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ABSTRACT

A tritium removal system will be constructed at Pickering
Nuclear Generating station to reduce the adverse effects
of this radioactive hydrogen isotope. This report
summarizes various properties of titanium and zirconium
sponge hydrides which have been selected as suitable
candidates for tritium product immobilization. Equilibrium
pressure-composition-temperature data indicates that both
materials behave suitably to provide a safe, solid form
of tritium storage. Titanium tritide is recommended as
the best choice due to higher dissociation pressures
which can be achieved at equivalent temperatures when
compared to zirconium tritide. Higher dissociation
pressures would result in faster and more efficient recovery
of tritium gas from the immobilized state. It is evident
from the stability of these compounds that their utiliza-
tion as tritides will greatly enhance the integrity of
tritium storage.
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EXECUTIVE SUMMARY

INVESTIGATIONS OF TITANIUM AND ZIRCONIUM HYDRIDES
TO DETERMINE SUITABILITY OF RECOVERABLE TRITIUM

IMMOBILIZATION FOR THE PICKERING TRITIUM REMOVAL SYSTEM

J.O. Noga

Corrosion & Thermal Plant Section
Mechanical Research Department

Various properties of the zirconium-hydrogen and titanium-hydrogen
phase systems were detersined to verify the suitability of these
gettering materials for tritiun immobilization. Both metals were
obtained in commercially available sponge form and found to behave
similarly, when combined with hydrogen and compared to data of the
pure metals as reported in the literature. Hydrogen can be readily
combined with both materials, following a simple preparation
procedure, to any levels up to the formation of the limiting
stoichiometric compound. Zirconium hydrides were verified to be
substantially more stable than titanium hydrides which would result
in more difficult and lees efficient recovery of tritium, if
carried out. Recovery of the tritium would be desirable for
future use in fusion reactor development programs. It is recommended
that titanium be used as the immobilization medium with zirconium
being an alternative candidate if tritide stability constraints
change in the future. The compositions which would be recommended
for use and their respective equilibrium dissociation pressures
are:

In p (torr)

In p (torr) = -

550 + 27.73 for TiH1>10

+25.6 for ZrHi.oo

Using these compositions, slight variations in overall hydrogen
concentrations can be tolerated as these compositions fall into
two phase regions. Various additional work which should be completed
has been noted and it would be beneficial if Research Division
became more involved in full scale process development.
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INVESTIGATIONS OF T7IANI0M AND ZIRCONIUM HYDRIDES
TO DETERMINE SUITABILITY OF RECOVERABLE TRITIUM

IMMOBILIZATION FOR THE PICKERING TRITIUM REMOVAL SYSTEM

1.0 INTRODUCTION

Heavy water (D2O) is used as the primary coolant and moderator
in CANDU-PHW (CANadian Deuterium Uranium-Pressurized Heavy Water)
reactors. Due to neutron activation, deuterium in the heavy water
is partially converted to tritium, the radioactive isotope of
hydrogen. Tritium can represent a radiological hazard owing to
external exposure to the skin and internal exposure by absorption,
inhalation and digestion. Station internal doses can be minimized
by proper maintenance and procedural controls although routine
emissions will still take place (Isles, 1980). A broad program
has been implemented at Ontario Hydro to design, operate and
maintain CANDU reactors to reduce radiation hazards due to tritium.
This program is examining:

1. leak tightness of tritium containing systems
2. improving liquid and vapour recovery
3. improving ventilation
4. improving personnel protection
5. tritium displacement programs
6. removing tritium from heavy water

Reducing the heavy water tritium content would minimize both
station and environmental radiological releases. Without removal,
the reactor moderator tritium concentration would gradually
increase to an equilibrium level of about 65 Ci/kg. Continuous
removal of this tritium is preferable over batch type procedures
as this will allow a desired level to be attained and then
maintained.

In order to maintain tritium concentrations of 3 Ci/kg and 0.1 Ci/kg
in the moderator and PHT (Pressurized Heat Transport) systems of
PNGS (Pickering Nuclear Generating StationsF 'A1 and 'B', approx-
imately 107 Ci/y must be removed. Each station is comprised of
four units with a total design net electrical output of 2032
megawatts. Each reactor unit has 257 m3 and 176 m3 of heavy water
in the moderator and PHT systems respectively. As a gas, the
tritium removed annually would occupy a volume of about 3900 L
CSTP) which at 99% tritium would represent 2600 Ci/L (STP). In
1978, the average tritium concentrations in the moderator and PHT
systems of Pickering NGS 'A' were 16 Ci/kg and 0.5 Ci/kg,
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respectively. The expected tritium concentration when the TRS
(Tritium Removal System} becomes operational in 1985 will be 25
Ci/kg in the moderator. During the first year of operation, it
is expected that approximately 3 x 107 Ci will be removed from
the moderator system. As indicated in Figure 1, the tritium
removal rate will decline until the steady state removal rate of
about 8 x 106 Ci/year is achieved. The product stream using
25 Ci/kg D2O feed will be moderator grade heavy water with
0.28 Ci/kg- The conceptual tritium separation process is a com-
bination of electrolysis and cryogenic distillation as schematically
presented in Figure 2. Final separation process design is still
under consideration and the front end process may change to some-
thing other than electrolysis. The tritium gas product from this
system is expected to be immobilized in the form of a tritide.

In some areas (Huber, 1980), tritiated aqueous effluents are dis-
charged directly into the sea as an inexpensive means of disposal
but this does contribute to environmental tritium levels. Sites
where this is inconvenient and where deep wells do not exist,
alternative techniques which can possibly be used to store and/or
dispose of tritium include:

Ci) storage as gas in metal gas bottles or glass microspheres

Cxi) storage as tritiated water bound in inorganic hydrates
or desiccants

(iii) storage as tritiated water physically contained in drums

(iv) storage as a tritiated organic compound

(v) storage as a metal tritide

In a recent review (McKay, 1979), the relative merits of various
immobilization techniques were evaluated and inorganic hydrates
were rated as being more effective than metal tritides although
it was acknowledged that complete information was unavailable
for both techniques. The major objections against the use of
tritides (zirconium) were the high temperatures (600°C) needed
for preparation, and inhibiting effects of oxygen. As the results
of this work will demonstrate, these objections are not strictly
valid. Zirconium tritide has been acknowledged as a viable means*
of tritium storage (RaiSid, 1980) although considerable research
and development is required. Zirconium and other tritides are
also being considered (DeVan, 1980) as storage and gettering
mediums for the fusion program.

The work conducted to date at Research Division has been preliminary
work, verifying previously reported data and generating new
information to be used in design requirements for the immobiliza-
tion process. It is expected that a decision on a conceptual
immobilization process design will be possible when quantitative
data on the .following parameters of tritide formation are
available:

(1) chemical stability (leach rates, pyrophoricity)

(2J thermal stability

(3) effects of helium production by decay on the tritide structure
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(4) radiation stability

(5) cost and availability of metal

(6) loading capacities to achieve most favourable dissociation
proper!:; es

(7) shape of the getter

(8) pumping speed for hydrogen at various temperatures and
pressures (kinetics of hydride formation)

(9) embrittlement effects and product mechanical properties

(10) impurity gas effects (both active and inert gases)

(11) activation procedure

(12) effects of getter metal impurities

(13) amount of heat evolution during hydriding

(14) cost and availability of process

(15) effect of microstructure on hydriding

This report presents some of the findings which indicate that
zirconium tritide would be an excellent choice to immobilize
tritium for long term storage, with a limited option of recovery
if required. Titanium tritide is an alternative material which
would offer higher dissociation pressures at equivalent tempera-
tures when compared to zirconium tritides.

2.0 EXPERIMENTAL METHOD

The zirconium sponge sample material was obtained from Teledyne
Wah CLang Albany and was described as reactor grade material. The
as-received chemica.l analysis in ppra is given in Table 1 and the
average hardness of the sponge was 124 Brinell. Sponge particles
were randomly sized from -19 inn (-3/4") to +0.833 mm (+20 mesh)
with apparent densities for various sizes ranging as:

-19 + 2.36 mm (-3/4" + 8 mesh) - 2.44±0.0S g/mL

-2.36 + 1.17 mm (-8 + 14 mesh) - 2.15±0.05 g/mL

-1.17 + 0.83 mm (-14 + 20 mesh) - 2.20±0.03 g/mL

The titanium sponge was obtained from Titanium Metals Corporation
of America and was designated as ML-115 grade material. Material
chemistry is given in Table 2 and it is evident that major
impurities of both magnesium and chlorine exist. The variation
in sponge size distribution based on weight was as follows:

+4.70 mm (+4 mesh) = 55.58%

-4-.70 + 2.36 mm C-4+8 mesh) = 30.26%

-2.36 + 1.17 mm (-8+14 mesh) = 10.90%

-1.17 + 0.83 mm (-14+20 mesh) = 1.89%

-0.83 + 0.59 mm (-20+28 mesh) = 0.74%

-0.59 mm (-28 mesh) = 0.63%
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The apparent densities for various titanium sponge particle
sizes were essentially the same, as the following indicates:

+470 mm - 1.04±0.05 g/mL

-4.70 + 2-36 mm - 0.99±0.05 g/mL

-2.36 + 1.17 mm - 1.00±0.05 g/mL

Before using the sponge in the experimental apparatus, a pre-
treatment procedure was used to ensure a clean metal surface was
obtained. The sponge was first rinsed in water, acetone and
alcohol. Following this, the sponge was heated to 900°C in a
vacuum ranging between 1.33 x 10~6 - 1.33 x 10"5 kPa (1 x 10~s -
1 x 10"1* torr). The temperature was gradually increased by
increments of about SO°C to allow time for outgassing while main-
taining these vacuum limits.

The test stand was constructed such tha*-. both pressurized and
vacuum hydriding could be accomplished. All metal components were
constructed using either 316L, 304L or 304 stainless steel
depending on availability. The materials of construction were
chosen to be compatible with tritium in the ever.t that parts of
the stand are converted to tritium use. The system can be pumped
down to better than 1.33 x 10~8 kPa (1 x 10"7 torr) although
conductance limitations limit the vacuum to 1.33 x 10~6 kPa in
some areas. The amount of gas absorbed can be determined volu-
metrically, monitoring flow rates and by measuring weight changes
in a hydrided sample. Control is available such that hydriding
runs can be accomplished at constant pressure or constant flow..
A schematic of the experimental apparatus is presented in Figure
3.

The sponge specimen is contained within a canister which is
inserted into a specimen chamber as shown in Figure 4. The canister
has porous, sintered stainless steel discs to allow gas flow to
the sponge. Temperature measurement of the sample by direct
contact is important in that large discrepancies can arise if the
temperature is measured external to the sample. With this
apparatus,, a thermocouple is inserted directly into the centre of
the sponge mass so that an accurate measurement is made of the
temperature increase due to the exothermic nature of the hydriding
reaction. In order to suppress temperature increases, cooling
coils can be inserted over the area of the specimen chamber con-
taining the sponge. Figures 5 and 6 are photographs of the
furnace tube portion of the apparatus and canister, respectively.

The hydriding stand used is similar to those used in other labora-
tories (Reilly, 1967; Colombo, 1977). With this type of
apparatus, the greatest source of error exists in volume and
transducer calibration although this can be minimized by using
transducers with limited ranges, periodic recalibration and main-
taining constant temperatures in the bulk of the experimental
apparatus. In cases where impurity gases such as helium are intro-
duced, a'Blanket effect can severely inhibit the absorption of
hydrogen (Carlson, 197rO . To overcome this effect, the metal bellows
recirculation pump can be used to circulate the reaction gas.

" 4 ~ 81-368



Equilibrium pressures are measured in the metal system and an
additional glass system is used for small samples in order to
obtain a wide variation in compositions. One technique of
measuring equilibrium pressures involves maintaining a c'.ssired
temperature while gas is either added or withdrawn to a known
volume storage cylinder to change the composition (Reilly, 1970).
Constant composition runs are conducted by changing the sample
temperature and measuring equilibrium pressures. The dead
volume is minimized and sample size is maximized such that at
pressures of interest, the maximum change in sample composition
due to dissociation (or absorption) is 10 ppm of hydrogen.

Standard metallographic techniques, chemical analysis and X-ray
diffraction were used to identify changes in sponge structures
and determine the composition of impurities. The development of
these and other techniques will be essential as a means of product
quality assurance and accountability of tritium. It will be
essential that various analysis and measurement techniques are
recognized and developed in time for use in the TRS. Support
techniques and services for the TRS can be developed in parallel
with a process development program.

3.0 RESULTS AMD DISCUSSION

The results and discussion are divided into four main topics which
must be considered for process design:

1. pretreatment and activation

2. zirconium-hydrogen equilibrium data

3. helium effects on absorption of hydrogen by zirconium

4. titanium-hydrogen equilibrium data

Each topic is concluded with a short section outlining work
presently in progress and planned. In addition, areas where
additional new work may be required are noted where applicable.

A major area of concern which has been investigated and will be
covered in a future report is the formation rate of a hydride.
The particular case of helium as it affects this process property
has been covered for zirconium hydride formation. Oxygen impurity
gas effect on absorption is an additional potential problem which
has been examined to a limited extent. This information will be
essential to determine the time frame required by the immobiliza-
tion process. In parallel with this work, dissociation kinetics
with and without the presence of impurity gases will be conducted.
Data of this type will be used to determine requirements for
recovery of the tritium and effects on the disposal package
during elevated temperature, upset conditions.
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3.1 Pretreatment and Activation

The initial experiments were conducted-to determine the treatment.
required to prepare sponge for hydriding at room temperature.
The objective of this procedure was that it be as simple as
possible such that the number of components within the glove box
remains minimal. At first, zirconium samples were heated as
received at 500-800"C and hydriding attempted with results being
unreliable. The suspected problem was a surface film of either
nitrides or oxides. In addition to unreliable hydriding, a
deposit on cooler sections of the glass apparatus was observed.
These deposits were determined to be low melting impurities (eg,
Mg, Cl, Zn and Pb) vapourized from the sponge and would cause
problems in a long operating tritium immobilization process.
Various degassing procedures were investigated as have been used
by other investigators (Scheele, 1976). The most suitable
technique which was developed for sponge preparation involved
two steps:

1. degassing in vacuum to 950°C, and
2. activation at 525°C.

The first step of the degassing technique used was to heat the
sponge charge, maintained under vacuum by a rotary pump to 100°C
rapidly. The charge was held at this temperature for a minimum
of three hours or until a vacuum of about 1.3 x 10"3 kPa could
be maintained. The vacuum was then increased to 1.3 x 10"8 kPa
using a diffusion pump. Following this, the temperature was
increased in increments of 40-50"C to 950"C while maintaining a
vacuum between 1.3 x 10~6 and 1.3 x 10~5 kPa.

The degassing procedure was carried out in a separate system such
that impurities could be collected in a cold trap before reaching
the diffusion pump. This procedure made subsequent activation
much more reliable and was attributed to dissolution of oxides
and vaporization of adsorbed water and volatile impurities.
Metallography of larger sized zirconium sponge samples indicated
a distinct surface layer as shown in Figure 7a. This surface
layer phenomena is most likely a result of partitioning of oxygen
in two high temperature phases and has been investigated in steam
oxidized zircaloy (Tucker, 1977). At temperatures above the
o-Zr -*• 8-Zr phase transformation temperature for pure zirconium,
the a-Zr phase can be stabilized by oxygen. The interface between
the bulk and surface layer represents the a+B phase region where
a sharp change in oxygen concentration exists. Quantitative
information could not be obtained on the movement of this inter-
face since the degassing procedure was non-isothermal as heating
was dictated by the gas evolution rate.

It can be assumed that without the degassing procedure, volatile
components would be introduced into the vacuum system due to the
high temperatures produced in the sponge during hydriding. These
materials would condense on valve seats and cause increased leak
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rates. Magnesium is a particular problem if allowed to coat
tubing exposed to tritium since it readily forms hydrides.
Degassing of titanium sponge was much more of a problem due to
the higher magnesium and chlorine levels as compared to
zirconium. At a concentration of 4000 ppni magnesium, a typical
2000 g degassing charge would generate about 8 g of magnesium.
Figure 8 shows a metallic, foil-like deposit which was discovered
in the degassing tube after a single degassing procedure.
Chemical analysis revealed the deposit to con-bain 832 gAg Mg
which was present in the form of oxides, chlorides and carbonates
(Chemistry Report CM-942-K, 1981), It is evident that impurities
in sponga could cause serious contamination problems (ie,
tritium retention) and equipment failure. In the apparatus
operated at Research Division, several vacuum gauge failures and
a valve seat replacement were attributed to deposition of
volatile impurities. Titanium sponge in particular will have to
be specified with less than 100 ppm total, low melting temperature
impurities.

Following degassing, the sponge is stored in an air filled
dessicator during which time an oxide film is formed. The activa-
tion procedure causes dissolution of ths oxide into the bulk of
the sponge so that clean zirconium surfaces are available for
hydrogen adsorption and subsequent absorption. Better hydriding
characteristics may also be a result of dissolved oxygen forming
internal second phase precipitates which provide low energy
hydride nucleation sites. Experiments were conducted to determine
the spproximate temperature required to activate zirconium sponge
for hydriding at room temperature. These tests, using small
samples found that temperatures in the range of 500°C-800°C were
sufficient to activate zirconium sponge for room temperature
absorption. The lowest activation temperature found during these
investigations was 480°C based on one hour of exposure at a vacuum
of 1.33 x 10~6 kPa.

Larger sized samples were activated at temperatures near 500°C
(see Figure 24) and stored for various lengths of time to determine
what effect this may have on subsequent hydriding. Table 3
indicates that reformation of the oxide can take place when
zirconium sponge is stored for long periods at room temperature
under inadequate vacuum. Due to their high affinity for oxygen
and other active gases, activated zirconium and titanium act as
pumps for any gases leaking into the system. Titanium sublimation
pumps are a good example of this property in applied use. In
order to prevent surface contamination, storage time must be
minimized (ie, sample number lZr6) or a better vacuum maintained
Cie, sample number 2Zr3) during extends.! storage.

The time, temperature and pressure dependence of activation
indicates that the process likely involves the dissolution of an
oxide, by diffusion into the bulk of the sponge particles. If
the existing oxidizing partial pressure reforms this oxide at a
lower rate, then pure zirconium metal can be expected to form at
various surface regions. Decomposition of the oxide at the
relatively low activation temperatures (~500°C) is thermodynamically
not predicted. The time and pressure effects found clearly
indicate the presence of kinetic factors.
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Activation procedures have been developed for various alloys used
as getters in vacuum tubes (S.A.E.S. Getters S.p.A., 1977) and
more recently as a means of removing hydrogen isotopes from
fusion reactor exhausts (Schoenfeld, 1975). Work for the Tokamak
Fusion Test Reactor (TFTR) has found pumps using a Zr(84%)-Al
alloy suitable for this application (Singleton, 1978). With proper
techniques and handling, release of tritium with these getter
pumps is expected to be insignificant (Biel, 1973). A major concern
with these getter pumps is that they are not operated in a region
where phase changes can cause expansion cracking or embrittlement,
subsequently dislodging getter particles. This requirement allows
operation of the pump enly in the solid solution region of hydrogen
dissolved in the alloy. Saturation of the pump getter takes place
aft-ir a hydrogen content of 5.26 x 10~3 L (STP)/g is attained
(Kindl, 1967). Based on a hydrogen content which produces an
average concentration of ZrH (-1.22 x 10"1 L (STP)/g), approxi-
mately twenty-three times more product weight would be generated
using the pump getter material as compared to zirconium sponge.

The activation process for zirconium alloys is a function of time
and temperature if a minimum vacuum is maintained. This clearly
indicates that the process is diffusion controlled by the oxygen
gcing into the bulk of the sample. At room temperature, an oxide
of thickness 500 1 could be expected to prevent hydrogen permeation
(Smith, 1962). To determine the oxide surface concentration change
during activation, one can use the diffusion equation for a source
of finite thickness on plane initially at zero concentration
(Crank, 1967) :

£ JL (1)

where C = oxygen concentration at surface

Co = initial oxide oxygen concentration

h = oxide thickness

D = oxygen diffusivity in a-Zr

t = time

The value of oxygen diffusivity as a function of temperature in
the range of 290°C to 650°C through a-Zr is given by (Ritchie, 1977):

D = S.6 x 10-2 exp - 4 4 Rg
0 0 cm2,?"1 (2)

where T = temperature (K)

R = gas constant (1.987 cal mol"1 K"1)

Using appropriate values, the surface concentration ratios after
one hour of activation would be:

C/Co = 0.31 at 500°C

= 0.999 at 400°C
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Using dimensionless parameters, Figure 9 presents plots which
indicate the degree of change which, could be expected by varying
temperature and time. The assumptions made in this model are
that the rate controlling step is diffusion of oxygen into the
bulk of the zirconium and that any reformation of the surface
oxide is neglected. If oxygen adsorption was taken into account.,
a term involving pressure and temperature would be added to
equation 1. The rate of adsorption would cause an increase in
concentration C and would be given by a term similar to (Menzel,
197S):

|| = k N (2a)

- Nm 4 exp (- § ) (2b)

where •*— = rate of adsorption of particles per
unit time and surface area

N^ = coverage dependence term

J^ = frequency factor, dependent on pressure

E& = activation energy for chemisorption

Adsorption as described by theoretical equations like 2b are
rarely followed in real systems. For this reason, empirical
equations are often fitted to oxide growth systems. Titanium
oxide at low temperatures has been found to increase in thickness
according to (Fehlner, 1970):

x = c" p t + c1 (2C)

where x = oxide thickness

c"+c' = constants to fit experimental results

p = pressure

t = time

During the initial stages of oxidation, linear kinetics are
followed indicating amount of oxide formed is dependent directly on
time and oxygen pressure. If this experimentally determined
film growth rate is greater than the decrease of h in equation
2, then activation would not take place.

The activation procedure which is now being used for both titanium
and zirconium is heating for one hour at 525°C while maintaining
a minimum vacuum of 1.33 x 10"s kPa.

3.1.1 Work Presently in Progress and Proposed
on Pretreatment and Activation

1. Provide a detailed model of oxide dissolution into titanium.

2. Measure the effectiveness of sponge cleaning by degassing
using Before and after chemical analysis of sponge.
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3. Investigate oxide surface concentration changes on titanium
during heating in vacuum using a surface analysis technique.

3.2 Zirconium-Hydrogen Equilibrium Data

Various thermodynamic quantities can be obtained by measuring
PCT (Pressure-Cpmposition-Temperature) data. Isotherms, as shown
in Figure 10, contain plateau regions where two separate phases
coexist (Beck, 1968). In the plateau region as more hydrogen is
added at constant temperature, an isobaric transformation of the
low hydrogen content phase into the higher hydrogen content phase
takes place. In order to determine enthalpies of formation and
dissociation pressures of potential products, hydrides of average
compositions between ZrHg.4 and ZrH2 were investigated. From
phase diagrams (Hultgren,"1973a), an atomic ratio of 1 Zr:l H
will consist of approximately 81.4% a-Zr and 18.6% a-Zr at room
temperature. In addition, above the eutectoid temperature (~550°C)
a two phase region will persist consisting of 6-Zr and a-Zr. If
pure a-Zr or e-Zr was formed, then dissociation pressures would be
much higher such that a dissociation pressure of less than one
atmosphere at 800°C could not be realized. Extrapolation of
pressure-temperature isochores indicate the following equilibrium
pressures at 800°C and 900°C (Beck, 1968):

66 atomic per cent H in Zr: (900oC) -1.6xlO5 kPa (1.58x103 atm)

(800°C) -4.0x10" kPa (395 atm)

64 atomic per cent H in Zr: (900°C) ~6.1xlO3 kPa (60 atm)

(800°C) -1.3xlO3 kPa (13 atm)

For adsorption to take place, chemisorption must first occur and
on zirconium this apparently does not require activation (Speiser,
1968). Assuming a negligible activation energy for adsorption
and no surface oxide, then diffusion would control absorption
rates. Due to the temperature increase during hydriding and the
short diffusion path in sponge particles, absorption proceeds
readily once initiated at room temperature. Various concentrations
of zirconium-hydrogen were formed to investigate the dissociation
properties of the various phases in this system (Hultgren, 1973a
and Hultgren, 1973b):

Li) alpha phase - hexagonal close-packed
(ii) delta phase - face-centred cubic

(iii) beta phase - body-centred cubic
(iv) epsilon phase - ZrH2 compound with face-centred tetragonal
(vi metastable gamma phase - face-centred tetragonal

Evaluation of the thermodynamic data from PCT data is preceeded
by detailed derivation of the thermodynamic functions. This was
done to avoid any ambiguity as to what the various enthalpies
refer to. Thermodynamic data has often been reported in the
literature without a clear indication of how the value was
obtained. Combined with terminology that varies with authors,
the information can be misleading. All future data will be
reported based on the methodology developed in this report.
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3.2.1 Two Phase Regions of a-Zr -t- a-Zr and B-Zr + o-Zr

The enthalpy of zirconium hydride formation (reverse for decom-
position) in the a-Zr + a-Zr region can be derived using a
reaction formula similar to those discussed for other hydride
systems (Flanagan, 1975; Wicke, 1978):

{Zr + r2rlH]} + %(rh - rZr) H2(g) + ZrHrh (3)

where rn - minimum ratio of H:Zr in a-Zr phase

rzr * maximum ratio of H:Zr in a-Zr phase

[H] » hydrogen in solution of a-Zr phase

With these definitions, the assumptions made are that hydrogen
does not exist in "solid solution" form in the a-Zr phase and the
a-Zr phase has a hydrogen content (rzr[H]} at the phase limit.
Rearranging equation (3) on the basis of one mole of Hz gas
absorbed, one obtains:

(g) * ,^-1^-^H^ (4,<xh - rzr)
 { Z I +

The equilibrium constant for this reaction is given by:

*2 ZrHr
- exp ftp) (5,

where pH » hydrogen pressure

a » activity for subscripted phases

T » temperature

Y = ^h ~ r3r

AF* = standard free energy increase of reaction

If the solid phases are chosen as the standard reference states
with unit activity then the van't Hoff relationship to evaluate
this constant pressure reaction can be written as:

where iH*a^.a * enthalpy change of a-Zr • a-Zr transition per
mole of H2 with solid reactants in standard
reference states (conmonly referred to as the
heat of formation of a-Zr from a-Zr)
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With integration this yields:

p

RT R RT

where AS*o+a • entropy change due to a-Zr+c-Zr transition per
mole of Hz formed and the magnitude is dependent
on pressure units

The assumptions made in this equation are that the hydrogen behaves
as an ideal gas and the enthalpy. (AH*aH.ffL is independent of
temperature.

The integral molar enthalpy of the a-Zr phase (Ha) would be
evaluated by first considering the reaction of pure zirconium with
pure hydrogen. The first step of this formation is the solution
of hydrogen in a-Zr as described by Sieverts' law (Flanagan, 1972):

CHa = S P H ^ (8)

(from % H2tg) + IHJo_Zr)

where S = Sieverts' solubility coefficient

concentration of hydrogen in a-Zr

Expanding the solubility coefficient into exponential form,
general PCT relation can be obtained:

So exp - 5|£L (9)
-̂Ha * P]

where Qsa = relative partial heat of solution per mole
of H atoms in a-Zr

So= Sieverts' pre-exponential factor

Combining values of several investigations (Ells, 1957; Erichson,
1966, Hardie, 1965; Miinzel, 1978), the relative partial heat of solution
can be approximated at -1.35 x 10 cal mol(H)"^ and the pre-
exponential factor, 4.05 cn»3Hz (STP) cm~3Zr MPa"^. These values
can be compared with results (Kearns, 1967) obtained by taking
the arithmetic mean of several investigations (same units as
previous):

CHa = pH * 9.79 exp ^ l 4 0 (cm3H2(STP) cm"
3 Zr) (10)
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Using this value of QBa, the relative partial heat of solution
for one mole of Hz gas to dissolve in a-Zr with a mole fraction
up to and including rgr is about -2.37 x 10* cal raol (H2)"1.
The relative heat of solution can be written as (WcLellan, 1975):

Qsa - •— H O - h E«D (11)

(from ~ Zr + H H2 * ji- CZr+rZrlHjI

- § H(a-Zr) - h H° H 2 (gas) (lla>

(from H H2 * [H])

where Ha = integral molar enthalpy of ct-Zr phase
(per mole of ct-Zr)

E° D - dissociation energy of one mole of H2 molecules

H H(a-Zr) " molar heat of solution of hydrogen in a-Zr
(per mole H)

H O
H 2^ g a s) * standard molar enthalpy of hydrogen gas

Using this methodology with equation 4, AH*a+a is given by:

AH* . 2 H po ! .1 rZr \ ,. ( gZr ) (12)

where H a * integral molar enthalpy of a-Zr phase

It is evident from this equation that the enthalpy of reaction
(or formation of cr-Zr from a-Zr) is equivalent to the enthalpy
of formation for a-Zr if rgr/^h * s very small and terms involved
with this factor can be neglected. This situation can be
expressed as:

form. -
AH = H E°

a~ Z r *h a D

Cfrom -2- Zr + H2 + —
rh rh
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Equilibrium dissociation pressures (desorption) were measured
for a hydrided sponge composition of ZrHi.go with the following
result (after equation 7):

In p H 2 (torr) - - 4'44
ft%

 10" + 25.6 (13)

This relationship, within experimental error, was found to hold to
900"C which possibly means it applies to both the a-Zr + a-Zr and
0-Zr + a-Zr two phase regions. The resultant enthalpy change
for the 6-Zr+a-Zr reaction is -44 400 cal mol (H2) (using
equation 7). Using data (Gulbransen, 1955) from investigations
in the low temperature region, the pressure-temperature relation
in the a-Zr + a-Zr two phase region is approximately given by:

In pH2(torr) = -
 4' 8 3

R^ ^ + 27.1 (14)

(AH*^^ = -44 600 cal mol (Hz)"1, see Page 288, Beck, 1968)

The corresponding relation for the high temperature 8-Zr + a-Zr
two phase region can be obtained from reported data (Beck, 1968)
as: ^

In pH2Ctorr) = -
 5- 0 0

R%
 1 0 + 28.3 (15)

(AH*s_a = -51 400 cal mol (H2)-1, see Page 288, Beck, 1968)

The data as represented by these equations is approximate, but
satisfies engineering design requirements. Exact data points used
to obtain equation 13 are presented in Tables 4 and 5. It should
be noted that some of the low pressure data is invalid due to
dissociation of higher hydrides at low temperatures. Both equations
13 and 15 are plotted on Figure 11 for comparative purposes.

Within experimental error, the enthalpies of reaction (AH*^-^ and
AH*g+a) appear equivalent as might be expected when determined from
equilibrium pressure-temperature data along the a-Zr minimum phase
boundary. To show requirements for this equivalence, one must
first consider the heat of solution for hydrogen up to the maximum
8-Zr composition at any temperature as given by:

QB = ~- H 6 - 3s E«D (16)

(from — Zr + h Hz + — Zr H_ )

where Qg = heat of solution per mole of H atoms in 6-Zr

rg = maximum ratio of H:Zr in 6-Zr phase

Hg * integral molar enthalpy of 6-Zr phase
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The enthlpy change per mole of H2 for the B-Zr •+ a-Zr reaction
would be given by:

<fron uh-r e> Zr He

Equating the two reaction enthalpies (4H*a^.a and AH*g^.CT) given
by equations 12 and 17 and neglecting minor terms, the outcome
obtained is:

If " r 1 <18>
HCT r n

This equality generally does not hold so both reaction enthalpies
cannot be equated:

AH*°*° = hHff" E ° D * A H*B*°
 (19)

Due to the nature of integral molar enthalpies being proportional
to composition, within experimental error, one equation can be used
to predict dissociation pressures from room temperature to 1000°C
at a composition of ZrH, 0 Q. With the dissociation enthalpy of
hydrogen equal to about 104 200 cal(Ks>)-J (Hultgren, 1973b). the
integral molar enthalpy of the a-Zx phase as determined for the
sponge samples is about -9.8 800 cal mol (cr-Zr)"1. This value
was obtained assuming an rn value of 1.33.

3.2.2 X-Ray Identification of Phases in ZrH1.0

During equilibrium partial pressure measurements, an initial spike
in pressure was detested during temperature increase. An example
is shown in Figure 12 and this low temperature release of hydrogen
is probably a result of some e-Zr phase formed during uncontrolled
hydriding. To determine the presence of e-Zr, an attempt at
identification using X-ray diffraction was made. Figure 13 shows
resultant diffraction patterns for Zr sponge as-received, ZrH2.oo
and ZrHi.oo- Tables 6-8 identify the various planes in an attempt
to detect e-Zr in the ZrH^^oo sample. Due to peak broadening,
there was no evidence of e-Zr although y-Zr was detected in ZrHi.oo
as indicated in Table 5. Due to the background noise of the
diffraction technique, e-Zr would not be detected if present in
levels of several per cent.
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3.2.3 Epsilon (e-Zr) Phase

The e-Zr phase was investigated to determine its dissociation
properties and the possibility of identifying it by means of
X-ray analysis. The significance of e-Zr is that during uncon-
trolled reaction of hydrogen with zirconium, it can be expected
to form in varying amounts. As indicated in Figure 14, the
pressure-temperature relationship for e-Zr of composition
ZrH, QQ+0.01 is given by:

1-99-0.02

In p H (torr) - - U111*X 10" + 1-463 x 101 (20)

Using similar derivation as used to obtain equation lla, it can
be shown that the relative partial molar heat of solution of
hydrogen (per gram atom H) is given by:

s i, no R 3 In PHH(e-Zr) - * H Hz (gas) ~ J (21)

Hji(e-Zr) « molar enthalpy of hydrogen in e-Zr

Using this, the relative partial molar heat of solution of hydrogen in
e-Zr(H/Zr=1.99) will approximately be given by -11 130 cal mol(H)-1

(a valua considerably larger of -38 900 cal mol(H)"1 is given bv
Galaktionowa, 1980).

The essential X-ray data is presented in Table 8. The c/a ratio
has been found to change with hydrogen content and for the ZrHj^gg
investigated was found to equal 0.893t{j; jjjjf. This value compares
very well with other data which presently exists (Korst, 1962).

3.2.4 Beta CS-Zr) Phase

Sponge of composition ZrHo.50+0.005 w a s investigated
equilibrium pressure-temperature data is presented in

and the
equilibrium pressure-tempefature'data is presented in Table 10.
The data was plotted as shown in Figure 15 and found to approxi-
mately obey the following relationship:

In p H 2 (torr) = 3 - 6 5 ^ x 1 0* + 1.998 x 101 (22)

(Qg given as -15 400 cal mol(H)"1 by Galaktionowa, 19801

This would suggest that for the temperatures and pressures investigated,
the hydrided sponge may exist in a two phase, a-Zr + B-Zr state since
a value of iH*a_g=-30 000 cai'noKHj)"

1 has been given (Pg 288, Beck^.968

3.2.5 Oxygen Impurity Effects

Oxygen impurities can play an important role in changing phase
relations in the zirconium-hydrogen system (Beck, 1968). It has
been shown that 2 at % O2 can stabilize some alpha phase to levels
of 50 at % H2 at 750°C. Without oxygen contamination, a-Zr only
exists up to hydrogen levels of about 15% at 750°C.
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The data presented in Figure 11 indicates that with oxygen con-
tamination, the stability of Z r H 1 0 0 increases. In other words,
for an equivalent temperature, an*oxygen contaminated hydride
will have a lower dissociation pressure. This effect is particularly
•apparent at higher temperatures as shown by the following data
taken from Tables 4 and 9:

ZrH1.00 "ithout Oz contamination - P = 302.1 torr at 850°C

ZrH1.00 w i t h °2 contamination - P = 213.0 torr at 85CC

An interpretation of the shift as presented in Figure 11 can be
made by assuming a movement in the B-Zr to B-Zr + a-Zr phase
boundary. If this boundary moves to lower hydrogen concentrations,
the B-Zr + o-Zr phase region becomes broader. If the pressure-
temperature relations remain unchanged for the B-Zr phase, the net
effect would be lower dissociation pressures in the B-Zr + a-Zr
phase region. This boundary shift would not be expected to change
heats of solution and formation although this was found when the
present data is compared with tha literature.

3.2.6 Work Presently in Progress and Proposed
on Zirconium-Hydrogen Equilibrium Data

1. Determine reasonable values to use for diffusion reates of
hydrogen and oxygen in zirconium.

2. Expand heats of solution and formation data to different
concentrations of hydrogen in order to determine more
extensive phase relations for the sponge (identify phase extents)..

3. Determine effects of oxygen impurity in the sponge on phase
stability.

4. Determine kinetics of absorption (with impurity gas effects).

5. Determine kinetics of desorption (with impurity gas effects).

3.3 Helium Effects on Absorption of Hydrogen by Zirconium

Although helium is an inert gas, it could cause problems during
absorption of hydrogen by "blanketing" the zirconium. This effect
has been noted in the past ii_ conjunction with uranium storage
beds. To determine the effects of helium, a range of concentrations
was investigated as shown in Figure 16. It is evident that by
increasing the percentage by volume of helium in hydrogen, the
hydriding reaction is substantially reduced. Figure 17 shows the
pressure and temperature change during the hydriding reaction of a
helium free run. There are three distinct reaction segments which
can be identified:

1. initial high uptake of hydrogen controlled by the temperature
increase and sample cracking.

2. gradual reaction decrease controlled by equilibrium partial
pressures as a function of composition and temperature.
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3. low pressure, low temperature diffusion controlled region.

Most of the hydride formation (approximately 80%) takes place
during the first segment. With helium in the system, adsorption
sites on the zirconium are possibly blocked preventing hydrogen
from reacting and raising the temperature. In the latter stages
of absorption (ie, after 3 hours), the reaction rates of helium
inhibited hydriding runs become almost linear. Table 11 summarizes
the results and indicates the inhibited reaction rates are a
function of helium levels. Although the reaction rate is approx-
imated as being linear it is actually decreasing at a slow rate,
most likely a result of the pressure decline which effectively
increases the helium concentration.

From the observed effects, it is apparent that a threshold where
reaction will not take place in a reasonable length of time exists
between 0.25 and 0.50% helium by volume. This threshold may
possibly be increased by gas circulation but it is doubtful. Wh.at
would be increased by gas circulation is the reaction rate in the
linear range. Helium impurity effect during absorption is an
important area of consideration where more extensive work is
warranted.

3.3.1 Work Presently in Progress and Proposed on
Helium Effects on Absorption

1. Extend experimentation to include titanium.

2. Expand data for zirconium to include helium concentrations
between 0.25 and 0.50% by volume.

3. Investigate various gas recirculation rates on the rate of
absorption.

This work will be included in the report which will examine
absorption rate data.

3.4 Titanium-Hydrogen Equilibrium Data

Analysis of the titanium-hydrogen system can be performed using
the equations as developed in Section 3.2. Titanium was found to
react with, hydrogen very readily once activated. There has been
some suggestion that the oxide layer present on non-activated
titanium prevents hydrogen absorption due to a lack of hydrogen
dissociation sites IGalaktionowa, 1980). This is a markedly
different mechanism from the oxide forming a physical barrier to
hydrogen diffusion. The significance of this is that with an
adsorption blocking mechanism, only small amounts of oxygen
impurity would prevent any reaction. On the other hand, slow
penetration through an oxide barrier with hydride formation could
crack the oxide and enhance absorption. Whatever the blocking
mechanism, an activation procedure identical to that used for
zirconium was found to be adequate.

The titanium-hydrogen phase system is similar in structure to
the zirconium-hydrogen system as shown in Figure 25. For titanium-
hydrogen, the eutectoid temperature is slightly lower and the
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range of alpha phase existence above the eutectoid is greater
when compared to zirconium-hydrogen. As evident in Figure 25a,
there are three phases in the titanium-hydrogen system (Mueller,
1968):

(i) alpha phase - hexagonal close-packed
(ii) beta phase - body-centred cubic

(iii) gamma phase - TiH2 compound with face-centred cubic,
flourite type structure

The experimental equilibrium PCT. data is presented in Figures
18-21 and Tables 12-15. Equilibrium relationships for the various
concentrations can be given as:

TiH0.418 tS) ' l n Pttorr> " ~ 2 - R " ° + 18.74 (23)

TiH0.418 t a + e ) " l n P^torr) = - „ " + 15.45 (24)

TiH0.604 t e ) " ^ Pt t o r r> = " J U
R j " U + 19-86 (25)

TiHo.803 (6^ " l n PCto«) = - 3 0
R^0 0 + 21.55 (26)

TiHl>009 (-6+Y) - In p(torr) = - 3 8
R £ S 0 + 27.73 (27)

Using equations 24, 26 and 27 with the formalism which developed
equation 10, the relative partial heat of solution for hydrogen
in B-Ti is given by -30, 180±700 cal mol (H 2)"'. Using equation
25, the heat of formation of 6-Ti from o-Ti is given by:

AH*a+e t T i ) * ~ 2 4 350±700 cal mol (Hz)"1

Similarly from equation 28:

CTi) = -38 500+700 cal mol (Hz)"1

By equating equations 25 and 28, the eutectoid temperature can be
approximated as about 582 K or 309°C. Figure 25a indicates the
eutectoid temperature as being lower than 300°C. In more detailed
studies of the low temperature titanium-hydrogen equilibrium
system (Lenning, 1954), the eutectoid temperature was above 300°C
on the heating cycle and below 300°C on the cooling cycle (see
Page 362, Mueller, 1968). The experimental data used to determine
equations 25 and 28 was obtained on a heating cycle while equilibrium
pressures obtained on cooling cycles were lower indicating a lower
eutectoid temperature.
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The previous thermodynamic data can be compared to that reported
in the literature for pure titanium (Mueller, 1968):

Qs (a-Ti) = -21.6 kcal mole CH2)"1

a g = -25-0 kcal m o l e CH2)"1

Qs (8-Ti) = -27.8 kcal mole CH2)-1

= -40.4 kcal mole (H2)"1

Qs tY-Ti) = -33.0 kcal mole (H.2)"1

3.4.1 Titanium-Hydrogen System Phase Boundaries
and Effects of Impurities

The phase boundaries for the sponge material compared closely to
those reported in the literature as evidenced by comparison of
Figures 22 and 23. For direct comparison, PCT relations for
three temperatures C527, 585 and 629°C) have been plotted from
the literature with the experimental data and agreement is good
for the B-Ti - B-Ti + -y-Ti phase boundary. The significant
difference in the experimental isotherms is the degree of curvature.
This curvature would tend to suggest that the a-Ti + 8-Ti phase
region extends to higher temperatures and pressures than indicated
in Figure 23. The present a-Ti + B-Ti - 8-Ti phase boundary as
indicated in Figure 22 is a preliminary interpolation of the data
available. To properly define its extent and location, additional
work must be conducted from the B-Ti eutectoid composition to
lower hydrogen concentrations.

The extent of increase in the a-Ti + 8-Ti phase region will be
significant in any operation used to remove hydrogen from solution
tie, tritium from immobilized state). For example, if 650°C is
used as the temperature of tritide dissociation, the pressures at
which this isotherm intersects the a-Ti + 6-Ti phase region are
(interpolated values):

experimental system (from Figure 22) - 10 to 15 torr

reported data (from Figure 23) - 4 to 5 torr

As the two phase region is traversed to low concentrations, the
pressure will of course remain constant. A two to four fold
increase in the recovery pressure value at low concentrations will
be significant in decreasing the time for recovery (also pumping
requirements), and the effective recovery efficiencies.

Similar effects to these have been observed for magnesium-reduced
titanium (McQuixlan, 1951) and the titanium-hydrogen-oxygen system
(Hepworth, 1362) and summarized (Mueller, 1968). For the
magnesium reduced titanium-hydrogen system, the phase boundaries
were found to broaden and the a-Ti + 8-Ti phase region increased.
In the oxygen contaminated system, the a-Ti phase was stabilized
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With increasing oxygen content. The a-Ti + S-Ti phase region
broadened with a large decrease in the existence range of the
single phase B-Ti region.

3.4.2 Work Presently in Progress and Proposed
on Titanium-Hydrogen Equilibrium Data

The following work is either in progress or has been completed:

1. Expand X-ray investigations of phases.

2. Determine kinetics of absorption (with impurity gas effects).

3. Determine kinetics of desorption Cwith impurity gas effects).

4. Accurately measure the a-Ti + 6-Ti phase region boundaries.

5. Define best values for hydrogen and oxygen diffusivities
through various phases.

6. Examine isotopic effects on various properties (planned work).

4.0 CONCLUSIONS AMD KECOMMENDATIOHS

The experimental data determined to date suggests that titanium
and zirconium sponge will be ideal choices for immobilization
of tritium. Although they behave similarly to hydrides reported
in the literature, the sponge hydrides do show significant specific
differences. It will be essential to have a complete understanding
of these differences in order to accurately predict their behaviour
during formation and dissociation.

The experimental system presently in use is capable of simulating
potential TRS tritium delivery rates and quantities. This can
provide an ideal opportunity to investigate the immobilization
process on full-sized, potential containers. The need for this
arises from the difficulty in obtaining fundamental kinetic data
which can be scaled to suit any configuration. The hydriding
Cand reverse dissociation) process is a complex reaction dependent
on many variables including:

1. hydrogen flow rates

2. hydride decrepitation

3. exothermic reaction heat rise

4. diffusion of hyd7.-ogen in the hydride

5. sponge configuration

For this reason, it is recommended that full-size, immobilization
containers be constructed and tested at Research Division. The
construction of prototype containers will also provide an
opportunity to conduct various types of tests (such as drop tests)
as required for design considerations other than the immobilization
process.
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It is recommended that investigations to characterize the
properties of titanium and zirconium sponge hydrides continue
through 1982 at levels of funding similar to the present.
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TABLE 1- ZIRCONIUM SPONGE CHEMICAL ANALYSIS (ppm)

(as-received)

Element

0
C
N
Fe
Al
Si
Ta
Ti
Cb
Hf
B
Cd
Co

Concentrat ion

696
50
50
462
52

<25
<X00
<25
50
81

<0.25
<0.25
<10

Element

Cr
Cu
Mg
Mn
MO
Ni
Pb
Sn
V
w
Zn
P
u

Concentration

<50
<25
<30
<25
<25
<35
<50
<25
<25
<50

<100
3
1

TABLE 2 - TITANIUM SPONGE CHEMICAL ANALYSIS (ppm)

(as-received)

Element

N
Fe
C
Cl
Mg
H2O
H
0

Concentration

40
500
100

1500
4000
110
300
680
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TABLE 3

ACTIVATtOH TEMPERATURE ANO STORAGE TIME EFFECTS OH ROOM TEMPERATURE HVDBIDIKG

Sample No.
and Height

1 Zr 1,

92.5

1 Zr 2,

92.5

1 Zr 3,

92.5

1 Zr 5,

92.5

1 Zr 6,

92.5

1 Zr 7,

92.5

1 II 6,

92.5

1 Zr 9,

92.5

2 Zr 2,

131.5

2 Zr 3

131.5

Temperature *
Time of Activation

{•c, hrs)

500, 1

500, 1

550, 1

525, 1

510, 3

510, 1

510, 1

510, 1

525, 1

530, 1

Tine of
Storage After

Activation t Vacuum
(hrs, kPa)

5, 1 x 10"*

30, 1 x 10-*

5, 1 x 10-*

20, 1 x 10-*

18, 1 x 10"*

68, 1 X 10-*

20, 1 x 10-*

30, 1 x lO"11

29, 1 x 10"*

45, 5 x 10"'

Initial t Final
Hydridlng Pressure

(KPa, kPa)

253.5, .4.14

101.4, 82.74

107.4, 0.27

132.4, 0.59

132.4, 1.52

132.4,

132.1, 0.15

132.4, 0.55

1B6.7, 130.9

188.6, 0.62

Outer Canister
Highest

Temperature
CO

177 (side)

32 (top)

63 (top)

83 (side)

64 (top)

98 (side)

—

101 (fide)

92 (side)

38 (side)

98 (side)

Final H/zr
Ratio and
ime to Reach
Ratio, Hin)

1.88, 30

0.084, 80

0.81, 6

1.01, 6

0.99, 2

1.00, 6

1.00, 6

0.23, 6

1.00, 6

Comments

- furnace turned on after
10 minutes with no
effect

- hydriding reaction did
. not start until 210

seconds of Hi exposure

- hydriding reaction did
not start until 20
seconds of Hz exposure

- no noticeable reaction

- nydriding reaction did
not start until 70
seconds of Hi exposure

- hydriding reaction did
not start until 290
seconds of Hi exposure

- after 17 hours H/Zr
ratio was 0.27

- better vacuum allowed
longor storage tine.

- see Figure 24

73
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TABLE 4 - PRESSURE-TEMPERATORE (DESORPTION) DATA FOR
HYDRIDED ZIRCONIUM OF COMPOSITION
H/Zr * 1.00±0.005 (Sample 17Zr5)

Temperature

556
608

651

701

750

800

850

900

| x 1000

1.206

1.135

1.082

1.027

0.978

0.932

0.890

0.853

Pressure
(torr)

0.260

0.930

3.037

11.12

36.17

108.6

302.1

760.0

TABLE 5 - PRESSURE-TEMPERATURE DATA FOR HYDRIDED
ZIRCONIUM OF COMPOSITION

H/Zr * 1.00±0.005 (Sample 28Zr5)

Desorption

Temperature

(°C)

414

511

605

704

804

897

m x 1000
(K-1)

1.455

1.276

1.139

1.024

0.929

0.855

Pressure
(torr)

0.0026

0.0313

0.493

9.230

120.4

722.0

Absorption

Temperature
(°C)

707
803

m x 1000
T(K~1)

1.020

0.929

Pressure
(torr)

12.89

116.7
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TABLE 6

X-RAY DIFFRACTION DATA FOR ALPHA
ZIRCONIUM SPONGE, AS-RECEIVED

hkl

100

?(oxide)

002

101
?(oxide)

102

110

103

112

Intensity Ranking

4

3

2

main peak

6

9

5

8

7

d Spacing

2.796

2.634

2.565

2.457

2.283

1.886

1.615

1.464

1.375

TABLE 7

X-RAY DIFFRACTION DATA FOR HYDRIDED SPONGE
OF AVERAGE COMPOSITION ZrHl.QQ (50.0 at % HYDROGEN)

Possible hkl

111 a-Zr, 111 Y-Zr, 100 o-Zr

002 o-Zr

101 a-Zr, 002 y-Zr

200 a-Zr

200 Y-Zr

102 a-Zr

220 a-Zr, 202 y-Zx

113 Y-Zr, 103 a-Zr

311 a-Zr

222 a-Zr, 311 y-Zx, 112 a-Zr

222 Y-Zr

Intensity Ranking

main peak

7

2

3

12

11

4

8
5

6

9

d Spacing

2.753

2.576

2.457

2.385

2.296

1.890

1.687

1.466

1.439

1.377

1.360
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TABIE 8

X-RAY DIFFRACTION DATA FOR EPSILON ZIRCONIUM
HYDRIDE OF COMPOSITION ZrHi.qg (66.6 at. % HYDROGEN)

hkl

111

200

002

220

202

311

222

113

400

331

420

402

313

204

Intensity Ranking

main peak

2

6

5

4

3

7

8

14

10

11
12

9

13

d Spacing

2.752

2.481

2.217

1.756

1.654

1.481

1.379

1.364

1.243

1.134

1.112

1.086

1.079

1.015

c/a • 0.893 +0.002
-0.001
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TABLE 9 - PRESSORE-TEMPERATURE DATA FOR HYDRIDED ZIRCONIUM OF
COMPOSITION H/Zr » 1.00±0.005 WITH APPROXIMATELY
1.0 ATOMIC % O2 CONTAMINATION (SAMPLE 20Zr5)

Desorption

Temperature

649

700

747

798

850

901

£ x_1000

1.085

1.028

0.980

0.934

0.891

0.852

Pressure
(torr)

2.5

8.2

23.5

75.2

213.0

538.4

Absorption

Temperature

649

702

749

801

845

| x 1000

1.085

1.026

0.979

0.931

0.895

Pressure
(torr)

2.5

9.0

26.6

79.9

194.7

TABLE 10- PRESSURE-TEMPERATURE (DESORPTION} DATA FOR HYDRIDED
ZIRCONIUM OF COMPOSITION H/Zr - 0.50±0.005 (Sample 26Zr5)

Temperature
C°C)

578

662

753

842

933

1 x 1000
T(K-M

1.175

1.070

0.975

0.897

0.829

Pressure
(torr)

0.250

1.412

7.51

29.71

89.90
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TABLE 11

HELIUM EFFECTS OH HYDROGEN-ZIRCONIUM SPONGE REACTION INITIATED AT 25°C

Sample Number
and

Sample Weight(g)

17 Zr 1
177.2±O.O5 g

16 Zr 1
17O.3±O.O5 g

15 Zr 1
175.U±O.O5 g

18 Zr 1
172.7±O.O5 g

Initial Reaction
Pressure (kPa) and

Helium Content
(Volume %)

227.0 ±0.05 kPa
0.25±0.01j!

218.6 ±0.05 kPa
O.5O±O.O1JC

226.6 ±0.05 kPa
l.OOtO.Oljf

225.3 ±0.05 kPa
2.00±0.01*

H/Zr Ratio and
Temperature (°C)
(after 6 min)

O.997±O.OO5
277°C

0.59 ±0.01
103°C

0.39 ±0.01
102°C

0.31 ±0.01
83°C

Total Pressure
(kPa) and H2

Partial Pressure
(kPa)

(after 6 min)

1.21±0.01 kPa
0.70±0.01 kPa

8l(.O ±0.05 kPa
83.0 ±0.05 kPa

125.6 ±0.05 kPa
123.5 ±0.05 kPa

1UU.5 ±0.05 kPa
lli0.lt ±0.05 kPa

H/Zr Ratio and
Time (hr)

1.00±0.01
13 hr

O.85±O.O1
13 hr

O.67±O.O1
13 hr

0.1(8±0.01
13 hr

Reaction Rate in
Linear Range

(mol Hj/mole Zrs)
and

Temperature (°c)

Not applicable

1.50±0.05 x 10"e

5°C

l.O5±O.O5 x 10-6

'5°C

9.07±0.1 x 10-'
8"C

CO



TABLE 12

PRESSURE-TEMPERATURE DATA FOR HYDRIDED TITANIUM OF
COMPOSITION H/Ti • 0.418+0.005 (29.48 atomic %, 0.872 wt%

(Sample 4Ti5)

Deoorption

Temperature
C O

396

405

458

506

553

599

650

701

706

750

776

801

825

851

900

i x 1000
T(K-J)

1.495
1.475
1.368
1.284
1.211
1.147
1.083
1.027
1.001
0.978
0.953
0.931
0.911
0.890
0.853

Pressure
(torr)

5.687xlO~2

7.085xl0~2

2.690X10"1

7.975x10"1

2.610
6.167

15.69
35.47
52.55
74.49

107.8
149.6
200.5
272.0
456.0

Absorption

Temperature
C O

396

405

458

506

553

599

-

701

726

750

776

8 0 1

i x 1000
T(K-X)

1.495
1.475
1.368
1.284
1.211
1.147

—
1.027
1.001
0.978
0.953
0.931

Pressure
(torr)

4.557xlO~2

5.583xlO~2

2.413X10"1

7.082X10*1

2.140
5.644

—

32.25
47.92
68.19
99.2

138.1
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TABLE 13

PRESSURE-TEMPERATURE DATA FOR HYDRIDE TITANIUM
OF COMPOSITION H/Ti = 0 .604±0.005

(37.66 atoaiic %, 1.255 wt %) (Sample 6Ti5)

Desorption

Temperature
(°C)

396

405

458

506

553

597

599

650

651

699

701

721
726

749

770

780

790

810

825

835

850

| x 1000
T(K"1)

1.495

1.475

1.368

1.284

1.211

1.149

1.147

1.083

1.082

1.028

1.027

1.006

1.001

0.979

0.9S9

0.949

0.941

0.923

0.911

0.903

0.891

Pressure
(torr)

5.679xlO~2

6.16xlO"z

3.196X10"1

1.367

3.797

9.666

10.09

26.97

27.33

60.95

63.01

87.88

93.80

133.1

188.2

218.6

247.9

320.3

381.2

425.5

504.4

Absorption

Temperature
(°C)

396

405

458

506

553

-

599
-
651

-

701
-

726

750

770

730

787

810
830

835

i x 1000
T(K-M

1.495

1.475

1.368

1.284

1.211
—

1.147

1.082

—

1.027

—

1.001
0.978

0.959

0.949

0.943

0.923

0.907

0.903

Pressure
(torr)

4.550xl0~2

5.772xlO~2

2.807X10"1

1.092

3.664
—

9.79

—
27.15

—
62.90

—
93.80
135.7

176.7

202.0

228.8

302.9

389.6

415.4
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TABLE 14

PRESSURE-TEMPERATUBE (DESORPTION) DATA POR
HYDRIDED TITANIUM OP COMPOSITION H/Ti - 0.803±0.005

C44.54 atomic %, 1.662 wt %) (Sample 5Ti5)

Temperature

396

405

458

506

553

591

599

650

651

701

726

750

774

776

~ x 1000

1.495

1.475

1.368

1.284

1.211

1.157

1.147

1.083

1.082

1.027

1.001

0.972

0.955

0.953

Pressure
(torr)

0.1603

0.2172

1.306

5.696

17.99

42.42

49.92

131.7

133.2

306.3

452.4

594.0

824.6

832.1
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TABLE 15

PRESSORE-TEMPERATDRE (DESORPTION) DATA FOR
HYDRIDED TITANZDH OF COMPOSITION H/Ti = 1.009±0.005

(50.22 atomic %, 2.079 wt %) (Sample 2Ti5)

Temperature
(°C)

197

289

377

480

506

530

557

582

608

632
657
684

707

732

756

781

809

| x 1000
T(K-M

2.128

1.779

1.538

1.328

1.284

1.245

1.205

1.170

1.135

1.105

1.075

1.045

1.020

0.995

0.972

0,949

0.924

Pressure
(torr)

5.00

27.1

4.7

7.6

16.8

36.8

78.9

159.5

296.2

538.7

1011.0

1750.0

2304.0

2816.0

3347.0

3912.0

4368.0
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FIGURE 5

FURNACE TUBE PORTION OF THE HYDRIDINC APPARATUS

FIGURE 6

CANISTER USED TO CONTAIN SPONGE SAMPLE DURING HYDRIDINC (0.5x)
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FIGURE 7

SURFACE CHANCES AFTER DEGASSING AT 900°C(a)
COMPARED TO AS-RECEIVED (b) ZIRCONIUM SPONGE

(ANODIZED, POLARIZED LIGHT, lOOx)

FIGURE 8

DEGASSING DEPOSIT COLLECTED IN COLD TRAP
FROM 2,000 GRAMS OF TITANIUM SPONGE (0.9x)

1S4706RD



FIGURE 9

CONCENTRATION - DISTANCE CURVES FOR
A FINITE THICKNESS SOURCE DIFFUSING

INTO AN INFINITE MEDIUM WHERE NUMBERS
ON CURVES ARE VALUES OF (Dt/h2) (CRANK, 1967)

152142 RD



woo
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FIGURE 21

EQUILIBRIUM DISSOCIATION PRESSURES
(DESORPTION) OF TiHi.009±0.005
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P-C-T DATA SHOWING PHASE BOUNDARY LOCATIONS
FOR THE TITANIUM-HYDROGEN PHASE SYSTEM
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FIGURE 23

P-C-T DATA FOR THE TITANIUM-HYDROGEN SYSTEM
AS GIVEN IN THE LITERATURE (MUELLER, 1968)
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FIGURE 24
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ACTIVATION PROCEDURE AND COOLING OF Zr SPONGE
(SAMPLE No 2Zr3-131-525)
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FIGURE 25

EQUILIBRIUM PHASE DIAGRAMS OF THE TITANIUM-HYDROGEN
((a) MUELLER, 1968) AND ZIRCONIUM-HYDROGEN ( (b) BECK, 1968) SYSTEMS
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