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M. Tetenbaum
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A study was made of the neutron-irradiation behavior of 6Li-enriched
Li20 material in EBR-II. In addition, a stress-corrosion study was per-
formed ex-reactor to test compatibility of Li20 materials with a variety
of stainless steels. Results of the irradiation testing showed that
tritium and helium retention in the Li20 (̂  89% dense) lessened with
neutron exposure. Helium and tritium retention appear to approach
steady-state after ̂  1% 6Li burnup. The stress-corrosion studies, using
316 stainless steel (Ti-modified) and a 35% Ni alloy, showed that stress
does not enhance the corrosion, and that dry Li20 is not significantly
corrosive, the LiOH content producing the corrosive effects. Corrosion,
in general, was not severe as a passivation in sealed capsules seemed to
occur after a time, greatly reducing corrosion rates.

1. INTRODUCTION
Fusion-reactor designs require the use of tritium breeding material

to provide fuel for the reactor. Available neutron spectra and required
breeding efficiencies indicate that the 6Li, n reaction occurring in a
blanket surrounding the reactor can provide the required tritium.
Blanket concepts using liquid lithium, lead-lithium and alloys, and
solid Li-based ceramics have all been proposed.

The solid ceramic breeder materials are all based on 6Li-enriched
forms of known Li-M-0 compounds. One of these materials, Li20, has
great potential due to its high Li atom density. The drawback is that
the fabrication experience and irradiation performance data base for
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Li20 has just recently begun to be developed. ' It was the purpose
of this study to produce neutron-irradiation performance data regarding
tritium breeding in 6Li-enriched Li20 pellet material and the consequent
materials compatibility issues associated with containing the tritiated
Li2O materials in structural stainless steels at high temperature.
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2. EXPERIMENT DESCRIPTION

2.1 Irradiation Testing

The objective of the experiment was to test the in-reactor perfor-

mance of capsules containing 85 to 89% dei.se Li2O (93% enriched with
6Li). Issues addressed were compatibility of the oxide with several

stainless steel alloys as well as the tritium generation properties of

the U2O in regards to production, retention, and permeation of the

tritium through the stainless steel capsules walls. Alloys investigated

were a Ti-mod. 316 and a high (35%) Ni alloy. The compositions of these

alloys appear in Table 1.

The irradiation environment was provided by the EBR-II reactor

using an experimental vehicle designed to provide coolant temperatures

of ^ 550°C (Li2O pellet centerline temperatures are predicted to be

600-S25°C). Four sealed capsules (5 mm I.D., 100 mm long) were axially

connected into a test element. Four of these full-length elements were

irradiated. Each of the smaller capsules which comprise the longer

vehicle element were half-filled with Li20 pellets (~ 1 gram). The

predicted fast neutron flux, coolant temperature, pellet centerline

temperature, and average reaction cross section for each of the four

capsule positions is listed in Table 2.

TABLE 1

Alloy Compositions (Wt %)

Alloy

Ti-mod.

High Ni

HT-9*

316

Alloy

C
0.

0.

0.

04

03

9

Ni

15

34

0.5

Cr

14.

12

12.

5

7

Mo
1.5

0.04

0.6

Mn
2.3

0.3

0.2

Si

1.2

0.5

0.5

Ti
0.25

1.8
---

Nb

2.9
- _ _

Al
0.3

0.3
— — -

W
—

___
0.2

V

___
0.3

Fe
Bal.

Bal.

Bal.

HT-9 was not included in in-reactor studies, only in the stress-corrosion experiment.
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TABLE 2

LipO Irradiation Environment

Capsule No.t

1

2

3

4

Na Coolant T,

557

554

548

538

°C
Li2O Pellet

Centerline T, °C

606

624

625

608

(<|)/<|) max),*
(E • 0.1 MeV)

0.552

0.891

1.00

0.860

6Li, n Reaction
Cross-section, barns

1.085

0.994

0.985

1.004

Element numbers were EA-400, 401, 403, and 404; each contained four
capsules numbered 1, 2, 3, and 4.

*<»> max = 1.562 x 10 1 5 n/cm2 • s, total

= 1.232 x 10 1 5 n/cm2 • s, E > 0.1 MeV

Two elements (8 capsules), EA-401 and EA-403, were irradiated to

-vl at.% burnup of 6Li (̂  0.8 x 1022 n/cm2, E>0.1 MeV) and two others,

EA-400 and EA-404, to ^ 3 at.% GLi burnup (2.5 x 1022 n/cm2, E>0.1 MeV).

Postirradiation examinations included helium and tritium analyses in

both the pellets and the capsule plenum, metallography of capsule walls

to determine pellet/cladding chemical interaction, and capsule plenum

volume determinations to estimate pellet volume swelling.

2.2 Compatibility Testing

The tests were designed to measure the corrosive effects that U2O,

in a dry form and also doped with water in amounts representing 1% and

6% LiOH, can have on Type 316 stainless steel (Ti-modified), a high

nickel alloy, and a ferritic stainless steal (HT-9). Compositions are

listed in Table 1. In addition, as the 6Li, n reaction produces 3H, He

is also produced which may pressurize reactor components providing

stresses which could enhance corrosion. Therefore, pressurized capsules

were designed and built for testing with pressures as high as 12.4 MPa

(89 MPa hoop stress). Temperatures of 500°C and GOO°C were used.
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Each test capsule contained a tag gas fixture of inert gases (Ne,
Kr, Xe, Ar) along with the He pressurizing gas. They were sealed in
evacuated stainless steel cylinders and placed in furnaces. If a
capsule failed, a pressure rise would be observed in the cylinder and a
gas sample would identify the failed capsule. At 720 hr, 2160 hr, and
8640 hr intervals, a set of test capsules were removed for examination.

The capsule examination consisted first of laser puncturing the
capsule plenums to confirm the presence of the desired pressure. The
capsules were then sectioned for metallographic examination of the
corrosion depth and character. Further tests were done to identify
corrosion products and the chemistry of the U2O material.

3. RESULTS AND DISCUSSION
3.1 Irradiation Testing

3.1.1 6Li Burnup - He and 3H Generation and Retention
Results of the burnup analysis for the irradiation testing

appear in Table 3. He and 3H contents were measured for capsule plenums
and Li20 pellets. This allowed analysis of the He and 3H generation and
retention within the Li20 pellets.

Table 3 results show the total He generated in the capsules
from elements EA-401 and EA-403 ranged from 3.1 x 10 2 0 to 3.9 x 1020

atoms representing ^ 1 atomic % burnup of the available 6Li. Likewise
capsules from elements EA-400 and EA-404 contained 11.2 x 1O20 to 11.6 x
1O20 atoms of He, representing ~ 3 at.% burnup of 6Li. Ranges in the He
production at each of the two irradiation exposures were caused by
neutron flux and spectrum differences at each axial location of the
capsule in the rector core.

He retention in the pellets was ^ 60-70%, or 2.0 - 2.5 x 1O20

atoms He/gm,Li20, for the first 1% burnup. The retention amount was
similar afcer 3% burnup (1.6 x 1O20 atoms He/gm Li2O), or perhaps slightly
less, indicating that open porosity developed in the Li2O pellets, or a
maximum solubility was reached, which lead to steady-state release of
the He.
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TABLE 3

Burnup Analysis and Tritium Release

401-1

He
cc/gm Li2O

(atoms)

He
cc io

Ple!:g|fi
(atoms)

Tot.
(Tot.

He(cc)
atoms)

3H
Ci/gm Li2O
(atoms)

9.11 3.75 12.86 1.18
(2.45xlO20) (l.OlxlO20) (3.46xlO20) (2.45xlO19)

3H (pe!1et),%
He (total 7

401-2 8.48 5.10 13.58 1.13
(2.28xlO20) (1.37xlO20) (2.65xlO20) (2.35xlO19)

6.4

401-3 7.36 7.23 14.59 1.00
(1.98xlO20) (1.94xl020) (3.92xlO20) (2.08xl019)

5.3

401-4 9.68 4.33 14.01 1.52
(2.0xl02°) (1.16xlO20) (3.76xlO20) (3.16xlOls)

8.4

403-1 8.48 5.06 13.54 1.07
(2.28xlO20) (1.36x1020) (3.64xlO20) (2.24xlO19)

6.1

403-2 8.53 4.85 13.37 1.07
(2.29xlO20) (1.3OxlO20) (3.59xlO20) (2.22xlO19)

6.2

403-3 6.16 5.43 11.59 1.19
(1.65xlO20) (1.46xlO20) (3.11xlO20) (2.47xl019)

7.9

403-4 5.86 7.07 12.93 8.39
(1.58xlO20) (1.90x1020) (3.43xlO20) (1.74xlO20)

50.0

400-2 3.92 39.2 0.625
(l.O6xlO20) (1.06xl021) 1.16xlO21 (1.47xlO19)

1.3

400-4 9.46 32.9 2 23
(2.55xlO20) (8.87xlO20) 1.14xl02i (5.25xlO19)

4.6

404-2 4.40 40.0 0.70
(1.19xlO20) (1.08xl021) 1.12xl021 (1.65xlO19)

1.4

404-4 7.55 34.2 3.08
(2.O3X1O20) (9.2OxlO20) 1.12xlO21 (7.25xlO19)

6.5



-6-

The capsule plenum volumes were found to be smaller after 3%
6Li burnup compared to the 1% burnup capsules. The reduction in plenum
volumes would correspond to a volumetric swelling in the 6Li pellets of
•̂  1%. Because He release had already reached steady-state, this implies
that the additional volume expansion was not related to gas retention
and may have been caused by displacement or ionization irradiation
damage instead. Evidence for displacement damage has previously been

4
reported.

Tritium retention in the Li2O pellets followed a trend similar
to He with the longer exposure material containing similar, or slightly
lower, 3H concentrations as compared to the 1% burnup samples. The 1%
burnup samples contained 2-3 x 1019 atoms of 3H/gm Li2Q while the 3%
burnup sample contained *> 1.5 x 10 1 9 atoms 3H/gm Li20. Again, the
steady-state release characteristics are symptomatic of a terminal
solubility for the gas (3H) or they may reflect a kinetic equilibrium in
the reactions controlling the release rate. The two are likely inter-
related.

A notable exception to the 3H concentrations previously
mentioned is the result for the No. 4 capsules from each element. The
3H found in the Li20 pellets from these capsules was often much more
than was found in the other capsules. The most plausible explanation
for this is the slightly lower operating temperature of the Ho. 4

capsules. The release rate of 3H from Li2O is known to be very tempera-
2

ture dependent and this likely influenced the steady-state concentration
of 3H found in capsules No. 4. No retention differences were found
between the Ti-modified 316 and 35% Ni alloy cladded capsules.

3.1.2 Capsule Corrosion
Metal!ographic examination of capsule wall materials showed

that after 6.5 x 106s (1800 hr) exposure (1% 6Li burnup) at operating
temperatures the maximum depth of corrosion was 8 urn in both materials
and was confined to capsule sections where the Li20 pellets were; plenum
sections showed no evidence of corrosion. After 20.3 x 106s (5600 hr)
exposure the maximum depth of corrosion was only 11 urn but was uniformly
distributed over the capsule inner wall.
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Tha corrosion depths are consistent with ex-reactor results.
Further, the reduction of the corrosion rate with exposure time and
corrosion in the plenum can be explained through the inhibitive action
of certain cladding solutes with are insoluble in the corrosion product,
and vapor phase transport of corroding chemical species. These conclusions
are explained in more detail in the next section of this report.

3.2 Compatibility Testing
Ex-reactor stress corrosion test results provided several general

observations for all samples of temperature or stress level. Corrosion
was very uniform over the capsule wall in areas near to where the Li2O
material had been. This occurred despite the fact that the Li2O was in
the form of large angular pieces. Evidently vapor-phase transport aided
in spreading the corroding chemical species on the capsule wall. The
corrosion depth for the austenitic alloys was found to be 19 urn at
maximum and was not enhanced by stress, despite the fact that most of
the 500°C samples showed intergranular corrosion. Often this type of
attack is enhanced by stress. The HT-9 corrosion was slightly greater
than that observed in the austenitic alloys (23 um).

Examination of 2160 hr and 8640 hr samples showed very similar
results to those observed at 720 hr. Capsules containing dry Li20
showed that the dry material does not react significantly with these
materials at the temperatures tested. After 720 hr, the Li20 material
was found to be nearly dry in all capsules as LiOH had reacted with the
capsule walls and the hydrogen had permeated the capsule walls. As the
LiOH content decreased, the corrosion stopped. No capsule failed during
testing.

Argon-ion milling combined with Auger scanning spectroscopy showed
the chemistry of corrosion products, and revealed a second mechanism for
the reduction corrosion rate with time. A crusty oxide-looking layer on
the surface was found to be MLiO2, with the M being mostly iron. Trans-
mission electron microscopy of the material confirmed that the crystal
structure closely resembled tetragonal FeLiO2: the lattice parameters
varied slightly, likely due to the content of other metal atoms in the
structure. Gray layers between the oxide and the metal substrate were
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found to be enriched in solutes such as Mo and Nb. Evidently as the

MLiO2 product formed its solubility for these elements was low and they

were rejected into the adjoining matrix. Such a corrosion mechanism

could tend to slow the corrosion rate as these unreactive solutes build

up in the sublayer. This mechanism is consistent with the results of

the in-reactor testing where the corrosive material (LiOH) was constantly

being supplied.

4. CONCLUSIONS

The relatively constant He and 3H concentrations retained in the

Li2O (4-9 cc He/gm Li20, ^ 0.5-3.0 Ci
 3H/gm Li20) indicated a steady-

state release behavior after ~ 1 at.% burnup cf 6Li. The He retention

behavior with 6Li burnup appears similar to fission gas retention in

nuclear fuels, and therefore may have been caused by the development of

open porosity in the pellet microstructure. Swelling of the pellets

continued after the onset of steady-state He release, indieating an

irradiation damage related swelling mechanism in Li2O.

Corrosion of the austentic stainless steel materials by Li20-Li0H

compounds was characterized by a strong dependence on the LiOH content

and an insensitivity to applied stress. Moreover, uniform corrosion on

capsules walls showed that a vapor-phase transport of the corroding

species was active in the process and a passivation effect occurred in

sealed capsules which may be related to the surface segregation of

certain alloying elements (e.g., Nb and Mo) in the containment materials.

REFERENCES

1. S. Nasu, T. Tanifuji, N, Noda, M. Isshiki, Y. Kaneda, T. Miyauchi,
and M. Aizawa, J. Nucl. Mater. 101 (1981) 220.

2. H. Kudo and K. Okuno, J. Nucl. Mater. 101 (1931) 38.

3. A. Ohara, Y. Sakuma, and M. Okamoto, J. Nucl. Mater. 102 (1981)
356.

4. K. Atobe, Physica Stat. Sol. A, 71 (1982) K25.



• - - • • •s

DATE FILMED
12 12/

mm"
J

w


