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LEGAL NOTICE: IR

This report was prepared as an account of Govern-

ment sponsored work. Neither the United States, nor the

Commission, nor any person acting on behalf of the Com-
mission;

A. Makes any warranty or representation, expressed
or implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or pro-
cess disclosed in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to the use
. of, or for damages resulting from the use of any informa-
tion, apparatus, method, or process disclosed in this re-
port.

As used in the above, “person acting on behalf of the
Commission” includes any employee or contractor of the
Commission, or employee of such contractor, to the extent
that such employee or contractor of the Commission, or
employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his em-
ployment or contract with the Commission, or his employ-
ment with such contractor.
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ABSTRACT

Extensive measurements of the effects of radiation have been made on
various compositions of Li hydrides containing combined T. The isothermal
expansions of samples exposed to a flux of tritium B radiation equivalent to
16.8 Mr/hr have been observed at 12 temperatures between -196° and 400°C
for maximum exposures up to 7 years. The results of these measurements
are correlated with other data and are used to formulate a model for radia-
tion damage in the Li hydrides.

That the Li hydrides are essentially iomic in character is shown by
various properties., Single crystals of Li hydrides of various compositions
were prepared from the melt., These were used to measure various physi-
cal properties, such as electrical conductivity, and to study radiation effects
on the optical absorption of plates cleaved from the single crystals. The Li
hydrides conduct electricity primarily by cation diffusion through a lattice-
vacancy mechanism with an activation energy of 0.53 ev in a manner com-
pletely consistent with results obtained for the Li halides. The color-center
model, which has been proposed to explain the effects of radiation damage to
the alkali halides, is shown also to be suitable to explain the radiation-induced
optical and electron-spin paramagnetic-resonance absorption observed in the
Li hydrides.

Mechanical properties, phase separation, gas evolution, and other prop-
erties of the samples exposed to intense g radiation from combined T were
also observed and correlated with the isothermal expansion data to formulate
a model for the radiation effects. Equations are presented for the mechan-
isms involved, and comparisons between simplified calculations based on the
model and observed expansion rates are given. One interesting conclusion
obtained from these studies is the result that little dissociation and cavitation
occurs in samples stored at temperatures below -7°C, whereas these effects
are extensive and tend to lead to the disintegration of samples stored at 23°C
or higher,
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CHAPTER 1

INTRODUCTION

Because of the comprehensive nature of this report, which covers over
7 years of measurements, the inclusion of all the data would have made the
report excessively long. Accordingly we have chosen to present representa-
tive results in a graphical form for brevity and clarity. Details of meas-
urements on individual samples, along with discussions of techniques and
probable errors, are left for separate reports of more limited scope.

Lithium hydride containing lithium tritide offers an excellent means for
the study of radiation damage to this material under various conditions, such
as temperature, at a well-known dose rate over long periods of time. How-
ever, it is necessary to know something about the bonding and the general
character of the material before one can expect to interpret the mechanism
for radiation damage to it.

The beta decay of tritium (with a 12.26 year half-life(l) to form
helium-3) occurs at constant rate which is independent of the nature of bond-
ing the T or of external variables such as temperature. Still, the distribu-
tion of the product He3 throughout the LiH is not independent of these factors,
and neither is the nature of the immediate products nor the state of the
stoichiometric quantity of Li formed (whether atoms, metal, or color centers).

The net reaction for the decay of the T after the dissipation of the energy

- 11 ~
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(18 kev maximum energy, 5.6 kev mean energy ‘) of the B particle is:

Intermediate 3
LiT ———— | Metastable |—————» He + Li
Products
The B particles must lose their energy during passage through the

material; the mechanism by which this energy is dissipated and the net re-
sultant radiation damage to the material are primarily dependent on the
chemical and thermodynamic properties of the material. It seems most
reasonable to assume that the net effect of radiation damage on LiH will
result in the chemical dissociation of the material with the possibility of

recombination by a back reaction as indicated in the equation:

8 Intermediate
LiH ———— > | Metastable | ——— > Li + iH
-— -— 2
Products

The extent to which the back reaction occurs in the first stage of the
latter equation is most important to the resistance of the material to per-
manent radiation damage. If recombination is rapid and the steady-state
concentration of metastable products is comparatively small, the net effect
of the radiation on the material may be nearly negligible because all of the
energy is dissipated as heat. On the other extreme, all of the energy could
go to form dissociation products which do not recombine at all under the con-
ditions of the irradiation; this could lead to the dissociation of about 300
molecules of LiH per B particle, assuming that 20 ev is required per disso-
ciated molecule, »

(2-4)

In recent reviews of radiation damage, solid materials have usually
been divided into four types, which differ in their response to exposure to
the three types of radiation: electromagnetic, charged particles, and neutral

particles, Seitz and Koehler(z) list the four basic solid types according to

- 12 -




the nature of their chemical bonding as metallic, valence, molecular, and
ionic. Of course, many materials exhibit chemical properties which are
intermediate between those of two or more of the basic types, and the ex-
planation of radiation effects on these materials will usually involve com-
parison with more than one of the basic types. Metals are, in general, re-
sistant to electromagnetic radiation, since most electronic excitation is readily
dissipated as heat, and they suffer most damage through atomic displacements
produced by heavy particle irradiations. Valence crystals, such as silica,
diamond, silicon, and germanium, behave similarly to metals in their resis-
tance to radiation by being primarily damaged by atomic displacements in
their pure state. Molecular crystals, consisting of discrete molecules held
together by van der Waals or other weak forces, are electronically excited
by all types of radiations and, as a class, they probably suffer the greatest
damage. Some molecules lose energy much more rapidly than others and
suffer less permanent damage; thus aromatic organic compounds, such as
naphthalene, dissipate energy readily, partly by fluorescence. Other molec-
ular crystals, such as ice, aliphatic organic compounds, and even complicated
molecular structures, such as polyethylene, suffer through the rupturing of
bonds or ionization to form free radicals or ions which serve as intermedi-
ates for the production of new molecular species. Simple ionic salts, such
as the alkali halides, suffer damage primarily as a consequence of electronic
excitation by any type of radiation. Ionization causes displacements which
act as electron or hole traps to produce metastable products called color
centers. Color centers have pronounced effects on the properties of the
salts, but in simple ionic materials they can be induced to recombine by
moderate annealing or by bleaching with light of suitable wavelength. The
irradiation of salts involving complex ions, such as the alkali azides or ni-

trides, forms color centers like the alkali halides; but the covalently bonded

- 13 -



anions behave like molecules in that they dissociate after excitation to form
new molecular species. Damage to such materials is relatively permanent
and is not easily removed by annealing. Comparison of radiation effects in
the Li hydrides to those observed in the four basic solid types is useful for
the interpretation of the results, and it also gives additional evidence as to
how the Li hydrides should be classified among the four basic chemical bond
types.

Insofar as it can be considered ionic, LiH is unique as the lightest and
simplest of all possibly stable ionic solids. It has a simple NaCl type of
lattice and is the only salt that consists solely of ions with the He configura-
tion of electrons, These properties have made LiH attractive for theoretical
treatment, and calculations of lattice parameters and crystalline cohesive
energy of LiH have been made using various quantum-mechanical approxima-

(5-9)

tions. The classical calculation of the lattice energy based on the Born-

(10)

Mayer model has been performed by Baughan although a reliable experi-

mental value for the compressibility of LiH is not available. Kasarnowsky(u)

reversed the calculation to obtain the compressibility from the experimental
lattice energy computed by means of the Born-Haber cycle, and his values
are in fair agreement with the average of est;mates obtained from experi-
ments. '

(12)

Calculations by Herzberg and others have shown that the bond in

the diatomic LiH gas molecule is predominantly covalent. By using electro-

negativities to calculate the covalent contribution to bonding between neighbor-

e (13)

ing ions in a NaCl-type lattice foliowing Pauling, 12.5% covalent character

is found for LiH compared to 10% obtained by Pauling for Lil. Homopolar
9

bonding( ) has been used to account for the 6 to 9% discrepancy between the

(7)

observed cohesive energy and the results of Lundqvist in a more recent

calculation, X-ray-scattering results have been used to ascribe a large

- 14 -




degree of covalency to the bonding in solid LiH,(14) but others have shown
that this interpretation is in error in the case of LiH and, indeed, that no
conclusion can be made regarding the character of the bonding in crystalline
LiH from the X-ray data.(ls’ls) Some pertinent physical and chemical prop-
erties of crystalline LiH are given in Table 1. It is seen that many prop-

erties are similar to those of the alkali halides.*

*The properties of LiH are discussed in greater detail in Reference 17.

!

- 15 -



_9‘[_

Table 1. Properties of Li Hydrides Compared to Alkali Halides

Property/Material LiH LiD LiF NaCl References

Molecular Weight 7.948 8.954 25.94 58.45 18
Lattice Constant (X) 4.0835 4.0684 4.0270 5.6402 19,20
Crystal Density

(25°C, g/cc) 0.7750 0.8826 2.601 2.162 *,21, 20
Hardness

(DPN or kg/mm?) 36.6 36.6 97.0 17.5 *
Compressibility

(10-12 ¢m2/dyne) 2.8 2.8 1.53 4.18 * 10, 22, 23
Coefficient of Thermal

Expansion (107°/deg) 3.6 (3.6) 3.4 4.04 24, 25, 26, 23
Thermal Conductivity

(cal/deg cm sec at 100°C) 0.025 (0.025) 0.022 0.014 22,%, 27,28
Debye Temperature (°K) 815, (920) (611, 744) 610, 780 281, 330 29, 30, *, 31
Melting Point (°C) 688  (688) 842 801 32, 22, 33
Lattice Energy

(kcal/mole) -217.8 -218.8 -244 ~185 34,22, 35, 36
Heat of Formation

(kcal/mole) -21.67 -21.78 ~143.6 -98.2 34, 22, 35, 36
Gas Pressure at Melting

Point (mm of Hg) ~600 ~600 ~0.06 ~0.10 *, 91
Electrical Conductivity 3 -3 5 -5

(ohm™1/em at 600°C) 3 x 10 10 10 10 *,37,38
Dielectric Constant 12 (12) 9.3 5.6 * 39
Refractive Index at 5892 K 1.9847 1.9856 1.3916 1.5442 19, 40

*This work




CHAPTER 2

MEASUREMENTS

This chapter on measurements is by no means complete, but it is in-
cluded to give the reader some idea of the experimental methods employed
in this investigation. The purpose of the measurements can be divided into
three categories: (1) to determine the physical and chemical properties of
LiH, (2) to study radiation-damage effects and color-center formation in
crystalline LiH, and (3) to study such gross effects as expansion and out-
gassing in samples containing LiT as functions of the logical variables, in
such a way as to permit the interpretation of the results in terms of a
reasonable model, Table 1 contains the measured values for some of the
properties determined under the first category for LiH and LiD along with
others from the literature; also, literature values for the properties of LiF
and NaCl are included for comparison., With the exception of such properties
as density and Debye characteristic temperature, which depend more directly
on the mass of the hydrogen isotope, the other tabulated properties of LiH
and LiD may be assumed to be identical without introducing errors greater
than 1% or so. Similarities in crystal structure, lattice energy, and such
physical properties as hardness, compressibility, thermal expansion, and
thermal conductivity between LiH and the two alkali halides are quite evident

from the table. The values for LiH are frequently in the logically intermediate
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position between those of LiF and NaCl. The value given in the table for

the melting point of LiH may seem relatively too low, and that given for the

electrical conductivity of LiH may seem too high; but these properties are -
discussed later in more detail and found to fit logically into the sequence of

Li halide properties. On the other hand, the comparatively low heat of for-

mation of LiH from the elements reflects the relatively high bonding energy

of H2 in its standard state, compared to the halogens, and results in the in-

stability of LiH toward chemical reaction in oxidizing atmospheres or toward

dissociation of vapor molecules at temperatures near the melting point.

(The high chemical reactivity of LiH requires that all handling of this mate-

rial must be carried out either in vacuum or in an inert atmosphere. A dry

box flushed with dry He or Ar was commonly used for achieving the latter.) -
Since the vapor is predominantly dissociated é,t the melting point and metallic
Li has a limited solubility in the molten salt, a H2 pressure in excess of the
high value given in the table is required to obtain pure, colorless LiH of
stoichiometric composition from the melt. The comparatively low electron
affinity of H 1is also in agreement with the above observations and with the
expectation that H™ ion should be more easily polarized than F~ or CI~ ions.

The comparatively high polarizability of H™ ion is verified by the high re-
fractive index of IiiH.

2.1 Measurements on Single Crystals

Single crystals of LiH and LiD were grown from the melt for use in a
study by optical and magnetic-resonance (ESR) techinques of color-center
formation. Many types of irradiation were used, including X rays, 0060 4% N

-5
rays, B rays from 10 ~ to 10 mole % LiT included in several crystals,

neutrons from a homogeneous reactor, and ultraviolet light. Except for the

ultraviolet light, which was very ineffective for the production of color

- 18 -



centers at low temperatures, all methods of irradiation produced the same
optical absorption bands. Neutron irradiation proved to be the most efficient
means for obtaining densely colored crystals because of the highly energetic
L16(n, )T reaction. A 1 min exposure to a flux of 5 X 1011 n/cm2 sec is
roughly equivalent to exposing the sample of LiH to X rays from a copper
target operated at 40 kv and 20 ma for 2 days. To prevent the destruction
of the color centers first formed and also prevent their aggregation to form
more complex color centers, many of the irradiations were done at low tem-
peratures. Temperatures in the range from -196° to -73°C proved to be
adequate for this purpose, and they were attained by the use of boiling nitro-
gen or mixtures containing solid C02. Samples of single crystals containing
LiT were most useful for studying the kinetics of radiation damage at chosen
temperatures by comparing optical and ESR measurements of color-center
growth to flotation and X-ray measurements of crystal expansion.

Samples were also cleaved from the single crystals to measure the
electrical conductivity, hardness, and density of LiH and LiD. The results
of these determinations are included in Table 1. Electrical conductivity is
discussed in more detail in a later section. All of the tabulated hardness
values are for m"strain-free' samples of single crystals and were obtained
from measurements made with a Kentron microhardness tester applying a
load normal to the (100) cleavage faces of the crystals. Flotation densities
obtained for '"pure' samples of LiH and LiD agree with the calculated crystal
densities obtained from X-ray lattice parameters within the small limits of
error of the measurements. This is taken as a measure of the high degree
of purity of some of the single crystals prepared. A similar flotation method
was used to follow the expansion of crystals containing LIT stored at low
temperatures, which is described in the following section. Measurements of

the lattice expansion of samples prepared from a LiH crystal containing
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5.56% LiT were made using a low temperature vacuum stage on an X-ray
diffractometer. The free surfaces of the powdered samples were protected
by a 0.00025 in. Mylar film, which was adequate protection during transfer-
ences and storage under liquid N2.

The single crystals of LiH and LiD were prepared by slow crystalliza-
tion of the molten salt in the apparatus shown in Figure 1. The apparatus

was pressurized with H_ or D2 to a total pressure of 2.7 atm to prevent

dissociation of the salt.2 Because of the chemical reactivity of LiH and of
the still higher reactivity of the Li metal from which it is made, nonmetallic
impurities such as oxides and nitrides were more troublesome than metallic
impurities. When attempts were made to grow clear crystals with theoretical
density from the purest salts obtainable, the ‘products were made cloudy by
the presence of dense impurities. The first step in the procedure adopted

to produce suitably pure crystals of LiH was the removal of the less volatile
impurities by vacuum distillation of Li metal into a clean thin-walled crucible
made of pure iron. The lid of the crucible containing the freshly distilled

Li was tamped into place and welded to the crucible by induction heating
under vacuum. The crucible was then heated to about 750°C in H2. Further
stages in the preparation of 2 pure single crystal of LiH are illustrated by
the temperature-time curves in Figure 2. At this temperature and 2.7 atm
of pressure, H2 diffused through the thin Fe walls of the crucible, with com-
plete synthesis of pure molten LiH after about a week's exposure to the gas.
Next, with the heat conduction down the crucible support giving a vertical
thermal gradient through the melt of about 30°C/cm, the stabilized power
supplied to the furnace was automatically and slowly reduced to grow a single
crystal. The crystal was then cooled more rapidly under reduced thermal

gradient to room temperature. The approximately 2 in. long and 5/8 in.

diameter single crystal was finally freed by cutting through the thin-walled

- 920 -
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. Fig. 1 Apparatus for the preparation of single crystals of LiH from the
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crucible and then tearing and peeling it away from the crystal,

The purity requirements for some of the measurements are very severe
because very low concentrations of crystal defects are entirely responsible
for the property under observation. In the color-center studies it was found
that centers associated with divalent impurity ions had greater stability than
. those formed in a 'pure' crystal lattice. These impurity centers are re-
sponsible for the predominant absorption bands formed by the irradiation of
crystals containing 0.05 to 0.5 mole % Mg'H' ion at room temperature, but
the effects of such divalent ion impurities are minimized in "pure" crystals
which are more heavily irradiated at low temperatures. Experiments show
that the addition of Mg metal to LiH before crystallization improves the opti-
cal properties and cleavage characteristics of the single crystals prepared
from LiH starting material. As with the alkali halides and other ionic crys-
tals, it was found that aliovalent metallic impurities introduce defects which
are responsible for the low temperature electrical conductivity of LiH in even
the purest crystals. Analyses of the 'puret crystals indicated that the most
important divalent impurity was Mg at 2 to 5 molar ppm and Cu and Fe at
0.5 to 2 molar ppm in both LiH and LiD. From the flotation density meas-
urements it is estimated that the concentrations of nonmetallic impurities,
calculated as oxide, in the purest crystals varied from a few molar ppm up

to 0.1 mole %.

2.2 Measurements on Samples Containing Large Concentrations of LiT

No large single crystals containing more than 5.56 mole % LiT were
prepared, but several small 0.1 to 20 mg crystals containing 40 or 50 mole %
of the tritide were obtained from melts and were adequate for several studies.
Samples near to the minimum size were used to study Li formation in the
salt by observing the intensity and shape of the electronic-spin paramagnetic-

resonance absorption of the metal over a period of 500 days in samples
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stored at 23° and -196°C, Also, density measurements were made to study
the expansion of crystallites stored at -196°C. Densities were computed
from flotation temperature measurements on small crystals immersed in an
inert calibrated liquid which was contained in a sealed quartz tube and stored
under .boiling N between determinations. A similar method was used for
single orystal samples containing 1 to 6% LiT mentioned in the preceding
section, but in that case flotation liquids were chosen so that the measure-
ments could also be made at -80° to -20°C instead of at room temperature
or above. The high sensitivity of the flotation method makes it valuable for
samples which expand at a low rate, but the limited density range obtainable
with a given liquid restricts the period of observation for rapidly expanding
samples and also the utility of the method.

Extensive observations of the expansion of Li hydrides as a function of
LiT content, storage temperature, and age of the material were made on
larger samples of the salt prepared from pressed powder. The material was
prepared as a melt, reacting H2 containing Tz‘With the metal, which was then
cooled and ground. Most of the samples were hot-pressed bars of the ground
salt which were compacted to 95 to 100% of the crystal density at 400°C and
contained 2 to 4 g of material with 20 to 70 mole % LiT in a shape that was
3 x 1/2 x 1/4 in. Small circular markings near the ends of the bars or bar
fragments were used as indices for periodic measurements of length with a
traveling microscope. Volume expansions were computed from observations
of linear growth after first ascertaining the isotropic nature of the expansion
by measuring increases in all three dimensions on many samples. All meas-
urements were made at 23°C although the bars were stored at many tempera-
tures from -22° to 400°C.

The outgassing of the bar samples was observed by periodically pump-

ing the sealed sample containers and measuring the total gas evolved in a
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calibrated volume. Samples of the gas were analyzed on a Consolidated-Nier
mass spectrometer, and the analyses were frequently checked for He content
by burning a portion of the gas in a CuO train with a trap to remove the H2.
A record of the quantities of He3 and the H2 isotopes evolved as a function
of storage time under different conditions of temperature or composition was
obtained. The observations also yielded information on possible leakage of
the sample containers.

After long storage, the presence of radiation-damage products in the
samples was verified by nuclear magnetic-resonance spectroscopy.

Mechanical properties such as bending stress and hardness were studied
as functions of age on some of the bar samples. The bending stress data
were scattered -- largely because of incipient cracks formed during sample
preparation. They indicate a general decrease of strength with storage time.
Hardness data were more easily obtained from the samples, and they show a
consistent increase in hardness with increasing storage time at room temper-
ature. A Rockwell hardness tester using 1/8 and 1/16 in. diameter ball in-
denters under reduced load was used to make the measurements. The ma-
chine was calibrated on a number of samples, and the results were cross-
checked against a Kentron microhardness tester so that all data could be
presented in DPH (or DPN) units, which have a more direct physical meaning,
in terms of kg of force supported by 1 mm2 of the material, than the Rock-
well number values. Other physical changes were observed visually, often
with the aid of a microscope. These included observations of microcleavages
and Li extrusion from surfaces, as well as observations of microscopic frac-

turing and disintegration of samples.
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CHAPTER 3

DISCUSSION OF RESULTS

3.1 Expansion

The expression E = E(xT,t,T) relates the expected dependence of the
volume expansion on three logical variables: concentration of LiT, age, and
storage temperature. The dependence of the expansion on the latter two
variables is the main subject of the illustrations and discussions contained in
the remainder of this paper. It is evident that the dose rate is dependent on
the LiT concentration in the salt. The room temperature expansion of salts
of varied LiT concentrations can be described‘ more simply by combining the
concentration and age parameters into one 'equivalent damage' parameter

represented by t' = th.* Since most of the data are taken from observations

*This relation breaks down after t!' exceeds about 120 effective days with
salts of lower LiT concentrations showing larger total expansions on the

E vs t' plot. If mean temperatures of the more concentrated tritide salts
were raised by radioactive heating -- which must always be considered in
these experiments -- the reverse effect would be expected. The Meffective
damage' formulation describes the production of decay and damage products
by a zero-order mechanism dependent on the dose rate. Higher-order me-
chanisms are obviously involved in the recombination of the damage products
at the differing concentrations in which they are produced in the various
tritides. Thus, the lowered total expansions of the more concentrated LiT
salts, after considerable damage, is not unexpected. After 1 year effective
storage, these variations became small compared to total expansion.
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made on material containing 40 mole % LiT, for simplicity the uncorrected
age has been used in preparing most of the figures.

The general effects of age and temperature on the expansion of Li
hydrides containing 40 mole % LiT are shown by the isotherms plotted in
Figure 3. The isotherms are given for temperatures of -22°, 23°, 650° 75°,
150°, 300° (dashed line), and 400°C and extend to the first 680 days of ex-
pansion. Note that the temperature dependence is very large, affecting both
the magnitude of the expansion and the shape of the curve. The 300°C curve
is particularly notable since it starts at very low values and then rises with
age to cross many of the other expansion isotherms.

Other samples stored at 125°, 200°, and 250°C had short lifetimes due
to the breaking of the samples (discussed in Section 3.3). For clarity these
expansion curves are plotted along with other curves in the 23° to 400°C
storage temperature range in an expanded scale shown in Figure 4. Changes
in the slopes and shapes of the expansion curves as a function of increasing
storage temperature are again quite striking., The data for the incomplete
curve at 150°C were obtained with a different set of samples having a less
well-defined thermal storage history from those used for the 125° to 400°C
curves. The short jagged lines on the 125°, 200°, and 250°C curves indicate
fracture or disintegration of the bar samples. Visual observations and particle-
size determinations made on the residue of some of these disintegrated sam-
ples indicate that the breakup of the material occurred primarily at the grain
boundaries. The mean lifetimes of the bars were probably reduced by a
combination of factors including the extreme brittleness induced in the mate-
rial and the high strain rate to which samples were exposed.

The expansion data obtained from samples stored at lower temperatures
are best illustrated in the scale chosen for Figure 5. These isotherms illus-

trate the relatively minor influence that temperature has on the expansion
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Fig. 3 Expansion isotherms for LiH samples containing 40 mole % LiT stored at the.indicated tem-
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shown as dashed lines.

The variation of the 400°C data and the isotherms obtained at 150° and 300°C are
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Fig. 4 Expansion isotherms of short-lived samples of LiH containing 40 mole
% LiT stored at temperatures above room temperature. The jagged
marks on some of the curves indicate the rupture of a sample.
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isotherms obtained at storage temperatures of -7°C and below as contrasted
to the high sensitivity to storage temperature observed at 23°C and above.
The initial 23°C expansion was linear, and this slope has been extrapolated
as a straight dashed line for comparison to the low temperature curves. The
-196°C (liquid N2) expansion curve was from measurements on the flotation
densities of small crystalline samples rather than from bar samples. The
broken curve labelled approximately 40°C was obtained from pressed pieces

stored at ambient temperature within 2 drybox with poor temperature control.

3.2 Hardness

Hardness results obtained on some samples stored at 23°C as a function
of increasing age are shown in Figure 6. The ordinate is given in absolute
units on the left and in values relative to the unstrained single-crystal hard-
ness on the right. The unstrained single-crystal hardness is indicated by the
dashed line and is drawn as the approximate origin of the curves. The points
and solid curve refer to average values for each sample, whereas the upper
and lower bars and dashed curves refer to the maximum and minimum values,
respectively. Low indenter loadings were required to prevent fracture of the
fragile material at greater ages; this resulted in little penetration of the ma-
terial and in reduced sensitivity. The minimum values were generally the
least reliable for any given sample because of the somewhat porous nature of
the pressed bar samples.

The curves show that the hardness increases to six times the original
value in less than 250 days, but the rate of increase decreases with age.
These results show that the salt, in expanding under the effects of g irradia-
tion, has developed a high degree of stress. Extreme embrittlement of the
aged samples made it impossible to continue the measurements without de-

struction of the samples after 250 days. The incidence of disintegration of
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Fig. 6 Hardness increase observed in LiH samples containing 40 mole %
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by bars associated with the points and by the dashed curves. The
variation of hardness with age and the results of various annealing
experiments are compared to the single-crystal LiH hardness shown
by the dashed line near the bottom of the figure.
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room temperature samples also became appreciable at about this age. The
extra hardness and the brittleness of old samples can be reduced by anneal-
ing the samples for some time at or near the hot-pressing temperature of
400°C. Plastic flow is sufficiently rapid at these temperatures to remove
the internal stresses and the radiation-induced hardness, as indicated by the
three points given in Figure 6 to illustrate annealing effects. In the last
case, the unstrained hardness value was obtained after 5 days at 400°C, but
it was simultaneously observed that the sample expanded 20% in volume to
relieve the stress accumulated during storage of more than 200 days at room
temperature. (The annealing process was observed to be accompanied by a
loss of only 6% of the He3 which had been accumulated in the sample by T
decay and only 2% of the equivalent amount of Li metal which was also pro-
duced. This experiment, along with others, serves to indicate the tenacity
with which the decay products are contained by the salt, even at relatively

high temperatures.)

3.3 Outgassing

The outgassing isotherms obtained from LiT-containing bar samples
stored at temperatures from -22° to 400°C are shown in Figure 7. The ex-
treme range of the gas evolution rates observed as a function of storage
temperature -- from 0.16 cc He3/cc of salt stored at -7°C in 800 days to
65 cc of He3/cc of salt stored for 800 days at 50°C -- makes it difficult to
compare the results on the same graph, but the data are neither so complete
nor so accurate as the expansion data and therefore are not presented here
in so detailed a fashion. The deviations of outgassing curves for certain in-
dividual samples from the average curves, shown in the figure, are frequently
quite extreme, which makes any detailed conclusions drawn from the features

of the averaged curves of dubious value. With respect to the effect of the
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LiT concentration of the salts on the oufgassing rate, it is found that the
data for a given storage temperature (room temperature) can be normalized
by plotting xTV vs th. This fits the He evolution and, to a lesser extent,
the H2 evolution for all but very long storage times, similar to the E vs th
plots used to normalize the expansion data. The data obtained at 300° and
400°C are probably subjected to the additional error of significant diffusion
of He3 through the glass containers.

The first gas obtained from any sample consists primarily of hydrogen
isotopes, some from the reaction of moisture or hydroxide at the surface of
the bar with the salt to form Lizo, and the rest from radiation damage to
the surface and bulk of the sample, Later the gas evolution rate increases
greatly, and He3 becomes the principal component., Again, the initial period
is long for low storage temperatures and much shorter at high temperatures.
The data cannot be explained by any simple model for gas diffusion through
a solid. Too many factors change with age including "effective! gas pressure
and surface area for a given sample. Some of the gas appears to be re-
leased in a sporadic manner, and this is probably related to the microfrac-
turing of the embrittled material produced by radiation damage. Fracturing
of the grains of the salt increases the effective surface area of a given sam-
ple, and this has the effect of reducing the average length of diffusion paths
from the bulk of the crystals to the surfaces.

The disintegration of the bar samples often occurs with considerable
vigor, frequently throwing fragments to all parts of the container, and may
be compared to that of stressed glass Ruperts' drops.* As mentioned in

Section 3.1, for bars stored at temperatures near 200°C, the breakup often

*This may be compared to the breakup of LiF crystals exposed to over

1018 n/cm2 and subjected to over 10% expansion which was observed by
Spaepen(41) and Senio and Tucker,(42)
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occurs between grain fragments of the highly stressed compresses, and the
amount of gas released is .small, The rate of gas evolution often increases
after disintegration -- although usually not as dramatically as shown in
Figure 8. In Figure 8 the expansion and outgassing data obtained from a
single bar sample containing 70 mole % LiT are plotted together for com-
parison. There was a very strong increase in He3 evolution rate after the
bar disintegrated following storage for 654 days at 23°C, but only a slight
increase in gassing rate was noticed in a sample taken 4 days after the
breakup, This is convincing evidence that the He3 left the grain fragments
after the disintegration of the sample. In most cases the onset of strong
He3 evolution occurred after a much greater time interval had elapsed since
disintegration of the sample. Figure 8 also shows that the first marked in-
crease in the rate of gas evolution occurs after the expansion rate reaches
its maximum. The H2>|</He3 ratio* in the evolved gas also drops after the
maximum expansion rate has been passed, thus indicating recombination of

Hz* with Li in the samples, The last two observations are fairly general

for samples stored at 23°C.

3.4 Separated Phases in the Samples

Nuclear-magnetic-resonance (NMR) spectroscopy has been used to dem-
onstrate the presence of He, molecular H2, and metallic Li in heavily dam-

aged pressed samples containing LiT. The He appears as the He3 NMR

(43)

band comparable to that reported for the gas. Molecular H2 shows as a

narrow band in the NMR spectrum of T nuclei of the sample which is super-

imposed on the broad NMR absorption by the H™ ions of the crystal lattice.(44)

*Ho* refers to any combination of H, D, and T. Generally, in this report Hoy
is used also to mean any isotopic composition of hydrogen gas unless speci-
fied otherwise.
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Metallic Li also appears as a narrow Li7 NMR band superimposed upon the
broad NMR absorption by the Lit ions of the sample and displaced by the
characteristic Knight shift for the metal.(45)

Observations were made on two pressed samples of salt weighing from
1.6 to 2 g and containing 40% LiT, which were over 2000 days old and had
been mainly stored at -7° and 28°C, respectively. The sample stored at -7°C
appeared to be in good condition, whereas the sample stored at 23°C had
undergone visible deterioration and rupture. The NMR observations are sum-
marized in Table 2 for these samples in which about 11% of all H™ ions had

been converted to He3 by decay of T during storage.

Table 2. Nuclear-Magnetic-Resonance Observations of Species in Aged
LiH Samples Containing LIT

Comparative Intensity Found

Absorbing  Absorbing Observed Width of - in Sample Stored at
Nucleon Species Characteristic Band ~7°C 23°C
7 +
Li Li ion 10 gauss strong strong
Li metal 0.5 gauss weak strong*
3 -
H H ion 10 gauss strong strong
H2 gas 1-2 gauss not observed fairly strong
3
He He atom 0.4 gauss weak weak**

*Area under Li metal NMR band was comparable to that of the Li+—ion band
in this sample.

**Helium-3 was less readily detected than the other nucleons, but the inten-
gity of the Hed gsignal in this sample was about one-fourth of that found in
the sample stored at -7°C.
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3.5 Precipitation of Li Metal

The electronic-spin paramagnetic-resonance (ESR) observation of Li
metal in small crystals containing 40 to 50 mole % LiT does not give ab-
solute values for the quantity of metal formed because the efficiency of the
detection of this signal is low and is not known accurately., Estimates of
the total amount of Li metal formed were made by intercomparing the inten-
sity of the ESR absorption with expansion and outgassing results according
to the mechanisms presented in Chapter 4. The advantage of the ESR meas-
urements is that they permit us to observe the nucleation and precipitation
of a particular phase, bec Li metal, in the crystalline samples.

Evidence for the nucleation of the metallic Li phase in the LiH+ LiT
crystals is gained from observation of the width of the ESR absorption band.
The newly formed metallic particles induce broadening which results in the
observed maximum in the graph of half-width versus age illustrated in Fig-
ure 9. For a sample containing 40 mole % LiT and stored at 23°C, this
maximum occurs at about 50 days. This maximum is associated with a
rapid rise in the intensity of the ESR absorption, which rises at a maximum
rate that is approximately proportional to the 3/2 power of t.

Subsequent narrowing of the ESR absorption band indicates that the

average particle size increases as the total quantity of precipitated Li metal

also increases, The size of the Li particles is small -- probably about 10 K

diameter on the average. Microscopic examination of some fracture faces in
grains of old material reveals some large sheets or droplets of metallic Li
and lenticular voids (which probably contained gas) up to 40 u in diameter.
These large particles evidently represent a small fraction of the total quan-
tity of precipitated Li metal, and they do not influence the shape of the ESR
absorption band.

Line broadening indicates that still smaller particles of Li metal are
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formed in samples stored under liquid N2 between measurements. Log-log
plots of the growth of the ESR signal for metallic Li with age of two com-
parable samples* stored at different temperatures are given in Figure 10.
The graph indicates that both nucleation and production of metallic Li are
retarded by storage at -196°C. Additional experiments on samples stored
and measured at -196°C indicate that bce Li metal is not formed at this
temperature.

A broader absorption band than that characteristic of the ESR absorp-
tion by bec Li was observed in a sample kept at -196°C. This band bleaches
out at room temperature with a half-life of about an hour and is replaced by
the narrower band characteristic of bee Li. This process is slowly reversed
by long storage at -196°C. A rapid volume expansion also occurs at a com-
parable rate during flotation measurements made above room temperature on
similar LiT-containing samples stored at -196°C. It is assumed that the
broad ESR absorption is caused by a compressed fcc Li metal phase, which
(46)

is observed at low temperature, and that the rapid volume expansion cor-
responds to the room temperature transformation of the fce Li metal to the
bece phase with the corresponding change in the ESR spectrum.

Similar Li metal transformations bhave been observed at higher tem-
peratures in neutron-irradiated LiF. Using X-ray diffraction techniques,
Lambert and Guinier(47) observed the fcc form of Li at room temperature
in samples after neutron irradiation, and they were able to observe the trans-
formation to the bee form of Li after annealing the crystal at 200°C. Kim,

Kaplan, and Bray(48)

observed two Lorentzian-shaped ESR bands in LiF after
intense neutron irradiation at 30°C; the narrow band, characteristic of bee Li

metal, was stable at the highest annealing temperature, but the broader band

*The comparatively high initial Li metal ESR intensities indicated in Figure
10 are caused by incomplete synthesis of the samples.
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had characteristics similar to those of the low temperature ESR band ob-
served in LiH. The higher fec to bece Li metal transformation temperature
observed in 'LiF is probably related to lower cation-vacancy mobility in LiF

compared to LiH as illustrated by the electrical conductivity data.

3.6 Color Centers

Color-center formation in LiH and LiD was studied by the conventional
methods of observing paramagnetic-resonance (ESR) and optical absorption
bands formed by subjecting single crystals to energetic radiations. The
principal effects are the formation of the F* and V* absorption bands, which
are presumed to be the consequence of absorption by centers comparable to
F and V centers in the alkali halides and lesser concentrations of other cen-
ters which effectively broaden the F and V 1 bands. Both bands are bleached
by irradiating the crystal with F light, thus indicating mutual annihilation of
the F and V 1 centers,

Optical absorption spectra of color centers produced in LiH crystals
containing 5.56% LiT during storage at -193°C are illustrated in Figure 11.

A small amount of Li colloid indicated by the initial spectrum was removed
by subsequent exposure to B particles at -193°C. The F (or F*), V*, and 8
bands at 2.4, 3.5, and 4.7 ev, respectively, are the absorption bands attributed
to the primary color centers produced in LiH crystals irradiated at low tem-
peratures. The B8 band lies close to the first fundamental band in LiH, and

it is difficult fo observe unless thin samples are run against equally thin
reference crystals, This was true for the sample whose spectra are repro-
duced in Figure 11. The S band is assumed to be caused by the change in
the absorption characteristics of the ions surrounding the F center, in analogy
with the explanation given for alkali halides. The formation of an M band

after brief warming to room temperature is illustrated by the fourth spectrum
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of LiH containing 5.56% LiT.

Optical absorption by color centers produced at -193°C in a crystal

The growth of the principal F, V*,
and B bands is indicated by the solid curves representing spectra

taken after B exposure for 2.5 hr, 176.2 days, 28.1 days, and 62,4

days, respectively. Brief warining resulted in the formation of the

M band illustrated by the last solid curve.
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in the figure. Subsequent spectra indicated that these M centers were de-
stroyed during storage at -193°C, as had been observed previously; but a

20 hr warming to room temperature at a later time produced the intense Li
colloid band illustrated by the dashed curve, which proved to be stable during
continued storage at -193°C. Another sample which had been exposed to

6 x 1019 B/cc also showed the irreversible transformation of F centers to
fce Li colloid by corresponding changes in the ESR.

Several other centers which are evidently stabilized by impurity ions
have been observed in less pure crystals, particularly after irradiation at
room temperature, The S 1 band at 2,05 ev was observed in many samples
after bleaching and thermal annealing for prolonged periods, and a similar
band was also observed in some impure crystals at 2.3 ev and was called
the 82 band. Two bands seem to depend on the presence of Mg-H ion in
doped crystals. The Mg band at 3.1 ev is probably caused by colloidal Mg.
Another at 2.2 ev is called the Z band and has many properties which are
similar to those of F bands, including the ability to trap another electron
upon optical excitation at -196°C to undergo a Z to Z' transition. The for-
mation of colloidal Li is normally accelerated by the presence of impurities
in LiH, except that the Mg band is formed if large concentrations of MgH2
are present,

In Figure 12, the absorption spectrum produced by low temperature
X irradiation of LiD is compared to those produced by much shorter irradia-
tion times on KCl and LiF. The width of the F* band in LiD is similar to
that of the V* band, whereas the F bands in the halides are much narrower
than the V bands. The energy of the crystalline zero-point vibrations also
increases in the sequence KCl-LiF-LiD, which is the same as the sequence
of the low temperature F-band half-widths. The V bands are all broad and

have their maxima near 3.5 ev, but the V* band in LiD is relatively more
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Fig. 12 Optical absorption of color centers produced in KCl, LiH, and LiF

by low temperature X irradiation as indicated in the figure. The
approximate shapes of the major F and V bands are illustrated in
each case along with the positions of the other bands identified in
the literature,
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