENE GLYCOL
TRAPS

TEMPERATURE
CONTROLLER

i

TO VENT

DEOXO
PURIFIER

He-H2
SWEEPGAS
(VARY COMPOSITION,

RATE)

FIGURE 1 : CREATE TRITIUM RECOVERY APPARATUS



TABLE 1: CREATE SERIES SAMPLE CHARACTERISTICS

EXPERIMENT

CREATED

CE2ATE-III

CREATE-IV

MATERIAL

LiAIO2

LiAIOz
pellet fabricated
from as-received

powder

LiAI02

pel.et fabricated
from powder ground

in isopropanol

LiAIOz

pellet fabricated
from powder ground

in methanol

LiAIOz

Li2O

* from qualitative SEM examination

DENSITY %
OF THEORETICAL

65

64

64

64

75

90

ENRICHMENT
A T O M % GLi

7.5

SO

90

GRAIN SIZE*
LiTO

0.05-0.3
with some clusters

of 1 fim grains

0.2-1

0.1-1

0.1-1

2-10

4-15
with some larger
grains, 30-40 |im

POLE DIAMETER
yi.m

-

1.29

0.29

0.27

I

.e-
1
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the sample in 6 N HC1, neutralizing with 6 N NaOH and distilling the

resulting solution. Tritium in the distillate is determined by liquid

scintillation counting.

2.2 Vented Capsule Tests

The vented capsule tests, designated CRITIC (Chalk River In-Reactor Tritium

^Instrumented £apsule) permit continuous in-situ monitoring of the tritium

release from the ceramic during the irradiation, by passing a sweep gas

around or through the ceramic and into an analysis train. Since fusion

reactors will probably use sweep gas to recover the tritium in the same way,

the experiment attempts to model a miniature segment of a blanket. Figure 2

shows a diagram of the CRITIC assembly. A sample size 40 mm diameter by

about 100 mm long is possible in the current capsule.

Tritium is generated in the ceramic by neutron-induced fusion of lithium, and

migrates to the ceramic surface. Flowing sweep gas collects the tritium

released from the lithium ceramic and passes through a tritiam analysis

system to determine the release rate and tritium form. Figure 3 gives

details of the analysis train. The ceramic is typically in the form of

sintered pellets, with about 20% porosity. The capsule provides

approximately uniform ceramic temperatures to facilitate analysis of release

data; a small radial temperature gradient of about 50 K enables calculation

of thermal conductivity of the ceramic. The temperature is adjustable

between 400 K and 1200 K, which covers the range of expected operation in a

commercial reactor, by varying the composition of an insulating gas layer

(gap gas).

The form and rate of tritium release may be affected by factors such as

surface impurities on the ceramic (particularly H2O and CO2), the

composition of the sweep gas, and the materials chosen for the capsule walls.

Therefore, the ceramic must be carefully fabricated and loaded into the

capsule to minimize contamination by air. The sweep gas composition can be

varied (He to He-12 H2) during the course of the experiment to determine
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FIGURE 2 : CRITIC-I ADVANCED TRITIUM RECOVERY TEST ASSEMBLY
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the influence of composition. The capsule will be fabricated from

nickel-based alloys, rather than stainless steel, to reduce container

influence on the form of the tritium. Nickel-based alloys also provide more

strength at high temperatures. To minimize condensation of HTO in the sweep

gas lines, the gas lines will be trace-heated to about 370 K between the

reactor and the tritium analysis system.

It is possible to measure important fundamental parameters so that the

behaviour of other blanket assemblies can be inferred: diffusion,

desorption, and heat transfer coefficients can be calculated as a function of

temperature.

In addition to on-line tritium analysis, gamma spectroscopy monitors the

release rate of trace quantities of other radioactive species. These are

expected both from neutron activation and from fission of uranium impurities

in the ceramics- A moveable spectrometer will be located at the glove box

containing the tritium analysis system, and a portable spectrometer will be

available adjacent to the gas line exit ports from the reactor. Other

instrumentation will include thermocouples, on-line flux monitors, and

integrated flux monitors. Analysis of the gap gas permits measurement of the

permeation rate of tritium through the Inconel capsule wall.

There are differences in neutronics between CRITIC and a blanket in a future

fusion reactor. In CRITIC, tritium production will occur almost exclusively

from thermal neutron captures by *>Li. in a fusion reactor, tritium will be

generated from captures, by both °Li and 'Li, of neutrons within a wide

energy range, 0-14 MeV. In both cases, helium will also be produced, and the

stoichiometry of the ceramic will change. The average tritium production

rate per gram of ceramic in a blanket will not be far different from the rate

in CRITIC. However, in a breeder material in a fusion reactor, displacement

damage from energetic neutrons will be larger than in CRITIC. Near the first

wall of a fusion reactor, the displacement damage rate will likely be larger

by two orders of magnitude. Near the blanket rear, they will be comparable.

A burnup of about 0.3% total Li is anticipated in CRITIC.
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The first vented test at Chalk River, CRITIC-I will examine ANL-fabricated

Li20, 0.3 wtZ 6Li, 30 mm ID, 40 mm 0D annular pellets, in a six-month

irradiation at 700-1200 K, varying the sweep gas, with on-line HT/HTO

measurement. Li£0 conductivity and tritium permeation will also be

measured. Test operation is scheduled for 1986/87 for this BEATRIX test.

3. RESULTS AND DISCUSSION - CREATE TESTS

3.1 General

The total tritium recovered, which includes the free tritium, the tritium

released during the 4 h anneal and the residual tritium in the ceramic,

ranged from 0.37 to 1.11 GBq per gram of LiAK>2 for samples with natural

^Li enrichment, and from 7.4 to 16.6 GBq per gram of ceramic for Li20 and

LiA102 with high ^Li enrichment. These generally agreed with neutronic

predictions. Burnup was approximately 0.05 atom% ^Li, calculated from the

total tritium yield. The amount of free tritium and residual tritium was

generally less than 1% of the total for the LiA102 in CREATE-II and -III.

The free tritium increased to 15% for the highly enriched samples, possibly

as a result of more **Li (n,a)^H reactions near the surface.

3.2 Form of Tritium Recovered

Table 2 summarizes the effect of the sweep gas composition and the extraction

tube material on the form of the tritium recovered. Although HT and HT0

proportions vary for samples tested under the same conditions, some general

trends emerge. The HT/HTO ratio will also have been influenced by residual

moisture in the ceramic, the sweep gas, and the experimental system.

Generally, with either He-1% H2 sweep gas or a stainless steel extraction

tube, oxygen activity was very low and tritium was recovered primarily as HT,

whereas primarily HTO was recovered when oxygen activity was raised by use of

pure He sweep gas or relatively inert extraction tubes.



TABLE 2: CREATE TESTS: EFFECT OF SWEEP GAS AND CONTAINER MATERIAL ON TRITIUM FORM

CERAMIC

LiAI02

(CREATE-II)

LiAIO2

(CREATE-III, from
as-received powder)

(CREATE-III, from
powder ground in

solvent)

LiAI02

(CREATE-IV)

Li20
(CREATE-IV)

* Number in brackets

^ ^ ^ - ^ ^ S W E E P GAS

EXTRACTION
VESSEL

Quartz
Stainless Steel

Nickel

Quart;

Quartz

Qvartz

Quartz
Inconel 600

Stainless Steel

He

PREDOMINANT FORM

HTO
HT
HTO

HTO

HTO
HTO
HT

% HTO

67-87 (2)»
5-20 (2)
70 (1)

51 (1)

—

-

58 (1)
64 (1)

46-53 (2)

is the number of samples tested under the given conditions.

He-1% H

PREDOMINANT FORM

HT
HT

HT

HT

HT

HT
HT
HT

2

% HT

63-81 (2)
87 (1)

86-88 (3)

73-90 (5)

47-50 (2)

80 (1)
68-70 (2)

81 (1)

I
I—•

o
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3.3 Tritium Release Mechanisms

A number of authors (3,4,6,10) have investigated kinetics and release

mechanisms of tritium from lithium ceramics in post-irradiation >*.nd in-situ

tritium recovery tests and the importance of material characteristics and

experimental conditions has been emphasized. Both solid state diffusion and

desorption from the surface of the ceramic have been identified (11) as

important to the release of tritium into the sweep gas system. Although the

CREATE experiments were not specifically designed to study tritium release

irr chanisms, release data were compared to the following models for diffusion

and desorption.

(a) Diffusion from spherical grains:

Crank (12) gives the fractional release (f) as:

7T n=l n a

for the initial and boundary conditions, which can be applied to tritium

release into the sweep gas stream, of C(r,0) = CO, C(r,t) - C, 3c/9r =

0 for r = 0 and C(a,t) = Cs, where C is the concentration of diffusing

tritium in the grain, r is the distance (0 <, r <. a), a is the grain

radius, D is the diffusion coefficient and f * (Co - C/Co - C s).

Late stage release can be expressed by

a
- (6/TT2) exp (-^) (la)

as only the first term of the series contributes.
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(b) Desorption kinetics:

When desorption from the surface controls the release behaviour, the

kinetics can usually be described by an equation of the form (13):

dN

dT " Vs11 <2>

where Ns is surface concentration of the desorbing species, ks is a

parameter assumed to be constant, and n is the desorption order. If the

surface concentration Ns is equal to the fraction remaining (1-f) times

the original concentration of tritium, the above equation can be rewritten

as

- k (l-f)n (2a)

If k is assumed to be constant, the first-order and second-order equa-

tions can be integrated to give log (1-f) » kit and l/(l-f) = kt, respec-

tively.

The expressions for diffusion-controlled release [(Equations (1) and (la)]

are only roughly valid for our data because of the large range in grain size

in all samples, and preclude an accurate assessment of the diffusion

coefficient. However, the release data obtained were fitted to Equations (1)

and (la) to determine if there was some agreement. Late-stage release (f i/

0.75 - 0.95) from most L1A102 and Li20 samples in CREATE-IV agreed with

prediction by Equation (la). However, early-stage release data did not fit

Equation (1), which holds throughout the release. The diffusion coefficient

was not determined for these samples because of uncertainties introduced by

low porosity and high &Li enrichment. Releases from the two samples in

CREATE-II that were heated in a quartz tube with He sweep gas exhibited

good agreement with the diffusion-controlled release expression (1) in the

region from f ^ 0.3-0.9. The calculated diffusion coefficient ranged from 1

x 10~ 2 0 to 2 x 10"1** n^.s"1 with grain size variation from 0.05 to 1 pm.
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For some samples, regions were found where release agreed with first or

second-order kinetic predictions (Equation (2a)) but the results were not

conclusive. The HT release from the two L1A102 samples in CREATE-I1 heated

in a quartz tube with He sweep gas agreed with first-order kinetics from

f a, 0.3-0.9. However, release data in the region also agreed with diffusion,

as discussed earlier. Release from the CREATE-III LiAlC>2 pellets, fabri-

cated from "as-received" powder, using He-1%H2 sweep gas also agreed with

first-order release kinetics in the region f ^ 0.3-0.8, as did release from

some Li20 and L1A102 samples in CREATE-IV in the region f ^ 0.6-0.8.

Only release data in the region f ^ 0.1-0.4 from the two L1A102 samples in

CREATE-1I mentioned above agreed with second-order kinetics.

Although some stages of the HT release did agree with diffusion or

surface-controlled release expressions, no consistent release mechanisms were

determined for the various samples. Material characteristics such as grain

size, pellet density and porosity, and variation in 6Li enrichment, as well

as the material and experimental system conditions are all factors which may

have contributed to observed tritium release kinetics.

Further details of CREATE-II, -III and -IV are given elsewhere (14).

3.4 CREATE-V, French LiAlO? Under BEATRIX Program

Preliminary results show:

- 40-90 mCi of tritium were recovered per gram of UAIO2; the variation is

due to the different irradiation positions.

- 0.52 of the total tritium was recovered as free tritium.

- 0.5% of the total tritium was recovered as residual tritium when the

ceramic was annealed at 873 K for 4 h; increasing to 23% when the ceramic

was annealed at 773 K for 4 h.
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The form of the tritium recovered is shown in Table 3. Generally, the

tritium release rate and HT/HTO ratios were comparable to that obtained for

the previous L1A102 pellets which had similar microstructures. The

previous experiments had shown that with He sweep gas and a stainless steel

extraction tube, the predominant form of the tritium was HT. The large

amount of HTO measured for Samples 1, 2 and 5 (Table 3) is attributed to an

oxidized stainless steel tube and a partially oxidized titanium sponge bed

(used to purify the He). The use of a new stainless steel tube resulted in

less HTO as did using the new tube and a new Ti sponge bed (Sample 6, Table 3).

For Sample 12, the flow of the He-0.1% H2 sweep gas through the ceramic was

reduced to 0.1 L/min, but He was added just prior to the ionization

chamber to have a total flow of 0.5 L/min through the chamber. The reason

for the large percentage of HTO has not yet been determined; under the test

conditions, HT was expected as the predominant form. The addition of 0.12

H2 to He enhanced the fractional release rate of HT.

Apparent diffusion coefficients were calculated from the HT fractional

release curves for the runs carried out with He-0.1% H2 at 870 K, 820 K and

770 K. The results are plotted in Figure 4 along with those given by other

investigators. A band is shown for the CREATE-V data to depict a difference

in the apparent diffusion coefficient when it is calculated from f » 0.4 or

f = 0.7. The activation energy determined is very similar to that obtained

by other investigators, though the pre-exponential term varies.

4. CONCLUSIONS

The effect of the oxygen activity of the experimental system on the form of

the tritium recovered from L1A102 and Li20 was demonstrated. With He-lZ

H2 or a stainless steel extraction tube, oxygen activity was low, and

tritium was recovered primarily as HT. With pure He and more chemically

inert extraction tube, tritium was recovered primarily as HTO. There was,



TABLE 3: CREATE-V: FORM OF TRITIUM RECOVERED

SAMPLE

1

2

' 5

6

7

8

3

I

4

11

i

• 9

10

12

TEMP.
(K)

870

870

870

87C

870

870

870

870

820

770

770

870

FLOW
(Umin)

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.1

SWEEP
GAS

EXTRACTION
VESSEL

Q

0

SS

SS

SS

1600

Q

a

Q

Q

O

Q

He

PREDOMINANT
FORM

HTO

HTO

HTO

HTO

HT

HTO

-

-

-

-

-

% HTO

74

71

74

57

24

64

-

-

-

-

-

-

He-0.1% H2

PREDOMINANT
FORM

-

-

-

-

-

-

HTO

HT

HT

HT

HT

HTO

% HT

-

-

-

-

-

-

45

50

76

85

62

10

NOTES

new S.S. tube

new Ti sponge bed (100 g) 870K

Ht added just before ion chamber for
a total How through chamber of 0.5
L/min
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-19
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r20

VOM-22H
EA = 198 kJ/mole

CREATE-V (He/H2)
EA = 165 kJ/mole

TRIO (He/H2)
= 150 kJ/mole.

io-21

1.05 1.15 1.25 1.35
1000/T(K)

FIGURE 4: APPARENT DIFFUSION COEFFICIENT FROM CREATE-V;
OTHER LITERATURE DATA FOR COMPARISON
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however, significant variation in the HT/HTO ratio for samples tested under

similar conditions, indicating the importance of possible material and system

impurities on the results.

Preliminary data from French L1A1O2 under the BEATRIX Program show results

comparable with those for previous CREATE tests. CRITIC-I, an advanced

in-reactor tritium recovery test of Li20 is planned for 1986/87.
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