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CHAPTER 1 INTRODUCTION

1. General Remarks

Titanium and zirconium both possess unique characteristics which fit them for
certain vital applications. Their physico-chemical properties are closely
related, as shown in Table 1[1-6]. Titanium and zirconium metals are now widely
in use, mainly because of their relatively low specific weight but also thanks to
their good corrosion resistance at low temperatures and their reasonably good
mechanical properties. The high strength-to-weight ratio of titanium appeared
useful for aerospace technology, and zirconium found important applications in
nuclear engineering because of its unusually low absorption cross section for
thermal neutrons. As a result, these metals were changed from laboratory
curiosities to commercial articles in a few years' time.

Titanium and zirconium occur widely in the lithosphere. However, the main
obstacle to their widest use has been for many years, and still is, the high price
of production. One of the reasons for this is their great affinity for the
gaseous elements such as oxygen, hydrogen and nitrogen. Oxygen, for example, once
it is dissolved in the lattice, can hardly be reduced to a tolerably low level of
concentration. The solid solutions thus formed have particularly low dissociation
pressures even at a high oxygen concentration. This renders the refining of
titanium and zirconium very difficult. There is no easy way around this obstacle.
Therefore, use of titanium and zirconium in a particular application must be

justified in terms of their unique properties.

2. Titanium and Zirconium as Nuclear Materials and Problems in Their Applications

Titanium shows increasing promise for technological uses in a nuclear fission
reactor. Zirconium and its alloys have been widely adopted for fission reactor
materials. The excellent properties of titanium and zirconium also make them very
attractive for applications in a nuclear fusion reactor.

Oxidative attack of stainless steel cladding in liquid metal fast breeder
reactors (LMFBRs) may limit the life of the fuel pins. Both intergranular and
matrix attacks of the cladding by oxygen and fission products such as cesium,
tellurium and iodine have been identified in post-irradiation examination of mixed
oxide fuels. In light of what is presently known, the key to controlling the
cladding attack is control of the oxygen potential by the insertion of oxygen

getters within the fuel pin[7-9]. Titanium is a prime candidate as an oxygen



getter, because it easily reacts with oxygen and would thereby keep the oxygen
potential below the threshold value considered necessary for the cladding

corrosion. The titanium getter could be plated on the inner surface of the
cladding or on fuel pellets as a circumferential coating. There exists a

possibility of chemical interaction of titanium getter with mixed oxide fuel and
aggressive fission products such as cesjium and tellurium, which may affect fuel
performance. Thermodynamic and kinetic arguments of interaction between titanium
getter and fuel or fission products are required for successful application of
titanium getter concept.

In a tritium burning fusion reactor facility, the largest inventroy of
tritium will be in the fuel cycle. Titaniﬁm is one of materials being considered
for use in the tritium fuel cycle of a fusion reactor[10,11]. ‘For the tritium
storage and handling system, titanium can be used as a getter which recovers
tritium fuel and removes gaseous impurities such as O,;, H;O, CO,;, CO, N; and NHj.
Desirable properties imposed on the material for tritium storage or collection are
that it has a low equilibrium dissociation pressure for tritium and can absorb a
large amount of tritium gas. From the viewpoint of safe tritium handling, it is
desirable that tritium gas absorbed in the material at room temperature and the
gas once collected in it cannot be easily desorbed without heating at high
temperature. Titanium seems to have desirable equilibrium tritium pressure-
temperature characteristics. A principal safety concern relates to hazards of the
accidental exposure of the storage bed to air. Titanium may be less pyrophoric
than uranium which is the most extensively investigated and widely used getter.
For the practical application, knowledge of equilibrium and kinetic properties of
titanium/hydrogen system should be required. Detailed information on infiluence of
gaseous impurities on tritium absorption rate and capacity is also needed.

Zirconium, which has low thermal neutron absorption cross section, high
melting point, high mechanical strength at elevated temperatures, good corrosion
resistance to water and steam and reasonable cost and abundance, is widely used as
cladding and structural materials in both light water reactors(LWRs) and heavy
water reactors(HWRs). The zirconium alloys employed as structural or cladding
material in LWRs and HWRs are the family of Zircaloy. In the family, Zircaloy 2
is employed in BWRs and HWRs, while Zircaloy # is employed in PWRs. However,
there still remain some problems in use of Zircloy cladding under normal and
accidental conditions of LWRs.

In hypothetical LWR accidents, nuclear fuel rods may be subjected to very
high temperatures for periods sufficient to cause severe fuel damage. Extensive
experiments[12-14] from kinetic points of view have therefore been performed
under various postulated conditions to determine the extent of the UO;/Zircaloy

interaction. With regard to the UO,/Zircaloy interaction, the previous results



explain the observed reaction by which UO; is reduced partially to metallic
uranium as long as zirconium is not saturated with oxygen. The phase relations in
the U-Zr-O ternary system are the basis for the sound understanding of the
chemical interaction between LWR fuel and cladding.

The most relevant open questions combined with the release of radiocactive
materials during hypothetical LWR accidents refer to the chernical behavior of the
highly reactive elements iodine, cesium and tellurium[15,16]. The chemical states
of fission products are certain to change in response to their environment and
reaction with core materials. Reviews of the chemistry and transport of/fission
products in LWR containment are usually confined largely to the behavior of iodine
species. However, there are also interesting and important interactions of
tellurium, for example, reaction of tellurium with Zircaloy cladding under various
environmental conditions. The chemical form of tellurium in the containment
conditions is of importance not only for an evaluation of a possible release of
tellurium species, but also because tellurium is a precursor of iodine.

Hydrogen has a deleterious effect on the mechanical properties of zirconium ,
particularly those related to impact, creep and fatigue. Under normal operating
conditions of LWRs, the embrittlement of Zircaloy cladding by hydrogen is usually
attributed to the precipitation of brittle hydride plates[17]. Such precipitation
would obviously be affected by any variation in the solubility of hydrogen in the
¢ phase, and the effect of alloying and impurity elements on this solubility is
therefore of great interest. There has been considerable doubt about the effect
of oxygen impurity on the solubility of hydrogen in the hexagonal alpha zirconium.

One of the major problems arising from the use of nuclear energy is the
disposal of the resultant radioactive wastes such as Zircaloy hull[18]. Since
large amounts of tritium are present in the Zircaloy hulls (about 100 ppm hydrogen
and about 0.03 - 0.10 ppm tritium), the release behavior of tritium during
treatment of Zircaloy hulls must be studied. The goal is to keep the tritium
release as low as possible.

Because of its high affinity for certain nonmetals, zirconium is proposed for
tritium gas storage in a gas inlet system and for tritium gas collection or
containment system which backs up the end stage of the pumping system of fusion
reactor[19]. However, for the evaluation of zirconium, more basic data on
thermodynamics and kinetics of chemical interaction between hydrogen isotope and
zirconium are needed. Impurity effects on the rate of tritium uptake and on the
storage capacity are especially important.

Thus, the demand for reliable thermodynamic and kinetic data concerning
titanium and zirconium is growing rapidly with the increasing need for accurate
information about new or improved nuclear materials for fission and fusion

reactors. The present study attempts to focus on thermodynamic aspects of



problems to clarify the interaction of titanium and zirconium with fuel and
fission products in LWRs and LMFBRs and to elucidate the poisoning effect on

tritium solubility in these metals in fuel cycles of fusion reactors.

3. Related Binary Systems of Titanium and Zirconium

Titanium and zirconium can form binary systems with many elements, the phase
diagrams of which display a variety of complex phase relations. The phase
diagrams of interest are the binary systems of titanium and zirconium with oxygen,
uranium, tellurium and hydrogen. The characteristics of the phase diagrams of the
binary alloys containing titanium or zirconium can be classified simply. The most
important question is whether a given element stabilizes the ¢ phase or the ]
phase. Stabilizing the ¢ phase means that as solute is added, the ¢ - § phase
transition temperature is raised; ﬂ stabilization implies the converse. Oxygen
and tellurium are the ¢ stabilizers, whereas uranium and hydrogen stabilize the B
phase. The features of each binary system are described briefly as follows:

Murray[5] has performed the assessment of the Ti-O binary system covering the
phase equilibria and crystal structures of the condensed phases in the composition
range between pure titanium and TiO,. The assessed Ti-O phase diagram is shown in
Fig. 1. Oxygen has a large solubility in hcp ¢Ti and it stabilizes ¢ phase,
¢t Ti(O), with respect to the high temperature bcc form ﬂ'l"i. Structures of the
monoxides are based on the NaCl structure of the high temperature [TiO form.
Additional structural modifications are identified, which are designated ﬁTiO and
¢t TiO. The stable condensed phase richest in oxygen is rutile TiO,;. Between the
monoxides and TiO, is a series of discrete phases with stoichiometry Ti,O;,-;
where n 2 2, which are called Magneli phases such as Ti;O; and TizOs. The
thermodynamic properties of the titanium oxides have been studied and assessed
extensively[20,21]. However, there is a little information about thermodynamics
of ¢Ti(O) solid solution phase.

Figure 2 is the phase diagram of the Zr-O binary system after Abriata et
al.[22]. This phase diagram is quite similar to the Ti-O binary system, which is
characterized by the hcp terminal solid solution, ¢Zr(O), in which the maximum
solubility of oxygen is 35 at% at 2065°C. The nonstoichiometric compound ZrOg;_,,
where 0 £ x £ 0.44, exists in three crystallographic forms: the low temperature
monoclinic structure, denoted ¢ZrO;,;, the intermediate temperature tetragonal
structure, ﬂZrOz, and the high temperature cubic CaF,; type structure, !ZrO,;, which
melts congruently at x = 0 and 2710°C. The detailed critical assessments of
thermochemical properties of the Zr-O system are given in the literature[20,23].

However, few thermodynamic works were made on the solid solution up to now.



The U-Ti phase diagram assessed by Murray[5] is indicated in Fig. 3. The
compound U,;Ti with a hexagonal structure is stable below 898°C and has a narrow
homogeneity range. The bcc forms of uranium and titanium are completely miscible
as designated by (IU,fTi) in Fig. 3. Experimental measurements have not yet been
performed of thermodynamic properties of the U-Ti binary system. Murray[5] has
estimated the Gibbs energies of the existing phases in the U-Ti system from the
qualitative features of the phase diagram.

The equilibrium phase diagram of U-Zr[2#4] is shown in Fig. 4. The main
feature of this phase diagram is the exsitence of the bcc solid solution (JU,fZr)
with complete mutual solubility above 772°C. Only one intermediate phase §UZr,
with a composition range of about 67 - 73 at%Zr exists in this system. It is
unstable above 617°C. Relatively little thermodynamic data exist for the U-Zr
system. Leibowitz et al.[25] have made an analysis of the U-Zr phase diagram and
estimated thermodynamic functions for all the existing phases.

The Ti-Te binary system appears to bear similarities to the Ti-S and Ti-Se
systems, but has been studied less thoroughly. Several tellurides such as Ti;Te,
TisTe,, TiTe and TiTe, are found to exist. Most of the experimental work for the
binary system was done by X-ray diffraction, however, thermodynamic properties of
some tellurides were evaluated from vapor pressure measurements[26].

For the Zr-Te binary system, Sodeck and his coworkers[27] have performed
isopiestic, thermoanalytical and X-ray studies. There appear many tellurides:
ZrsTey, ZrTe, ZrTe; and ZrTez. The ZrTe,; is likely the most stable telluride in
the binary system. Only for the ZrTe,, thermodynamic measurements have been
carried out by Johnson et al.[28], and the standard enthalpy of formation and the
standard entropy were reported.

Numerous investigators[5,21] have published data on the phase relationships
in the Ti-H binary system. The phase diagram in Fig. 5, which is of the eutectoid
type, was assessed by Murray[5]. There exist two interstitial solid solution
phases of hcp ¢ and bee f, ¢ Ti(H) and pTi(H), which are based on the allotropic
forms of pure titanium. Two hydride phases are $TiH;-., with a fcc structure and
¢TiH, with a tetragonally distorted fcc. The thermodynamic data of the existing
phases were critically reviewed in the literature[5,21].

A considerable amount of work[23,24] has been undertaken to clarify the phase
relationships in the Zr-H binary system. The phase diagram[24] is shown in Fig.

6. The eutectoid reaction occurs at 546°C between the hcp ¢ solid solution phase,
¢Zr(H), and fcc ¢ hydride phase, ¢ZrH,.,, forming a bcc } solid solution phase,
fzr(H). There exists a higher hydride of ¢ZrH, phase with a fct structure.

Thermodynamic properties of the binary system are available in the literature[23].



4, Outline of the Present Study

The significance of phase equilibrium studies for practical applications of
titanium and zirconium to nuclear engineering was stated in the preceding
sections. The following research has been performed on titanium and zirconium:

For the understanding of compatibility between titanium getter and mixed
oxide fuel in LMFBRs, phase equilibria in the U-Ti-O ternary system are studied,
the results of which are described in chapter 2. Phase relationships in the U-Zr-
O ternary system are examined to have knowledge of integrity of Zircaloy cladding
under hypothetical accident conditions of LWRs. Chapter 3 contains the results of
the U-Zr-O ternary equilibria. Also included is thermodynamic analysis on
titanium-oxygen and zirconium-oxygen' solid solutions in chapters 2 and 3.

The Ti-Te-O ternary system is studied to obtain information on chemical
interaction of titanium getter with fission product tellurium in LMFBR fuel pins.
Chapter 4 describes the results of the ternary equilibria and the thermodynamic
stability of titanium tellurides. Phase relations of the Zr-Te-O ternary system
are examined, which are of importance for an analysis of tellurium behavior at
hypothetical accidents of LLWRs. The experimental results and discussion are found
in chapter 5.

With intention of applying titanium and zirconium to tritium storage and
handling systems in fusion reactors, studies on solubilities of hydrogen isotopes
are performed for titanium and zirconium contaminated by oxygen. Chapters 6 and 7
include the experimental results and the statistical thermodynamic analysis for
solubility of hydrogen isotope in titanium and zirconium.

The conclusions drawn from the present study are summarized in chapter 8.
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Table 1 Physico-chemical properties of titanium and zirconiumf!-6].

Property Titanium Zirconium
Atomic number 22 40
Atomic yweight 47.90 91.22
Electronic structure [/\r]}d‘zll»s2 [Kr]4d?5s?
Crystal structure
¢ form HCP HCP
a=0.2951nm a=0.3232nm
c=0.4686nm c=0.5147nm
f form BCC BCC
a=0.332nm a=0.362nm
(1084°C) (867°C)
Density, 25°C (kg/m?) 4510 6510
Melting point (°C) 1670 1852
Heat of fusion (kJ/mol) 15.9 18.8
Heat of vaporization (kJ/mol) 473 601
Transition temperature, ¢~>§ (°C) 882 863
Heat of transition (kJ/mol) 4.14 3.89
Heat capacity (J/mol K) 25.05 25.53
Thermal conductivity,
50°C (W/m °C) 15.4 20.9
Thermal expansion coefficient (/°C)
a axis 9.55x107° 5.64x107°
c axis 10.65x10° ¢ 6.39x107°
Electrical resistivity,
25°C (0 m) 4.20x1077 4.00x10°7
Ultimate tensile strength (N/m?) 5x108 2x108
Young modulus (N/m?) 1.2x1011 7.6x101°
Thermal neutron absorption
cross section (barn) 5.8 0.18
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CHAPTER 2 URANIUM-TITANIUM-OXYGEN TERNARY SYSTEM

1. Introduction

Inner surface corrosion of stainless steel cladding by fission products has
been observed in the post-irradiation examination of several mixed oxide fuel pins
of liquid metal fast breeder reactors (LMFBRs)[1-3]. Reduction or elimination of
such corrosion is desirable to improve the lifetime of fuel pins. One of the
major approaches to reduce the corrosion of cladding is to introduce oxygen buffer
or getter materials into fuel pinsf4-6].

Titanium which has a strong affinity for oxygen is considered to be one of
the candidate getter materials as a cladding corrosion inhibitor. Chemical
interaction of titanium with fuel is of great importance for its practical
application to fuel pins. For a sound understanding of the interaction, it is
required to obtain phase relationships in the U-Ti-O ternary system at elevated
temperatures. Although the thermodynamic properties and the phase diagrams of U-O

and Ti-O binary systems are well known, this is not the case for the U-Ti-O

ternary system.

In the present study, the phase equilibria in the U-Ti-O ternary system have
therefore been examined with the aid of X-ray diffraction analysis. The oxygen
potential over titanium-oxygen solid solution phase was discussed in terms of

results for phase equilibria in the U-Ti-O ternary system.

2. Experimental

Starting materials used in the present study were UO; (reactor grade, O/U
ratio = 2.16), Ti (purity, 99.9 wt%), TiO (purity, 99.9 wt%), Ti,O; (purity, 99.9
wt%) and TiO, (purity, 99.9 wt%) powders. These powders were finely ground and
then mixed in desired proportions. The mixtures were pelletized and heated at
1000°C for 50 - 200 h in a vacuum lower than 10”* Pa. After equilibration, the
sample was rapidly cooled to room temperature.

The heated samples were powdered Ain a glove box filled with dry argon, and
the powdered samples were embedded in glass sample holders for X-ray diffraction
analysis. Diffrac;ion patterns for the samples were obtained at room temperature
with a diffractometer (Rigaku Denki, Geiger flex rad-rA) using Ni-filtered CuK,
radiation. The widths of the divergence and scatter slits were both 1° and that
of the receiving slit was 0.15 mm. A step scanning width at an interval of 20_ =

0.01° and a counting time of 1.0 s were employed. Phases of the reaction products



were identified with X-ray diffraction patterns obtained. The lattice parameters
of the products were evaluated from the collected reflections according to the

Cohen's method[7].

3. Results and Discussion

3.1. Phase equilibria in the U-Ti-O ternary system

Figure 1 shows the results of X-ray diffraction analysis for Ti/UO, (samples
A - V), Ti/TiO/UO,; (samples a - v), TiO/Ti,O03/UO; (samples w - z) and
Tip,O3/TiO,/UO, (samples W - Y) mixtures after heating at 1000°C. It is apparent
from this figure that the type and the number of phases identified are strongly
influenced by the composition of the sample.

Sample A heated at 1000°C was found to consist of UO; and ¢Ti. Four phases
(UO;, ¢Ti, ¢U and U,;Ti) were detected in samples B - L of which titanium contents
ranged from 20 to 72 at%. As an example, the X-ray diffraction pattern for sample
E is indicated in Fig. 2(A). The reaction products for samples M - P were
composed of ¢Ti and U,;Ti, and UO; was not found, as evidenced by Fig. 2(B). The
diffraction analysis for samples Q - U indicated that the reaction products
contained ¢Ti in addition to U,Ti and ﬂTi. Two phases (¢ Ti and ﬂTi) existed in
sample V. The bce §Ti forms a continuous series of substitutional solid solutions
with bcc U above 898°C in the U-Ti binary system[8]. The ¢eU, U,Ti and fTi
detected in the reaction products by X-ray diffraction analysis at room
temperature are considered from the phase diagram of U-Ti system[8] to result from

(YU,fTi) solid solution at 1000°C.

In samples a - e, U,Ti coexisted with ¢Ti, while UO,; was not observed. The
reaction products for the samples f - j were composed of UO,, ¢Ti, ¢U and U,Ti.
In the composition range for samples k - p, UQO, and ¢Ti were identified in the

reaction products. Figure 2(C) shows the typical example of coexisting the two
phases. From the results for samples g - u, it was confirmed that ﬂTiO, of which
the crystal structure is cubic, was involved with UQO, and ¢Ti in the reaction
products. The stable form of TiO in the U-Ti-O ternary system at 1000°C was
cubic, which differed from the low temperature ¢TiO form with a monoclinic
structure. In the reaction products of samples v and w, fTiO was present together
with UO,. This means that the cubic fTiO phase has a range of homogeneity at
1000°C. Higher titanium oxides such as Ti,Oj; (trigonal form), TizOs (monoclinic
form) and TiO,; (Rutile) were formed in samples x - z and W - Y. However, the
ternary oxide UTi,O4 reported in the literature[9] could not be observed in the

present study.



Figure 3 represents the change in the lattice parameters a and ¢ and the
axial ratio c/a of ¢Ti in the reaction products with gross titanium content of the
Ti/UQ,; mixture pellets. The lattice parameters increased from a = 0.2951 nm and c
= 0.4683 nm for the initial Ti powder to the values of a = 0.2960 - 0.2968 nm and
c = 0.4745 - 0.4772 nm for samples T - C. The axial ratio c/a for the ¢Ti was
also larger than that before reaction (1.587). The extent of increase in the
lattice parameters and the axial ratio varied with the composition of the sample,
as shown in Fig. 3. The lattice parameters a and c¢ for sarmples C - L, in which
four phases UO;, ¢Ti, ¢U and U,Ti were detected, were constant within the error in
measurement. The average values of a and ¢ were estimated to be 0.2968 nm and
0.4769 nm, respectively. The c/a ratio of 1.607 was also independent of the
titanium content of the sample. Above 72 at%Ti, the lattice parameters a and c
decreased with increasing titanium content, and the c¢/a ratio dropped from 1.607
to 1.603.

The variation in the lattice parameters a and ¢ and the axial ratio c/a of
¢Ti in samples 'a - r with the titanium content of the Ti/TiO/UO, mixture pellets
is illustrated in Fig. 4. In the composition range of 8%4.3 to 75.0 at%Ti, the
values of a, ¢ and c/a are found from this figure to change with the titanium
content. Samples f - j, in which fouriphases (UO,, ¢Ti, ¢U and U,;Ti) were
identified, showed nearly constant a, ¢ and c/a values, which were close to the
values for Ti/UO; pellets having UO, as one of the reaction products. In the
composition range where the two phases UO, and ¢Ti coexisted, the values of ¢ and
c/a increased with decreasing titanium content, whereas the value of a changed in
a more complicated manner. There is no marked difference in the values of a, c
and c/a between samples q and r.

Heating at 1000°C resulted in a considarable elongation along the ¢ axis and
only a slight change in the a axis of ¢Ti. The lattice parameters of pure
titanium and titanium-oxygen solid solution, ¢t Ti(O), given in the literature[10-

15] are shown in Fig. 5. As can be seen in this figure, dissolution of oxygen

into ¢Ti causes a marked increase in the value of ¢ over the entire range of the
solid solution. The value of a is less affected by the oxygen content but goes
through a maximum at the composition of 25 at%O. The variation in the lattice
spacing of ¢Ti after heating is considered to be closely related to the dissolved
oxygen amount in ¢Ti. Assuming that the sclubility of uranium in ¢Ti(O) is quite
small and that the dissolved uranium has a little effect on the lattice expansion
of ¢Ti(O), the oxygen content of ¢Ti in the reaction products can be estimated by
the value of lattice parameter c. The results of the estimation are represented
in Fig. 6. In this figure, broken line, which was drawn from the literature data
for the Ti-O binary system[10-15], shows the oxygen content dependence of ¢ value

for ¢Ti(O) solid solution. It is obvious from Fig. 6 that the ¢ values of ¢Ti in



samples q and r containing TiO as one of reaction products are in accord with that
of solubility limit about 33 at%O reported for ¢Ti. Therefore, ¢Ti in samples g

and r appears to be saturated with oxygen. For samples p - k, the parameter c was
lower than the reported value for oxygen-saturated ¢Ti(O). The oxygen content of

¢ Ti coexisting with UO,; may be from 24 to 33 at%. In samples C - LL and f - j
which consisted of UO,, ¢Ti, ¢U and U,Ti phases, ¢Ti showed unchanged lattice
parameters and axial ratio. This fact suggests that the ¢Ti has the same oxygen
content. From the ¢ value for the ¢Ti, the oxygen content in the ¢Ti for samples
C - L and f - j was estimated to be about 22 at%O. In the composition range where
no UQO,; was formed, the c values of ¢Ti were smaller than those for samples C - L
and f - j, as can be seen in Fig. 6. In Ti-rich samples a - e and M - T, the ¢Ti
is likely to have various oxygen contents between 13 - 22 at%,

On the other hand, the lattice parameter of UO; in the reaction products was
slightly changed with the sample composition. In the composition range
corresponding to samples B - L and f - j, which contained no titanium oxide as a
reaction product, the parameter was almost constant irrespective of the sample
composition. The mean value was found to be a = 0.5471 nm which is larger than
the lattice parameter of UO,; before reaction (a = 0.5467 nm). The value of 0.5471
nm is in agreement with the published data for stoichiometric UO,[16]. The phase
diagram of U-O binary system[17] shown in Fig. 7 suggests that the lowest O/U
ratio of UO, is 2.00 at 1000°C. This fact is consistent with the X-ray results
for UO; in the present study. Reaction at 1000°C may lead to the decrease in O/U
ratio of UO;. The values of a for UO,; coexisting with titanium oxides such as
TiO, TipO;, TizOs and TiO,; (samples q - z and W - Y) were from 0.5470 to 0.5469
nm, which were also larger than the lattice parameter of UQO, before reaction. The
O/U ratio of the UO,; in these samples may be close to 2.00, but it may be slightly
larger than that of UO; in samples B - L and f - j. It is likely that UO,; in the
reaction products possesses nearly stoichiometric composition and dissolves only a
small amount of titanium.

It was verified from the results of phase identification and lattice
parameter measurement that reduction of UO,; by titanium produced uranium and that
the type and the number of the phases thus formed were dependent upon the
composition of the sample.

Figure 8 shows the isothermal section of the U-Ti-O ternary system at 1000°C
proposed by the present results. There exists a characteristic triangle of UO,; +
¢Ti(O) + (JU,BTi) in the isothermal section (region [ in Fig. 8). Compositions of
UO;, ¢Ti(O) and (JU,fTi) have to be thermodynamically fixed in this three-phase
region. The constancy of the lattice spacing for ¢7Ti and UO, phases in this
region is consistent with the phase rule. The solubility of oxygen in the ¢Ti(O)

may be about 22 at%. Based on the X-ray results the ¢Ti(O) phase is confined a



narrow region close to the Ti-O edge of the isothermal section, as shown in Fig.
8, and uranium enters little into the solution. The UO,; may dissolve a very small
amount of titanium into the solid solution at 1000°C, as can be pfedicted by the
previous study of UQ,;-TiO; pseudobinary system[18]. Though the composition of the
(YU,BTi) solid solution coexisting with UO, and ¢Ti(O) was not determined
precisely, it will contain approximately 25 at%Ti. This solid solution can take a
limited amount of oxygen interstitially into the lattice. The three-phase region

of UO; + ¢Ti(O) + (U,PTi) may be adjacent to two-phase regions of UO, + ¢Ti(O)
(region ), UO, + (7U,ﬂTi) (region [) and ﬂTi(b) + (JU,pTD) (region §). In the
two-phase region of UO,; + ¢Ti(O), the ¢Ti(O) in equilibrium with UO,; possesses an
oxygen content ranging from 22 to 33 at%. The lattice parameters of ¢Ti within
the two-phase region of TTi(O) + (U,$Ti) varied with the composition. The
positions of isoparametric lines across the two-phase region can be set by
evaluation of the lattice spacing of the ¢Ti. The tentative isoparametric lines,
which correspond to tie lines, are indicated in the isothermal section. In the

Ti-O binary system at 1000°C, {Ti with 2 at%O can be in equilibrium with ¢Ti(O)
containing 6 at%O[8]. The conjugate phases of ¢Ti(O) with an oxygen content below
15 at% are likely to be the (TU,ﬂTi) solid solutions having a uranium content of 0
- 15 at%. In the region of UO,;-TiO-TiO;, the four phases stable in the Ti-O
system, narnely ﬂTiO, Tiz O3, TizgOs and TiO,, exist in equilibrium with UO, at
1000°C. The compositions with high oxygen contents are expected to correspond to
three- or two-phase regions which include UO; and one or two titanium oxides.
Strictly speaking, a number of the titanium oxides, so-called Magneli phases with
formula Ti,Oz,-1, exist in the concentration range between TizOs and TiO,[8].
Therefore, the real equilibrium state in the three-phase region of UQO, + TiO, +

TizOs (region [) may have more complex features.
3.2. Thermodynamics of the solid solution phases in the U-Ti-O ternary system

It was recognized that the Ti-UO, section was not pseudobinary. At 1000°C,
titanium containing a small amount of oxygen is not in equilibrium with UO,. The
¢ Ti(O) solid solution with a sufficient oxygen content equilibrates with both uo,
and (JU,fTi). The ¢Ti(O) with an oxygen content above 22 at%Q, which is
significantly lower than the solubility limit of oxygen in ¢Ti(Q), 33 at%O, can be
in two-phase equilibrium with UO,. These experimental findings indicate that
oxygen potentials controlled by the ¢Ti(O) solid solutions determine whether or
not the reaction occurs between UO; and titanium. The key to solve compatibility
problems between titanium getter and fuel is to evaluate the oxygen potential over
tTi(O) solid solutions. Furthermore, the oxygen potential is a crucial factor in

the gettering rate and capacity.



The oxygen potentials AGg, (TiO,) over ¢Ti(O) solid solutions at 1000°C were
reported by several investigators[19-25], as shown in Fig. 9. Unfortunately,
there is a large discrepancy in the oxygen potential 3Gy, (TiO,) over single-phase
region of ¢Ti(O) and the oxygen potential AGOZ (TiO) over two-phase region of
¢Ti(O) + BTiO among these sets of previous data[19-25]. The experimental phase
diagram of the U-Ti-O ternary system provides not only information of stable phase
at a given temperature and composition but also thermodynamic quantities of
present phases such as oxygen potential. The author has therefore tried to
estimate the oxygen potential over ¢Ti(O) as a function of oxygen content from the
isothermal section of the U-Ti-O ternary system experimentally obtained at 1000°C.
The partial thermodynamic quantities of ¢Ti(O) and (YU, Ti) such as oxygen
potentials over the solution and partial molar free energies of titanium and
uranium in the solution must be examined first. These properties were drawn from
the data for the Ti-O and U-Ti binary systems.

For the ¢Ti(O) solid solution phase, the Gibbs-Duhem equation offers the

following relation:
Ny dGr i (TiO,)) + Ng d(1/2 4Ge, (TiOL)) = 0 )

where 4Gr;(TiO,) and AGo, (TiO,) are the partial molar excess free energy of
titanium in ¢Ti(O) and the oxygen potential. The Nrt; and Ng are the titanium and
oxygen contents in ¢Ti(O) in atomic fraction, and so Np; + Ng = 1. Integration of

eq. (1) gives
AG:°(TiO,) = 1/2 | AGg, (TiO,) dxg @

which is called Duhem-Margules equation. In this equation, AG(°(TiO,) is the
integral molar free energy of formation of the ¢Ti(O) per one mole solution and Xg
is the oxygen content in O/Ti atom ratio. The evaluation of the Duhem-Margules
equation is schematicaly illustrated in Fig. 10. The area under the curve in this
figure must be equal to the integral value given above. If one can obtain
concentration dependence of the oxygen potential, the free energy of formation of
¢ Ti(O) can be evaluated from eq. (2).

In the present study, the ACDZ (TiO,) function of Xg Was chosen as a natural

logarithm, as is usually the case in thermodynamics[26-28]:
8Goy (TiO,) = bGp (TIO) + 2 A In (Xo/%0°) (3)

where xg° = 0.493 (solubility limit of oxygen in ¢Ti(O) phase at 1000°C) and A is

a constant irrespective of xg. Consequently, integration along A(_Soz (TiO,) in the



single-phase region leads

AG:°(TiO,) = x0/2 AGoy (TiO) + A (X0 In (Xo/X0®) - Xo)- (4)

If the integration of AGg, (TiO,) is done from xo = O to xp = 1, the following

equation is obtained:

AG°(TiO) = 1/2 4G, (TIO) - A x0° (5)

where AG;°(TiO) is the standard free energy of formation of fTiO. As evidenced by
Fig. 10, the AG;°(TiO) value represented by the broken line is equal to the area
under the oxygen potential curve composed of two sections: single-phase region
and two-phase region. When the value of ACUZ (TiO,) is known at a certain xg and
reliable data of AG°((TiO) are available in the literature, the oxygen potential
ACOZ (TiO,) can be determined as a function of xg.

On the other hand, AG®;(TiO,) is associated with AGr;(TiO,) and AGo, (TiO,) as

follows:

AG® ((Ti0,) = AGr ((TiO,) + x0/2 4Gp, (TiO,). 6)

So, the simple equation concerning the partial molar excess free energy of

titanium in ¢Ti(O) can be derived,

4Gr  (TiO,) = - A Xo. )

If the value of ACT, and AéoZ at a certain content of oxygen in ¢Ti(O) is known, a
complete relation of the oxygen potential with the oxygen content in ¢Ti(O) can be
estimated using egs. (7) and (3).

The bcc solid solution (YU,BTi) indicates complete mutual solubility above
898°C, as mentioned before. Experimental measurements have not yet been made of
thermodynamic properties of this solid solution phase. Recently, Murray[8] has
estimated Gibbs energies of (JU,fTi) phase from the U-Ti binary phase diagram on
the basis of a quasiregular solution model. The excess free energy of the solid

solution phase AGFX*(U,Ti) in J/mol at 1000°C is represented as:

AGEX(U,TI) = yy (1 - yy) O,
0 = 18078 - 2425 (1 -2 Xu) (8)

where yy is the uranium content in atomic fraction and { is so-called the

interaction parameter. From eq. (8), the partial molar excess free energies of



uranium and titanium can be derived as follows:

AGy (U, T) = RT In yy + (1 - yg)? (18078 - 2425 (1 - & yy)),
AGr i (U,Ti) = RT In (1 - yy) + yy? (18078 - 2425 (3 - & yy). (9)

Figure 11 reveals the changes in AGy and AGp; of (JU,fTi) phase at 1000°C
with uranium content yy. Activities of uranium and titanium in the solid solution
phase are derived from the values of AGy and A(_}Ti,_ as shown in Fig. 12. It is
found from these figures that at 1000°C the solution behaves as a nearly regular
solution.

Oxygen potentials AGg, (UO;) over two-phase region of UO, + (YU,BTi) are

approximately expressed by
4Goz (UO,) = AG:°(UO;) - AGy(U,Ti). Qo)

where 8G;°(UQ,) is the standard free energy of formation of UO,. Since AGy(U,Ti)
is given as a function of uranium content yy in eq. (9), variation in AGg, (UO,)
with yy can be obtained, as shown in Fig. 13. From this figure, it is evident

that AGg, (UO,) over two-phase region is not affected by composition of (1U,fTi)
solid solution so much.

The isothermal section of the U-Ti-O ternary system experimentally obtained
at 1000°C indicates the existence of UO,; + ¢Ti(O) + (TU,BTi) region. The triangle
of the three-phase region gives us the uranium content of (JU,fTi) yy = 0.75 and
the oxygen content of ¢Ti(O) xg = 0.282. Assuming that oxygen solubility of
(7U,ﬂT.i) is negligibly small and ¢Ti(O) takes a limited amount of uranium into
solution, equilibria in this three-phase region can be described by the following

reactions:

2 OLeTi(O)] + ULTU,BT] = UO,
Tile TI(O)] = TilQ U, TD].

Since the chemical potentials of uranium, titanium and oxygen are equal at
equilibrium, the relations between the partial molar quantities based on these

reactions are expressed by

4Go, (TiO,) = AG°(UO,) - AGy(U,Ti), and
AGr ((TiO,) = MGy, (U, Ti). an

If eqgs. (&), (5), (7), (99 - (11) and equilibrium conditions xg = 0.282 and

Yy = 0.75 are used, one would need the free energy value of either AGfO(UOZ) or



AG;°(TiO) to determine AGg, (TiO,) as a function of xp. Both values of AG;°(UO,)
and AG:°(TiO) are available in the literature[29-35]. However, §G;°(UO,) has been
extensively assessed by several authors[29-34], and the value appears to be more
reliable than that of AG;°(TiO)[29,30,35]. The standard free energy of formation

of UO, at 1000°C was used for estimating the oxygen potential over (Ti(O), and the
value chosen for calculation was -864.5 kJ/mol from Ackerman's table[32]. Because
AG;°(TiO) value can be also estimated from eqgs. (3) and (5), consistency. between
the obtained value and literature data was checked.

The estimated oxygen potential over ¢Ti(O) solid solution at 1000°C,

ACoz (TiO,), is' shown as a function of oxygen content in Fig. t4. The value of

4Gy, (TIOY) decreased from -845 kJI/mol at Xo = 0.493 to -912 kJ/mol at xg = 0.06 in
the single-phase region. The estimated values of oxygen potentials in the range

of 0.06 - 0.493 O/Ti ratio fell into the scatter of literature datal[19-25]. The
oxygen potential in the two-phase region of ¢Ti(O) + fTiO agreed with the
experimental value reported by Suzuki et al.[22} and the IAEA recommended
value[19]. The standard free energy of formation of fTiO at 1000°C was estimated
to be -430.4 kJ/mol, which was close to the reported values[29,30,35].

It should be noted that all the estimated values of AGq, (TiO,), 4Gg, (TiO) and
AG;°(TiO) were consistent with the previous results. The concentration dependence
of estimated oxygen potential over ¢Ti(O) solid solution therefore seems to be
reliable. Thus, the author demonstrated that the partial thermodynamic quantity
can be evaluated from the ternary phase diagram. Reduction of UO; caused by low
oxygen potentials over ¢Ti(O) forms a metallic uranium alloy. In like manner,
(U,Pu)O,; mixed oxide fuel may not be compatible with ¢Ti(O) at an elevated
temperature, and a (U,Pu,Ti) ternary solution appears to result from the reaction
between them.

Even though the lowest oxygen potential of titanium among candidate
getter/buffer materials such as chromium, vanadium and niobium is attractive for
its practical use in LMFBR fuel pins, the existence of potential compatibility
problems between titanium getter and LMFBR fuel was indicated by the results for
the phase equilibria in the U-Ti-O ternary system at 1000°C corresponding to a
typical surface temperature of the fuel. At the initial stage, drastic reduction
of fuel by titanium getter may bring about metallic uranium alloy because of the
extremely low oxygen potential over ¢Ti(O) solid solution. The occurrence of a
large amount of uranium alloy at the interface between getter and fuel may provide
an adverse effect on fuel performance. From the standpoint of the compatibility,
there will be a great risk in mixing of titanium getter with fuel. I[If titanium
were employed as a getter material, thin coating on fuel pellets or on cladding
rather than bulk metal would be favorable. However, for accurate knowledge of

reaction of mixed oxide fuel (U,Pu)O, with titanium getter, more detailed



information is required on the quaternary system of U-Pu-Ti-O.

4. Conclusions

In order to elucidate interaction of titanium getter with fuel, equilibrium

phase relations in the U-Ti-O ternary system have been studied by X-ray

diffraction technique. The isothermal section at 1000°C was constructed for the

U-Ti-O system. Phase regions including (J/U,}Ti) solid solution occurred between

UO, and titanium at 1000°C. It should be noted that nearly stoichiometric UO,; can

be in equilibrium with ¢Ti(O) solid solutions at an oxygen content between 22 and

33 at% and with the titanium oxides ﬂTiO, TizO3, TisOs and TiO,. Titanium can

reduce UO, and may produce (JU,fTi) alloy until the oxygen content of titanium

reaches about 22 at%.

The oxygen potentials over ¢Ti(QO) at 1000°C were derived from experimental

data of the isothermal section of the U-Ti-O ternary system. The estimated

thermodynamic quantitiés such as oxygen potentials over ¢Ti(O) and standard free

energy of formation of fTiO were in reasonable agreement with the reported values.

It was concluded from the present equilibrium study that there exist

potential problems for compatibility of titanium getter with the fuel. If

titanium were adopted as a corrosion inhibitor, special attention should be paid

to the geometry and placement of the titanium getter in LMFBR {fuel pins.
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reported in the literature[19-25].
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CHAPTER 3 URANIUM-ZIRCONIUM-OXYGEN TERNARY SYSTEM

1. Introduction

In recent years, high temperature interaction between UO,; fuel and Zircaloy
cladding has been studied to elucidate the fuel rod behavior under hypothetical
accident conditions of light water reactors (LWRs). Interfacial reaction of UQO,
with Zircaloy has been extensively investigated from kinetic points of view[1-3],
and several analytical models have been proposed for the reaction[4-6].

For the understanding of the UOQ;/Zircaloy chemical interaction, it is
required to obtain information both on the reaction kinetics and on phase
equilibria in the U-Zr-O ternary system. The UO;/Zircaloy interaction cannot be
explained in terms of a pseudobinary UO,-Zr system, but should be treated as a
ternary reaction in the U-Zr-O system.

Recently, the U-Zr metallic fuel for a liquid metal fast breeder reactor is
being watched with keen notice from the economic viewpoint of fuel recycling
process. Renewed interest in metallic fuel promoted reassessment of
thermodynamics of U-Pu-Zr ternary system[7-10]. Oxygen impurity was found from
the recent research[8] to affect the microstructure of the U-Pu-Zr metallic fuel.
Information on phase equilibria in the U-Zr-O ternary system also help in
evaluating the influence of oxygen impurity on the integrity of the U-Zr metallic
fuel.

The first study of phase relations in the U-Zr-O system has been made by
Saller et al.[11], and Politis[12] has proposed the isothermal sections of this
system at 1000, 1500 and 2000°C. Skokan and his coworkers[13] have performed
thermal analysis on the quasibinary section between UO,; and oxygen-saturated
¢ Zr(0).

In order to interpret the chemical composition of the phases and the sequence
of the reaction zone in the UO,/Zircaloy chemical interaction, further
investigation of phase equilibria is considered to be needed. The purpose of the
present study 1s to clarify whether or not formation of (TU,ﬂZr) phase can be
produced by the reaction of zirconium with UO,; at-high temperatures and to examine
phase regions and boundaries in the U-Zr-O ternary system.

Quantitative knowledge of thermodynamics of ¢Zr(O) solid solution is scant
indeed. This information will lay out interaction patterns of zirconium with
oxide fuels. The author attempted to estimate the partial molar quantities of the

1Zr(O) solid solution from experimental findings of the U-Zr-O ternary system.



2. Experimental

Powders of UO, (reactor grade, O/U ratio = 2.16), Zr (purity, 99.9 wt%) and
ZrQO, (purity, 99.9 wt%) were used as starting materials. These powders were well
ground and then mixed in desired proportions. The mixtures with various
compositions were pelletized. An equilibrium heat treatment of the compact was
made at temperatures of 1000 and 1400°C for periods ranging from 10 to 200 h in a
vacuum below 107*% Pa. After the heat treatment, the sample was rapidly cooled to
room temperature

The heated sample was powdered in a dry argon filled glove box, and phase
identification for the powdered sample was performed by a computer controlled X-
ray diffractometer. The detailed procedure was described in the preceding
chapter. Lattice parameters of the reaction products were evaluated from
reflections according to Cohen's method[14].

Metallographic examination was also made for some of the samples with the aid
of a scanning electron microscope (SEM) and an optical microscope. Compositions
of reaction products were analyzed by means of an energy dispersive X-ray

analyser(EDXA).

3. Results and Discussion

3.1. Phase equilibria in the U-Zr-O ternary system
Figure 1 indicates the phases identified in the X-ray diffraction patterns
for the reaction products in samples A - Y and a - x after heating at 1000°C. It

is obvious from this figure that the number and the type of phases in the reaction
products vary according to the composition of the sample.

Sample A consisted of UO,;, ¢1ZrO; and ¢Zr, though the starting pellet was a
mixture of Zr and UO,;. - There existed two phases of UO; + ¢Zr in sample B. The X-
ray diffraction pattern exhibited that (U coexisted with UO; and ¢Zr in samples C
- J whose zirconium contents ranged from 20 to 66 at%. The typical example of X-
ray diffraction pattern for the samples in which the three phases were detected is
shown in Fig. 2(A). In samples K - U, ¢Zr existed with (U and/or UZr, but no UQO,
was involved, as indicated in Fig. 2(B). Samples V - Y were composed of both ¢
and §Zr. The tU, fZr and UZr, were considered to be the phases produced during
the time interval of cooling process from 1000°C to room temperature. The stable
phase at 1000°C appears to be a (IU,}Zr) solid solution, which may be transformed
to ¢U and/or UZr,.

The reaction products in samples a - f (Zr/ZrO,/UQO; mixture) are quite



similar to those of sampes K - L (Zr/UO; mixture), the diffraction patterns of
which showed no evidence for existence of UQ,. There existed three phases (UO; +
¢U + ¢Zr) in samples g - j. Neither uranium or uranium intermetallic compound was
detected in samples k and 1, as can be seen in Fig. 2(C). Monoclinic ¢ZrO, was
contained in the composition range for samples m - X. ¢ZrO; coexisted with only
UO, in sample x.

Figure 3 shows the change in the lattice parameters a and c and the axial
ratio c/a of hexagonal ¢Zr in the Zr/UO, mixture pellets (samples A - W) with
sample composition in at%Zr. The values of a and ¢ and c/a were larger for ¢Zr in
the heated samples than a = 0.3233 nm and c = 0.5149 nm for the starting Zr
powder. The lattice parameters strongly depended upon sample composition. The
values of a and c are found from Fig. 3 to vary from A to C (2.5 - 20 at%Zr).
However, the lengths of a and c axes scarcely changed with sample composition in
the range of 20 to 66 at%Zr (sample C - J), corresponding to the composition range
where three phases of UO;, ¢Zr and ¢U were detected. The mean values were found
to be a = 0.3246 nm and ¢ = 0.5195 nm for ¢Zr -n samples C - J. For the samples K
_ W above a zirconium content of 68 at%, the a and c values differed from those
for samples C - J. As the zirconium content increased, the value of c
monotonically decreased, while the value of a once increased and went through a
maximum at 75 at%Zr.

The variation in the lattice parameters and the axial ratio of ¢Zr in the
Zr/ZrO,/UO, mixture pellets (samples a - u) with zirconium content of sample is
shown in Fig. 4. The values of a, ¢ and c¢/a varied with zirconium content for the
samples a - f with 84 - 72 at%Zr. In the composition range 70 - 64 at%, a, c and
c/a were independent of sample composition and similar to those for samples C. - J.
As can be seen in Fig. %, the lattice parameters for ¢Zr coexisting with only UO;
(samples k and 1) is likely to be influenced by the zirconium content. For ¢Zr in
samples m - u containing ¢ZrO;, nearly constant values of a = 0.3244 nm and c =
0.5199 nm were obtained.

Reaction at 1000°C resulted in a considerable expansion in the direction of
the ¢ axis and only a slight change in the a axis in ¢Zr. The lattice parameters
of pure zirconium and zirconium-oxygen binary solid solution, tZr(Q), are provided
in the literature [15-19]. As evidenced by Fig. 5, the incorporation of oxygen
atoms into the ¢Zr lattice causes a marked increase in the value of c over the
entire range of solid solubility. The value of a is less affected by the oxygen
content but passes through a pronounced maximum at the composition of 20 at%oO.
The change in the lattice spacing after heating is considered to be closely
related to oxygen dissolution in ¢Zr. The change in the lattice dimension of ¢Zr
offers indication for amount of oxygen dissolved in ¢Zr. On the assumption that

the solubility of uranium in ¢Zr is quite small, the author evaluated the oxygen



content in ¢Zr for various samples from the c value of ¢Zr. The results for the
estimation are shown in Fig. 6. In this figure, the broken line drawn from the
literature datal15-19] for Zr-O binary system indicates the dependence of c value
of ¢Zr on the oxygen content. The c values for samples m - u containing ¢ZrO,
agreed with that of oxygen-saturated ¢Zr. The ¢Zr in these samples is inferred to
dissolve about 29 at%O. The samples k and 1 showed the lower c value, and hence
¢Zr in sample k and 1 contains slightly smaller oxygen content than the solubility
limit. The ¢Zr in samples C - J and g - j consisting of UO;, ¢Zr and (U possesed
almost constant lattice parameters, implying the same oxygen content of ¢Zr. It
is evident from Fig. 6 that the oxygen content in ¢Zr in these samples is about 25
at%. For the samples K - W and a - f in which UO; was not detected, the c values
of 1Zr were smaller than those for the samples C - J and g - j. The ¢Zr in the
samples K - W and a - f appears to have various oxygen contents below 25 at%.

The lattice parameter of UQO, in the reaction products slightly increased from
a = 0.5467 nm for the starting material to a = 0.5470 nm. No marked change in the
a value was observed with sample composition. The value of 0.5470 nm was in
accord with the reported data for stoichiometric UO,[20]. Reaction of UO,; with
zirconium appears to cause reduction in O/U ratio of UoO,.

The Zr/UO, samples F, G, L, Q, U, X and Y heated at 1000°C were examined by
SEM and optical microscope. Figure 7 indicates typical results for SEM
observations. The existence of three phases, UO,, ¢Zr and metallic uranium was
confirmed in samples F and G by metallography, as shown in Fig. 7(A). This is
consistent with the results obtained by X-ray diffraction method. The metallic
region in samples F and G was analyzed by EDXA and found to contain mainly
uranium, > 0.95 U/(U+Zr) atomic fraction. The uranium content in ¢Zr phase in
samples F and G was less than 0.0! U/(U+Zr). Microstructures of samples L and Q
are indicated in Figs. 7(B) and (C). The ¢Zr particles were surrounded by a
metallic phase. The metallic region in sample L had a uranium content of 0.90
U/(U+Zr), which was slightly lower than that of samples F and G. The
microstructure of sample Q was similar to that of sample L, but the uranium
content of metallic region in sample Q (0.36 U/(U+Zr)) was quite different from
sample L. General features in the structure of sample U were almost the same as
sample Q, whereas the needlelike ¢' precipitates were observed in the metallic
region of sample U whose uranium content was 0.09 U/(U+Zr). The U-rich metallic
region for these sample appears to exist as a (YU,fzr) solid solution phase at
1000°C. The EDXA analysis revealed that ¢Zr can exist with (JU,fZr) having
various uranium contents in the range of composition where X-ray analysis showed
no presence of UO; in samples. Figure 7(D) shows a characteristic structure for
Zr-rich samples X and Y. The platelike ¢' precipitates which may be generated in

the course of cooling were found to be formed in prior-fZr matrix. Although ¢Zr



islands were observed in samples L, Q, U and X, they were not detected in sample
Y. Therefore, sample Y seems to comprise a single fzr phase at 1000°C.

The isothermal section of the U-Zr-O ternary system at 1000°C was
reconstructed, based on the present results for Zr/UQ; and Zr/ZrO,;/UO,; reaction
experiments, as shown in Fig. 8. The phase relationships essentially agree with
the results of Saller et al.[11] and Politis[12] indicated in Fig. 9. The
existence of three-phase region of UO, + ¢Zr(O) + (JU,}Zr) (region [ in Fig. 8)
characterizes the isothermal section at 1000°C. The solubility of zirconium in
UO,; may be negligible according to the pseudobinary phase diagram of UQO,-ZrO,
system[21]. The solid solution (JU,fZr) with zirconium content of < 3 at%Zr can
equilibrate with UO,; and ¢Zr(O). In the two-phase region of UO; + 1Zr(O) (region
D, the ¢Zr(O) phase has oxygen contents between 25 and 29 at%. The oxygen-
saturated ¢Zr(O) can be in three-phase equilibrium with monoclinic ¢ZrO, and UO,
(region [). The lattice parameter evaluation of (Zr permits an isoparametric line
to be drawn in the two-phase region of 1Zr(O) + (JU,fZr) (region ). The
tentative isoparametric lines, tie lines, are shown in the isothermal section .

In the Zr-O binary systemn at 1000°C, Bzr phase of 1.6 at%O can be in equilibrium
with ¢Zr(Q) phase of 6 at%O[22]. The conjugate phase of (JU,fZr) solid solution
over a wide zirconium concentration range from 50 to 95 at% appears to be ¢Zr(O)
with an oxygen content of 20 - 25 at%. The compositions of (0U,fzr) in
equilibrium with ¢Zr(O), which were estimated from the isoparametric lines, agreed
with the results obtained by EDXA analysis of Zr/UO, pellets.

The results for X-ray diffraction analysis of mixture pellets of Zr/UQO,
(samples A' - Y'") and Zr/ZrO,/UO, (samples a' - x') heated at 1400°C are given in
Fig. 10. It is apparent from this figure that the type and the number of phases
are strongly dependent upon the composition of sample.

For the Zr/UO, mixture pellets after heating at 1400°C, only the sample A’
was found to contain ZrO; in the reaction products. The X-ray diffraction pattern
for sample B' revealed that two phases of UO, and ¢Zr existed in the reaction
products. The three phases of UQO;, 1Zr and ¢U were detected in the samples C' -
J' with the zirconium content of the samples from 20 to 66 at%, as can be seen in
a X-ray diffraction pattern shown in Fig. 11 (A). The reaction products for the
samples K' - T' were composed of ¢U and/or UZr, in addition to ¢Zr, but UO, was
not detected. Figure 11(B) indicates the mixture of (U, UZr,; and ¢Zr. The
diffraction analysis for the samples U' - Y' provided that the reaction products
consisted of ¢Zr and ﬂZr. The U, ﬂZr and UZr, detected in the reaction products
by X-ray diffraction analysis at room temperature are inferred to result from
(U,BZr) liquid or solid solution at 1400°C.

No formation of UO,; was observed for the samples a' - f', while in the

samples g', h' and i'y, UO,, ¢Zr and (U were detected. The UO, and ¢Zr were



present in the reaction products of samples j' - n', as shown in Fig. 11(C). In

the composition range for samples o' - w', UO;, ¢Zr and ZrO; were. identified in
the reaction products. The X-ray diffraction patterns of samples t' - X'

indicated that tetragonal fZrO, phase was involved in addition to monoclinic

¢tZrO;. The reaction products for sample x' were composed of UQO,, ¢ and ﬂZrOz.
The monoclinic ¢ZrO;,; is presumed from the literature of UO;-Zr0O,[21] and Zr-0O[22]
binary systems to be a transformed phase, and the stable form of ZrO, at 1400°C
seems to be tetragonal.

The dependence of the lattice parameters a and ¢ and the axial ratio c/a of
tZr in the reaction products on the zirconium content of the Zr/UO; mixture pellet
(samples C' - V') is illustrated in Fig. 12. The lattice parameters of ¢Zr in the
reaction products increased from a = 0.3233 nm and ¢ = 0.5149 nm for the starting
Zr powder to the values of a = 0.3252 - 0.3246 nm and ¢ = 0.5176 - 0.5195 nm for
samples C'- V'. The axial ratio c/a of ¢Zr was also larger than that before
reaction, 1.593. The extent of increase in the lattice parameters and the axial
ratio is found from this figure to vary with the composition of sample. The
samples C' - J' in which three phases of UO,;, ¢Zr and ¢U were detected showed
nearly constant values of a = 0.3247 nm and ¢ = 0.519% nm. In this composition
range, the c/a ratio of 1.600 was also independent of the sample composition.
Above 68 at%Zr, the lattice parameter ¢ decreased with increasing zirconium
content, whereas a more complicated change in the a value was observed as the
zirconium content increased. The c¢/a ratio rapidly decreased from 1.600 to 1.593.

Figure 13 represents the variation in the lattice parameters a and ¢ and the
axial ratio c/a of ¢Zr with the zirconium content of the Zr/ZrO,/UQ, mixture
pellet (samples a' - v'). The lattice parameters and the axial ratio changed with
zirconium content in the range of 82 - 72 at% (samples a' - f'). The samples g' -
i' in which three phases of UO,, ¢Zr and ¢U were detected revealed nearly constant
a, ¢ and c/a values, which were close to the data for the Zr/UQ, pellets having
UO, as one of the reaction products. In the composition range where two phases of
UO; and ¢Zr coexisted (samples j' - n'), the lattice parameter ¢ and the c¢/a ratio
increased with decreasing zirconium content, but a value decreased. There is no
marked difference in values of a, ¢ and c¢/a among the samples of o - v with lower
zirconium contents. The mean values of the lattice parameters and axial ratio
were a = 0.3245 nm, ¢ = 0.5200 nm and c¢/a = 1.602.

A considerable- expansion in the direction of ¢ axis and only a slight change
in the a axis in ¢Zr was caused by reaction at 1400°C. This is the same as the
results obtained at 1000°C. Assuming that solubility of uranium in ¢Zr is quite
small and dissolvéd uranium does not affect the lattice expansion of 1Zr,
estimation of oxygen content in zirconium was made from the literature data[l5-19]

for relationship between lattice parameters of ¢Zr and oxygen content. Figure 14



reveals the estimation of oxygen content in ¢Zr from the ¢ value. The lattice
parameter ¢ of ¢Zr in the samples o' - v' containing ZrO; as one of the reaction
products indicated a constant value irrespective of the sample corhposition and was
in accord with that reported for ¢Zr at the solubility limit of about 30 at%O.
Therefore, it can be concluded that in the samples o' - v' ¢Zr with UO,; and ZrO,

may be saturated with oxygen. For the samples C' - J' and g' - i' which consisted
of UO,, ¢Zr and ¢U, the ¢Zr showed nearly constant values, which were lower than
the reported value for oxygen-saturated ¢Zr. This suggests that ¢Zr coexisting

with UO,; and ¢U has a constant oxygen content and may be unsaturated with oxygen.

' can be

From Fig. 14, ¢Zr in the reaction products for samples C' - J' and g' - i
estimated to contain about 25 at%O. However, in the composition range where no
UQO, was identified in the reaction products, the c value of ¢Zr changed with the
zirconium content of sample and were lower than those for the samples C' - J' and
g' - i's The ¢Zr in samples K' - V' and a' - f' appears to have various oxygen
contents below 25 at%O0.

Metallographic examination was carried out for the Zr/UQO, samples of F', G',
L', Q, U, X' and Y' after heating at 1400°C by means of SEM and optical
microscope. Typical results for SEM observation are shown in Fig. 15. The
samples F' and G' in which three phases of UQO;, ¢Zr and ¢U were detected by X-ray
diffraction method were metallographically found to contain UOj;, ¢Zr and metallic
uranium. As evidenced by Fig. 15(A), there exist large ¢Zr particles, and UO,
region locates around ¢Zr particles. The EDXA analysis of the metallic region
exhibited that the U/(U+Zr) ratio of this region was 0.95 - 0.90. From the
morphology of this U-rich phase, it was difficult to know whether at 1400°C this
phase was liquid or not. However, the result for EDXA analysis established that
on the basis of the binary phase diagram of U-Zr system[8,22] the U-rich phase
should be liquid rich in uranium at 1400°C. The uranium content in the ¢Zr
particle was evident from EDXA analysis to be very low and can be estimated to be
below 2 at%. The samples in this composition range seem to contain three phases
of UO,, tZr and liquid at 1400°C. Microstructures of samples L' and Q' are shown
in Figs. 15(B) and (C). In sample L', large ¢Zr particles were surrounded by U-
rich region possessing U/(U+Zr) ratio = 0.53. The micrograph of sample Q' (Fig.
15(C)) indicates that the U-rich region involves needlelike ¢' precipitates. The
U-rich region in sample Q' had a U/(U+Zr) ratio of 0.27. The structure of sample
U' was almost similar to that of sample Q;. The value of U/(U+Zr) for the U-rich
region was 0.08. For these samples, the U-rich region may exist as a (JU,}Zr)
solid solution at 1400°C. In the composition range where no UO, was detected in
the reaction products by X-ray analysis, ¢Zr appears to coexist with (JU,$Zr)
solid solutions with various uranium contents. As can be seen in Fig. 15(D), a

number of platelike ¢' precipitates are formed in prior—ﬂZr matrix. This was a



characteristic structure for Zr-rich samples of X' and Y'. The ¢' precipitates
were introduced during cooling. Since the ¢Zr islands as observed in the samples
L', Q' and U' were not formed, the samples X' and Y' are considered to consist of
fzr single-phase at 1400°C.

Figure 16 exhibits the isothermal section of the U-Zr-O ternary system at
1400° C proposed from the present results for Zr/UO, and Zr/ZrO,/UO,; reaction
experiments. The phase relationships which are different from obtained at lower
temperatures[11,12] are essentially consistent with the results of Politis at
1500°C[12] and Skokan et al. at 1600°C[13] shown in Fig. 17. In the isothermal
section at 1400°C, there exists a characteristic triangle of UO, + 1Zr(O) + L, (L
= liquid) (region [ in Fig. 16). Compositions of UQO;, ¢Zr(O) and liquid have to
be thermodynamically fixed in this three-phase region. Actually, the experimental
results of lattice spacing of ¢Zr in this phase region were in agreement with the
phase rule. The solubility of oxygen and uranium in ¢Zr(O) are 25 at%0O and < 2
at®»l, respectively. The UO; takes little amount of zirconium into solution at
1400°C, as can be predicted by the UO,-ZrO, pseudobinary phase diagram[21].
Although the composition of liquid phase in equilibrium with ¢Zr(O) and UO; was
not determined precisely, it will contain about 10 at%Zr. This three-phase region
may be adjacent to two-phase regions of UO,; + L (region 1), ¢Zr(O) + L (region W),
and UO,; + ¢Zr(O) (region [). In the two-phase region of UO; + ¢Zr(O), the ¢Zr(O)
in equilibrium with UO; possesses the oxygen content ranging from 25 to 30 at%.
Compositions for samples with higher oxygen contents are expected to come into the
three-phase region of UQ,, tetragonal fZrO, and ¢Zr(O). In the two-phase region
of ¢Zr(0O) and (JU,fZr) (region W), the lattice parameters of ¢Zr varied with
composition. The results for X-ray diffraction analysis of ¢Zr in this region
allow us to draw isoparametric lines. The tentative isoparametric lines which
correspond to tie lines are shown in the isothermal section. In the Zr-O binary
system at 14#00°C, fZr with 6 at%O can equilibrate with 14 at%0O (Zr(0)[22]. The
conjugate phase of ¢Zr(O) with an oxygen content around 15 at% is likely to be a
(YU,BZr) solid solution with a limited zirconium concentration range of 0 - 10
at%. The compositions of (YU,fZr) in equilibrium with ¢Zr(Q) estimated from the
isoparametric lines agreed with the results obtained by EDXA analysis of Zr/UQO,
mixture pellets.

The isothermal section at 1400°C differs from that at 1000°C in that two
additional phase regions, namely the regions designated as [, 1 in Fig. 16, appear
in the former.

Hofmann and Politis[1] have attempted to explain the formation of the
observed sequence resulting from the reaction between UQ,; and Zircaloy 4 using the
isothermal section at 1500°C, which is essentially similar to that at 1400°C (Fig.

16). They assumed that the diffusion path was the straight line connecting UO;



with Zr. In contrast to this model, a rather complicated diffusion path was
adopted in the theoretical model proposed by Olander[5] and he could explain the
experimental results of Hofmann and Politis[1] at 1500°C. However, Olander's
analysis is restricted to 1500°C. The isothermal section at 1500°C is different
from that at IOOO°C, and the line between UQO,; and Zr crosses two additional phase
regions at 1500°C. Therefore, the models of Hofmann and Politis[1] and Olander[5]
are no longer valid without taking the existence of these two regions into
consideration. However, the reaction zone consisting of three different layers

does develop in the reaction between UO,; and Zircaloy 4 at 1000°C where the above
mentioned two: regions do not appear, as can be seen in Fig. 8. Furthermore, the
previous results for the U-Zr-O ternary system seem not to be valid in the
locations of phase boundaries and compositions of existing phases. Therefore, the
UOQ,/Zircaloy reaction should be analyzed in terms of a model applicable to the
experimental results over a wide range of temperatures, and accurate information
on the phase relationships in the U-Zr-O system at the relevant temperatures is

required.

3.2. Thermodynamics of the solid and liquid solution phases in the U-Zr-O ternary

system

It is of particular interest to note that at both 1000 and 1400°C UO, cannot
equilibrate with a ¢Zr(O) solid solution with an oxygen content below 25 at%. In
other words, zirconium can reduce UQO, and may produce solid or liquid uranium as
long as the oxygen content of zirconium is less than 25 at%. The hexagonal ¢Zr(O)
phase may play an important role in interaction between zirconium and UQO,;. The
oxygen potential over a ¢Zr(O) solid solution is a dominant factor governing
whether the interaction occurs or not. Thermodynamics concerning the ¢Zr(O) solid
solution may help in evaluating not only the Zr/UO,; interaction but also the
reactivity of U-Zr metallic fuel towards oxygen gas.

The phase diagram of Zr-O binary system was well established and the phase
boundary between ¢Zr(O) and ZrO, was precisely determined. However, a small
number of thermodynamic studies have been performed on the ¢Zr(O) solid solution.
Kubaschewski et al.[23] using a transfer method of oxygen in solid state have
measured the composition of ¢Zr(O) solution in equilibrium with Ca/CaO, Mg/MgO and
Ba/BaO only at 1000°C. The oxygen potential over ¢Zr(O) has been determined by
Komarek et al.[24] using the same method in the range of 800 - 1000°C. The data
sets of oxygen potentials previously reported for 1Zr(O)[23-25] are shown in Fig.

18. The author's interest has been sparked by a large discrepancy in the oxygen
potential of ¢Zr(O) between the literature data sets[23-25], as indicated in Fig.

18. In the preceding chapter, the author demonstrated the possibility of deducing



the oxygen potential over ¢Ti(O) from the experimental phase diagram. This method
is also applicable to the analysis of oxygen potential over ¢Zr(O).

In order to evaluate the oxygen potential, it is necessary to know the
relationship between oxygen potential and oxygen content in zirconium. The
following expression is presumed to hold between oxygen potential AGUZ (ZrO,) and

oxygen content xg in ¢Zr(O):

4Go, (ZrO,) = 4Goy (ZrO3) + 2 A In(xg/x0®) ()

where 4Go, (ZrO,;) is the oxygen potential in the two-gitase region of ¢Zr(O) + ZrO,
and xp® is the solubility limit of oxygen in ¢Zr(O) (xg® = 0.410 O/Zr at 1000°C
and xo° = 0.439 O/Zr at 1400°C). In this equation, A is a temperature dependent
constant, but independent of xXg. The graphical method which was the same manner
as ¢Ti(O) was employed to determine integral values from partial quantities.

Figure 19 represents the development of the oxygen potential as a function of the
oxygen content in zirconium. As shown in this figure, the ACOz curve has two
portions. In the single-phase region of 1Zr(0O), AGy, varies with X, up to the
solubility limit, however, AGp, is constant in the two-phase region. Integrating

of AGg, (ZrO,) in the single-phase region,

AG:°(ZrO,) = x0/2 4Goz (ZrO,) + A (X0 In(xo/x0°) - Xo) 2)

is obtained, where AG;°(ZrO,) is the standard free energy of formation of ¢Zr(O).

By integration up to xg = 2, equation (1) becomes

AG:°(ZrO,) = 0Go, (ZrO,) - A xg°. (3)

In this equation, §G;°(ZrO;) is the standard free energy of formation of ZrO,.

The AG(O(ZrOX) is expressed as the other form:

0G°(2Zr0,) = 062, (ZrO,) + x0/2 4G, (Zro,) (%)

where AG;.(ZrO,) is the partial molar excess free energy of zirconium in ¢Zr(O).

Substitution of egs. (1) and (2) into (#) gives
AGz.(ZrO,) = - A xg. (5)
There are several methods to determine the ACOZ (ZrO,) as a function of xgy using

the above equations. If AGz.(ZrO,) and ACOZ (ZrO,) are known at a specific value

of Xp, we can determine the values of A and AGg, (ZrO;) in eq. (). This method



also allows us to estimate AG;°(ZrO,). In the case that reliable AG;:°(ZrO,) value
is available, we would need the oxygen potential at a certain xg to evaluate A
value. .

Little thermodynamic data exist for high temperature phases in the U-Zr
binary system such as (YU,fZr) solid solution and liquid. Fedorov et al.[26,27]
have reported EMF data for (JU,§Zr) solution at temperatures of 760 - 911°C, and
thermodynamic properties were obtained by high temperature mass spectrometry in
the temperature range of 1427 - 1787°C[9]. However, Leibowitz et al.[10] pointed
out serious discrepancies in these data and the reliability of these data was
doubted in their paper. Assessment of the U-Zr binary phase diagram was also
performed by Leibowitz et al.[10], and thermodynamic functions for all the
existing phases were derived. They obtained the following excess free energies of

the (TU,fZr) solid solution and liquid in J/mol:

AGEX(U,Zr) = yy(I - yy) fs
0s = [43810 - 22.0 T - 22090 (1 - yy) + 12880 (I - yy)?] (6)

AGEE) = yu(l - yy) O¢
0y = [41150 - 22.0 T - 16550 (1 - yy) + 12880 (I - yy)?] )

where yy is the uranjium content of solution in atomic fraction and T is the
temperature in K. From eqgs. (6) and (7), the partial molar excess free energies

of uranium and zirconium are found to be expressed as

AGy(U,Zr) = RT In yy

+ (1 - yy)® [65890 -~ 22.0 T - 69930 (1 - yy) + 38640 (1 - yy)?]
4Gz (U,Zr) = RT In (I - yy)
+ yu? [43810 - 22.0 T - 44170 (1 - yy) + 38640 (1 - yy)?] (8)

for (YU,fZr) solid solution phase, and

AGy(L) = RT In yy

« (1 - yy)? [57700 - 22.0 T - 58860 (1 - yy) + 38640 (I - yy)?]
AGz . (L) = RT In (1 - yy)
+ yyu? [41150 - 22.0 T - 33100 (1 - yu) + 38640 (1 - yy)?1 Q)

for liquid phase. The standard states of AGy(U,Zr) and AG;.(U,Zr) for solid
solution are pure JU and fZr. However, pure liquid uranium and pure liquid
zirconium are chosen as standard states in AGy(L) and 4Gz,(L). If a different

standard state is selected for the liquid solution, the standard free energies of



transition should be taken into account:

AG°(U,7-L) = - 5435 + 79.073 T - 10.4 T In T 10)

for the melting of YU, and

AG° Zr,f-L) = 9657 + 68.927 T - 2.32x10°% T? - 10.23 T In T (1)

for the melting of fzr.

Figure 20 indicates the variations of the partial molar excess free energies
of uranium and zirconium for solid and liquid solutions at 1000 and 1400°C with
the uranium content, which were calculated from eqgs. (8) and (9). For the
solution at 1400°C, pure liquid uranium and pure solid } zirconium are the
standard states. As can be seen in Fig. 20, at 1000°C, AGy and AG;. change
smoothly with yy, while at 1400°C a flat region is found in each curve, indicating
the existence of heterogeneous region of liquid and solid solutions. Similar
tendency is observed for activity curves of uranium and zirconium, as shown in
Fig. 21.

Oxygen potentials AGg, (UO;) over (YU,fZr) solid and liquid solutions in two-
phase equilibrium with UO, can be roughly estimated from eqs. (8) and (9) using

the standard free energy of formation of UQO,, AG:°(UO,) as follows:

8Go, (UO,) = 4G (UO;) - bGy(U,Zr) a2

and

4Go, (UO,) AG;°(UO,) - AGyL). (13)

The estimated ACOZ (UO3) at 1000 and 1400°C is shown in Fig. 22. Both at
temperatures of 1000 and 1400°C, AGg, (UO,) slightly increases with decreasing
uranium content. In a three-phase region of UO, + (7U,ﬂZr) + L, which is not
however an equilibrium phase region at Il+OO°C, A(_}UZ (UO,) shows a constant value of
-791kJ/mol, as can be seen in Fig. 22.

The isothermal section of the U-Zr-O ternary system at 1000°C indicated the
existence of three-phase region of UO, + ¢Zr(0O) + (U,fZr). Uranium-rich liquid
equilibrated with UO, and ¢Zr(O) in a different three-phase region at 1400°C.
These data in the isothermal sections can be used for estimating the oxygen
potential over ¢Zr(O). The uranium contents of (YU,fZr) and liquid in the three-
phase regions are yy = 0.975 at 1000°C and yy = 0.900 at 1400°C. The ¢Zr(O) has

the same oxygen content of xo = 0.333 in the three-phase regions at 1000 and



1400°C. On the assumption that (JU,fZr), liquid and ¢Zr(O) solutions are binary,

the equilibrium reactions can be simplified as

2 Olezr(O)] + ULU,fZr)] = U0,
ZrleZr(O)1 = Zr[(YU,zm]

at 1000°C, and

2 OleZr(O)] + UILI = UO,
Zrlezr(O)l = Zrl[L]

at 1400°C. At equilibrium, the partial molar quantities can be therefore

correlated with each other,

AGo, (ZrO,) = 4G;°(UO,) - AGy(U,Zr)
3Gz . (Zro,) = 4Gz, (U,Zr) (14)

at 1000°C, and

AGo, (ZrO,) = AG,°(UO,) - AGy(L)
4Gz, (Zro,) = 4Gz, (L) (15)

n

at 1400°C.

The standard free energies of UO, at 1000 and 1400°C, which are known and
reliable, and equilibrium conditions (yy = 0.975 at 1000°C and yy = 0.900 at
1400°C) offer the 4Go, and AG;, for 1Zr(O) at xo = 0.333 by use of egs. (8) -

(15). Consequently, AGp, (ZrO,)-xo relationships can be obtained using egs. (1)
and (5).

In Fig. 23, the estimated oxygen potential over ¢Zr(O) solid solution
AGo, (ZrO,) at 1000 and 1400°C is illustrated as a function of oxXygen content. As
shown in this figure, the value of ACOZ at 1000°C decreases from -833 kJ/mol at
Xo® = 0.410 to -1099 kI/mol at xo = 0.07. The AGg, (ZrO;) in the two-phase region
was found to be -833 kJ/mol, which was close to -826 kJ/mol reported by
Kubaschewski et al.[23]. - The general trend in ACDZ -Xg relation at 1000°C was in
accord with the reported results shown in Fig. 18. The 3Gg, (ZrO,) was -750 kJ/mol
at 1400°C. The standard free energies of formation of ZrO; were estimated to be -
863.8 kI/mol at 1000°C and -784.6 kJ/mol at 1400°C, in excellent agreement with
the values in the JANAF table[28] (-857.9 kJ/mol at 1000°C and -786.0 kJ/mol at
1400°C).

It is interesting to compare the partial molar enthalpy and entropy AHQZ and



4So, derived from the estimated AGp, with the reported values. Assuming that AHo,
and A§02 are independent of temperature, these values were estimated by the

following equation:
8Go, = AHo, - T 4S,;. (16)

The AHo, and ASy, thus obtained are given in Fig. 2&4.

As the oxygen content in ¢Zr(O) increases, the AHg, value increases from -
1172 kJ/mol at xg = 0.17 to -1063 kI/mol at xo = 0.41, as indicated in Fig. 2&4.
Recently, Boureau et al.[29] have applied Tian-Calvet microcalorimetric method to
determination at 1050°C the partial molar enthalpy of oxygen in zirconium and
reported that the AHp, value for ¢Zr(O) increases from -1190 to -1080 kJ/mol in
the range of 0.1 - 0.4 O/Zr. The agreement between the estimated and reported
AHoz values may be considered as satisfying. The increase in the partial molar
enthalpy with oxygen content is consistent with the presence of ordered structures
in ¢Zr(O) at low temperaturesf22]. And, this may suggest strong repulsive
interaction between oxygen atoms in hexagonal ¢Zr.

No experimental data on partial molar entropy of oxygen are available.
Kubaschewski[25] has recommended 4S,, values for ¢Zr(O) in the IAEA text book. In
the composition of 0.18 - 0.42 O/Zr, the recommended A§02 values distribute from -
190 to -140 J/mol K, which agree with the estimated values. Strong repulsive
interaction between oxygen atoms in ¢Zr influences the configurational entropy of
oxygen in ¢Zr. An oxygen atom in an octahedral interstitial site excludes two
surrounding sites from being occupied by other oxygen atoms. The configurational

entropy of oxygen Sp° is written by

So® = R In((1 - 2 x0)2/(1 - xo))- an

The non-configurational part of A4Sy, can be calculated from

ASep, """ = 45,5, - 2 Sp°. (18)
Figure 24 also reveals an increase in the calculated non-configurational 45g, "°"~°
with oxygen content in ¢Zr(O). The partial excess entropy of oxygen in ¢Zr(O),

Sy, (standard state: oxygen gas at 0 K) can be represented as

856, """ = - S,° + 2 So. (19)

At 1200°C (the averagé temperature of 1000 and 1400°C), Soz ° = 230.5 J/mol K

according to JANAF[28]. Substituting Sg,° value into eq. (19), the author



obtained S, values from 25 J/mol K at xg = 0.17 to 42 J/mol K at xo = 0.41. These
values are the same order of magnitude as those reported for oxygen in Ti(O)[30],
Nb(O)[31] and V(O)[32] solid solutions. The partial molar excess entropy Sg may
consist of vibrational, dilatometric (volume expansion) and electronic

contributions. Though it is not easy to predict absolute values of So from each
contribution precisely, dilatometric and electronic terms mainly contribute to the
change in Sp with oxygen content in ¢Zr(O).

The fairly good agreement between the estimated and reported partial molar
quantities is noteworthy. This suggests that the estimated oxygen potential over
¢Zr(O) have reasonable precision. The estimated oxygen potential over ¢Zr(O) was
quite low even at 1400°C, and at xg = 0.17 it was close to that over Th + ThO,.
When =zirconium is used in contact with oxide nuclear fuel or other oxide ceramics,
a compatibility problem due to a low oxygen potential over ¢Zr(O) will inevitably
occur. Therefore, special precautions should be taken in applying zirconium to

such an environment.

4. Conclusions

The isothermal sections for the U-Zr-O system were constructed at 1000 and
1400°C. The section at 1400°C differed from that at 1000°C in that the two
additional phase regions containing liquid rich in uranium occur at 1400°C. It
should be noted that at 1000 and 1400°C UO, can equilibrate with 1Zr(O) of oxygen
content above 25 at%. Zirconium can reduce UQO; and may produce solid or liquid
uranium as long as oxygen content of zirconium is less than about an oxygen
content of 25 at%. However, above 25 at%0O zirconium can no longer take up oxygen
from UQ,;. The tentative tie lines were determined in the two-phase region of
¢Zr(0) and (JU,fZr) at 1000 and 1400°C.

The composition dependence of oxygen potential over ¢Zr(O) at 1000 and 1400°C
was derived from the experimental data on the U-Zr-O ternary system. The obtained
thermodynamic quantities for ¢Zr(O) solid solution were consitent with the
previous data.

Under hypothetical ILWR accidents, oxidation of Zircaloy cladding due to
chemical reaction with UO; fuel (internal oxidation) will cause cladding
embrittlement and rupture in addition to external oxidation with steam. This
internal oxidation also generates extremely low oxygen potential environments
within a LWR fuel rod: 4Gg, < -800 kJ/mol, which may result in a drastic change
of chemical forms of fission products such as cesium, iodine and tellurium and of

their release behavior from a failed fuel rod.
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Fig. 1 Reaction products of the mixture pellets after
B UO,; + ¢2rO,, g
$ UO, + «Zr, 0
A «Zr + U, A
b ¢Zr + UZr,, A

Zirconium content @t%,)

heating at 1000°C.
uo®,; + ¢ZrO,; + 1Zr,
UO, + ¢Zr + U,
eZr + ¢U + UZr,,

¢ Zr + ﬂZr.
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Fig. 2 X-ray diffraction patterns of the reaction products after heating at

1000°C.

(A) sample F, (B) sample Q, (C) sample k.
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CHAPTER 4 TITANIUM-TELLURIUM-OXYGEN TERNARY SYSTEM

1. Introduction

Severe corrosion of stainless steel cladding induced by fission products is
known to occur in irradiated mixed oxide fuel pins of liquid metal fast breeder
reactors (LMFBRs)[1-3]. The oxygen potential is recognized as a crucial factor
determining the cladding corrosion. One of the major approaches for inhibiting
the corrosion is placement of materials into fuel pins which maintain the oxygen
potential below the threshold for the corrosion reaction. Titanium has a great
affinity for oxygen and is proposed as an oxygen-getter material in oxide fuel
pins[4-6].

Chemical interaction of the titanium getter with the fission products is
important for its practical application to fuel pins. As tellurium is one of the
most aggresive fission products, the chemical reactions in the multicomponent
system including titanium, oxygen and tellurium are therefore of particular
interest. Knowledge of phase equilibria in the Ti-Te-O ternary system will
contribute towards the prediction and the understanding of the interaction between
the titanium getter and the fission product tellurium in LMFBR fuel pins.

Several investigators have synthesized various tellurides of titanium and
studied their crystal structure[7-16]. The existence of at least seven compounds;
Ti;Te, TisTey, TiTe, TizTe,, TisTeg and TiTe, was reported. There appear
discrepancies concerning existing phases in the binary system and their ranges of
homogeneity. Thermochemical properties of titanium tellurides have been evaluated
by vapor pressure measurements[16], and the partial phase diagram of Ti-Te binary
system involving additional subtellurides, Ti;Te;, TiyTe; and Te,(Te;q, was
constructed from the results. The binary phase diagrams of Ti-O and Te-O systems
have been assessed in the handbooks of Murray[17] and Samsonov[18], and the
thermodynamic properties of stable condensed phases were also reviewed[19,20].
The only information pertaining to the Ti-Te-O ternary system is a report on the
crystal structure of the TiTe3zO; double oxide[21].

The present study has therefore been directed mainly to phase equilibria in
the Ti-Te-O ternary system at 700°C with the aid of X-ray diffraction technique.
The Ti-Te binary system at 700°C was also reexamined to clarify the types of
tellurides and their range of homogeneity. The results experimentally obtained
were interpreted in terms of a calculated stability diagram for the Ti-Te-O

ternary system.



2. Experimental

Materials used in the present study were powders of Ti (purity, 99.9 wt%), Te

(purity, 99.99 wt%), TiO (purity, 99.9 wt%), Ti,O; (purity, 99.9 wt%), TiO,

(purity, 99.9 wt%) and TeO, (purity, 99.99 wt%). A titanium-oxygen solid solution

(e Ti(Q)) powder with 20 at%O, which was prepared by vacuum annealing of Ti and TiO
mixtures, was also employed as a starting material. These powders were mixed in
desired compositions and then pelletized. The pellets were sealed into silica

tubes evacuated at a pressure less than 107% Pa. An equilibrium heat treatment

was carried out at 700°C for 40 - 150 h, and subsequently the tube was quenched in
ice water.

After the heat treatment, the tube was opened in a glove box filled with dry
argon, and the pellet was powdered for phase identification. All the powdered
samples were examined by X-ray diffractometry with monochromated Cu K¢ radiation.
Details of the measurements were described in the preceding chapter. Lattice
parameters of some identified phases were evaluated by applying Cohen's method[22]

to the diffraction intensity data.

3. Results and Discussion

3.1. Phase equilibria in the Ti-Te binary system

The results of phase identification for reaction products in binary samples a
- o (75 - 5 at%Te) are shown in a compositional triangle, as can be seen in Fig.

1. The tellurides found in the present study were hexagonal ¢Tiy_Tez, monoclinic
ﬂTiZ,xTez and tetragonal TigTey.

The hexagonal ¢Ti;_,Te, coexisted with Te in sample a. The lattice
parameters of Te together with ¢Ti,_ Te,; were evaluated to be a = 0.446 nm and c =
0.593 nm; in agreement with the literature data of a = 0.44572 nm and ¢ = 0.59290
nm for pure Te powder[23]. This suggests that tellurium liquid at 700°C may
dissolve a small amount of titanium into the solution. The lattice parameters of
Ti, Te, in sample a were found to be a = 0.3772 nm and ¢ = 0.6499 nm, which
agreed with the reported values for a titanium ditelluride[7-9,12,14,15]. Between
60 and 66.7 at%Te (samples e - b), a single-phase of ¢Ti;-,Te, was observed. The
typical X-ray diffraction pattern of ¢Ti,_,Te,; (sample <) is indicated in Fig.

2(A). Figure 3 reveals the variation in a and c¢ values with tellurium content of
sample. In this figure, J/3a and 2c are indicated instead of a and ¢ values in
order to be able to compare the hexagonal unit cell dimensions with the monoclinic

ones; a, b, ¢ and ﬂ The a and c values of ¢Ti;-,Te; in the sample b were close



to those for sample a. The a value increased with decreasing tellurium content,
while ¢ and c/a values markedly decreased.

In samples f - j, there existed a ﬂTiz—xTez with a monoclinic structure.
Figure 2(B) (sample f) is the representative of monoclinic diffraction pattern,
rather complicated than hexagonal one. The single-phase monoclinic ﬂTiz_xTez was
formed in a range of composition from 50 - 57.5 at%Te (samples i - f). The change
in the lattice parameters a, b, ¢ and § and the axial ratio ¢/2b is shown in Fig.

3. As seen in this figure, the values of a, b, ¢ and § decrease as the tellurium
content increases. X-ray diffraction pattern of sample j supported the evidence
for coexistence of ﬂ’I'iz_xTez with TisTe,, of which the reflections were idexed as
tetragonal. The lattice parameters of ﬂ'['iz_,’['ez in this sample could not be
evaluated because of difficulties due to the weak intensity of the lines and the
similarity of the structures.

The tetragonal TisTe, whose diffraction pattern is given in Fig. 2(C) was
contained in samples j - o. At 44.4 at%Te (sample k), a single-phase of TisTe,
was found to be formed. The lattice parameters of the Ti;Te, were estimated to be
a = 1.017 nm and c¢c = 0.377 nm, which were in good agreement with those reported by
Raaum et al.[10]. A mixture of TisTe, and ¢Ti was observed in samples | - o rich
in titanium. The a and c values of TisTe, were nearly independent of sample
composition, implying that Ti;Te, may have a narrow composition range. The
lattice parameters of ¢Ti coexisting with TisTey, were a = 0.2950 nm and c = 0.4684
nm, which were almost the same as those for the starting Ti powder (a = 0.2951 nm
and ¢ = 0.4683 nm). Based on the lattice parameters of ¢Ti, the solubility of
tellurium in ¢Ti is inferred to be quite low at 700°C. This is consistent with
the estimate of Goldhoff et al.[24] derived from their metallographic study of Ti-
Te alloys at 790°C.

The author verified from the X-ray diffraction study that the stable phase in
the binary system at 700°C are Te, hexagonal ¢Tiy_,Te,, monoclinic §Ti,_,Te,,
tetragonal TisTey; and ¢Ti. Raaum et al.[12] have concluded that from about 55 to
60 at%Te the phase has a monoclinic structure related to the NiAs type and the
phase has a hexagonal NiAs-Cdl; type structure between 60 and 67 at%Te. The
results of the present study appear to be similar to those of Raaum et al.[12],
but the monoclinic Ti,_,Te,; phase may have a wider homogeneity range expanding
from 60 to 50 at%Te at 700°C. The existence of a two-phase region of hexagonal
and monoclinic tellurides could not be confirmed. Suzuki et al.[16] have proposed
on the basis of a vaporization study that the composition range of 46.8 to 66.7
at%Te contains several distinct phases such as TiTe, Ti,Tes, TiyTe;, Ti;¢Te; g and
TiTe,. The group of Chevretonil1,13] have also presented evidence for
subtellurides in this composition range of 50 - 67 at%Te: monoclinic TizTe,; and

hexagonal TisTeg. The monoclinic fTi,_,Te, phase region found in the present



study is identical with the TiTe region (46.8 - 57.6 at%Te) reported by Suzuki et
al.[16]. The composition of monoclinic TizTe, reported by Chevreton et al.[11]

also falls into this region. The hexagonal 1Ti;_«Te; phase region may consist of
subtellurides with the same crystal structure such as TiyTes, Ti,Te;, Tii¢Te g and
TiTe,. Though there is a difference in chemical formula, the TisTeg with a
homogeneity range of 60 - 63 at%Te as reported by Brunie and Chevreton[13] appears
to correspond to Ti,Te; (58.7 - 60.8 at%Te) as reported by Suzuki and
Wahlbeck[16]. Vaporization measurements at 1250°C[16] exhibited the existence of
Ti,Te and TisTe, in the Ti-rich region, and a tetragonal structure was assigned to
TizTe and TisTe([9,10,12,16]. The present results differ from the previous
results[9,16] in showing that at the composition corresponding to a stoichiometric
Ti,Te only a two-phase mixture of ¢Ti and TisTe, is present. The Ti,Te phase may
disproportionate at a lower temperature of 700°C, as expected by Suzuki et

al.[16]. Further examination is required for precise determination of existing

phases and boundaries in the composition range from TiTe to TiTe,.
3.2. Phase equilibria in the Ti-Te-O ternary system

Figure 1 also represents the results of phase identification for ternary
samples: TeO,/TiO, mixtures (samples A - C), Ti;O3/TeO,;/Te mixtures (samples D -
G), TiO/Te mixtures (samples H - K) and ¢Ti(O)/TeO,;/Te mixtures (samples L. - T).
A double oxide TiTe;Og was the only ternary compound appearing in the Ti-Te-O
ternary system. The X-ray diffraction pattern of TiTe;Og (Fig. #(A)) was indexed
as a cubic with a distorted CaF, structure. Sample A - E contained TiTe;Og as one
of the reaction products. Sample B (mole ratio of TeO,; to TiO,; = 3/1) was
composed of only TiTez;Oz, whereas for samples A and C, TiO,; or TeO,; in addition to
TiTe;O3 was detected. The presence of this ternary compound does not allow TiO;
to be compatible with TeO,; at 700°C. Three phases including TiTezOs and Te
existed in Samples E and D. In the TiO,-TeO,-Te region, the double oxide TiTe3zO4
can coexist with Te, TeO, or TiO,;. The X-ray diffraction data obtained for
TiTezOg in the samples A - E were indexed as a cubic with a = 1.095 nm,
irrespective of the type of the coexisting phase. The a value obtained was close
to a = 1.0956 nm reported by Meunier and Galy[19]. This means that TiTe3;O;g is a
stoichiometric compound.

Titanium oxides observed in the ternary samples A - S and W - Y were TiO,,
TizOs, TizO;3 and ¢TiO, except for TiTezOz. For samples F and G, only simple
oxides of titanium were found together with Te. Magneli phases Ti,Oz,-, seem to
be inveolved in sample F, but the chemical forms could not be determined.

According to the assessment of Murray et al.[17], ¢Ti,-,O and Ti;O, are stable at

700°C. The presence of ¢Ti;_,0 and Ti;O; in the ternary samples was not confirmed



by the present study. There still remains some question as to whether or not the

low temperature phases, ¢Ti;-yO and TizO,, exist in the Ti-O binary system at

700°C.
It is obvious from Fig. | that titanium telluride phases were identified over
a wide range of composition (samples H - Y). Hexagonal ¢Ti;-,Te, coexisted with

both Te and TipOj; in samples J - N. The two phases Ti;O3 and ¢Tiz.«Te, were found
in sample 1. The phase ¢Ti,_,Te, coexisted with Ti,O; and ¢TiO in samples H and

O. Monoclinic fTi,-Te, phase coexisted with ¢TiO in samples P, Q and Y. Figure
4(B) is a typical example of X-ray diffraction pattern indicating the coexistence

of the Tis-,Te, with Titanium oxides.

The variatién in the lattice parameters is' indicative of the extent of the
range of composition in the Ti,_,Te,; phase. In Fig. 5, the lattice parameters of
Tiz-xTep are given as a function of tellurium content in the ternary sample.

There is no marked difference in the a and c¢ values of hexagonal tTiy—,Te, for the
samples J - N containing three phases, and the values were close to those for the
binary samples a and b. The a and c values for sample I hardly differ from those
for the samples J - N. The ¢Tiz-,Te; in the samples H and O showed almost the
same lattice parameters, which were quite different from those for the samples J -
N. Assuming that oxygen solubility in Ti;.,Te; is small and the dissolved oxygen
scarcely influences the lattice expansion of Ti,., Tey;, one can estimate the
tellurium content of Ti,_ (Te, in the ternary samples from the lattice parameters.
The values of a and < shown in Fig. 5 suggest that the tellurium content in
¢Ti,_,Te; are about 67 at%Te for the samples I - N and about 60 at%Te for the
samples H and O. The lattice parameters of monoclinic ﬁTiz_xTez for samples P and
Q are also shown in Fig. 5. Judging from the values of a, b, ¢ and §, the
tellurium contents of monoclinic Tiz;-,Te; in samples P and Q are close to those
for the binary samples f and i.

The X-ray diffraction analysis revealed that TisTey coexisted with both ¢TiO
and ¢Ti in samples R, S, W and X, as indicated in Fig. 4(C). For samples T - V,
the reaction products were ¢Ti and TisTey, but no titanium oxide was detected.
The lattice parameters of TisTe, in the ternary samples R - X were almost similar
to those for the single-phase TisTe, (sample k). Therefore, the homogeneity range
of TisTe, is presumed to be very narrow. Since only a limited amount of tellurium
is anticipated to be soluble in a hexagonal ¢Ti, the oxygen content of ¢Ti
coexisting with TisTe, can be estimated from the hexagonal unit cell dimension.
The lattice parameters of ¢Ti in the samples containing ¢TiO and TisTe, were in
accord with the reported value of ¢Ti at the solubility limit of oxygen, about 33
at%O0[17]. Hence, ¢Ti in samples R, S, W and X appears to be saturated with
oxygen. For samples T - V, the a and c values for ¢Ti varied with composition of

sample. The estimated oxygen contents of ¢Ti were 22, 26 and 31 at% for samples



T, U and V, respectively. It can be concluded that the nearly stoichiometric
TisTe, is the only telluride which can coexist with ¢Ti having various oxygen
contents from O to 33 at%.

The existence of Te was recognized in the ternary samples D - G and J - N, as
indicated in Fig. 1. The lattice parameters of Te in these samples were the same
unaffected by the composition. of samples, and agreed with the literature datal[23]
for pure Te. Tellurium, which is liquid at 700°C, is expected to dissolve little
oxygen and titanium into the solution.

The tentative isothermal section of the Ti-Te-O ternary system at 700°C was
constructed from the results of phase identification and lattice parameter
determination, as illustrated in Fig. 6. Only tellurium appears to comprise a
liquid phase designated as L in this figure. The composition field bounded by
TiO,;, TeO,; and Te was characterized by a ternary compound of TiTez;Ojg. The
stoichiometric TiTez;O,s is in equilibrium with TeO,;, TiO; or Te and forms two
three-phase triangles (regions | and [ in Fig. 6). At 700°C, titanium oxides of
TiO,;, Ti3O5 and Ti,O; are compatible with liquid tellurium. The phase region [
(TiOz + TizOs + L) may become more complex, since between TizOs and TiO, there
exists a series of discrete phases with Ti,O,,-.; which are called Magneli
phases[17]. Hexagonal ¢Ti,-,Te, with a range of homogeneity can equilibrate with
TizO;3. According to Suzuki and Wahlbeck[16] and Chevreton and his
coworkers[11,13], this hexagonal phase is considered to be composed of several
distinct subtellurides such as Ti;Tes3, TiyTe;, TijeTe;19 and TiTe;. ¢TiO forms a
two-phase equilibrium with at least three kinds of tellurides: hexagonal
¢Ti,_yTey, monoclinic ﬂTiZ_xTez and TisTe,. The isothermal section indicates that
¢ TiO is the only oxide which cannot equilibrate with liquid tellurium at 700°C.
Mutual solubility of titanium tellurides and ¢TiO is likely to be small. Tie
lines in the region [ may originate from ¢TiO on the Ti-O binary edge. The lowest
telluride TisTe, may have no appreciable homogeneity range. Among the two-phase
regions belonging to the isothermal section, the region indicated as [ (TisTe, +
¢Ti(O)) is one with a wide composition range. In this two-phase region, tie lines
can be drawn from the nearly stoichiometric TisTe, to the ¢Ti(O) solid solutions

with oxygen contents of 0 - 33 at%.
3.3. Thermodynamic stability of titanium tellurides

Thermodynamic stability of titanium tellurides in the Ti-Te-O ternary system
was assessed mainly on the basis of equilibrium tellurium and oxygen pressures,
which can be calculated from the standard Gibbs free energy change at a
temperature for the corresponding chemical equilibria, AG°t. If the relationship

of AG° 1 vs temperature for a given reaction is not available in the literature,



the value of AG°p is derived from a sufficiently accurate approximation,

AG®°: = AH® 3495 - T AS%,45

where AH° ;45 and 4S° ;55 are the differences in the enthalpies and entropies of
formation of the products and reactants at 298 K, and T is the temperature in K.
The estimated and reported thermodynamic data were used to evaluate AG° .
Chemical species chosen for calculation are listed in Table 1. Condensed phases
chosen for the calculation are twelve solids; titanium oxides and tellurides and
elemental titanium, and one liquid; elemental tellurium. Tellurides considered in
the calculation were TisTey, TiTe, TisTez, TiyTe;, Ti; ¢Te;s and TiTe,. TiO,,
TizOs5, TisO3 and TiO were taken as titanium oxides. It was assumed that all the
chemical species are stoichiometric and pure. That is to say, their activities
are equal to unity. For vapor species, two diatomic gases Te; and O; were taken
into account. Monatomic Te gas was neglected, because of its low partial pressure
at 700°C.

Relative stability of titanium tellurides among metal-tellurium binary
systems was examined by decomposition vapor pressure of Te,;. The tellurium
pressures over TisTey, TiTe, Ti,Tez, TiyTe;, Ti1oTe19 and TiTe, are determined

according to the reactions,

5 Ti(s) + 2 Teyz(g) = TisTey(s),
2 TisTe,(s) + Tey(g) = 10 TiTe(s), and so on.

The equilibrium tellurium pressure Pr., was evaluated from

m

AG®: = RT In(Prep /Pres”) (2)

where Pr.,° = tellurium pressure in the standard state (1.0132x10° Pa) and R = gas
constant (8.314 J/mol K). The 4G°: in eq. (2) is the standard free energy change
of reaction per one mole gas of Te,. The reported datall16,20] of AH;°,45 and
S%,45 were employed for titanium tellurides, as shown in Table 2. The AG°y
equations for relevant reactions evaluated from eq. (1) are given in Table 3.
Figure 7 illustrates the decomposition pressures obtained for titanium tellurides.
At a temperature of 700°C, TisTey, TiTe and Ti;Te; show Te,; pressures of 9.3 x
1071°, 2.3 x 1078 and 7.5 x 1078 Pa, respectively. This suggests that these
compounds are stable even at a high temperature. However, Te-rich tellurides have
relatively higher‘ Te, pressures: 7.4 Pa for Ti;¢Te19 and 164 Pa for TiTe,.

The equilibrium partial pressures of Te; over tellurides were also calculated

for fission products (La, Ce, Nd, Cs, Ba, Sr, Mo and Pd) and cladding constituents



(Fe, Ni and Cr) to clarify the relative stability of titanium telluride in the
LMFBR system. For each metal, the tellurides stable at 700°C were surveyed in the
literature[25,26], and the metal-richest telluride in the binary system was
selected for the calculation (for instance, LaTe among four lanthanum tellurides
of LaTe, La3Te,, LaTe; and LaTe;). Thermodynamic properties of Pd,;Te and CrTe
estimated by the author were used for calculating Pr.,. As shown in Table 3,
linear equations for the free energy changes for the tellurides were organized by
the author using the literature datal[25,27,28-30]. The equilibrium pressures of
Te, over the tellurides are shown in Fig. 7. Among the constituents of stainless
steel cladding, the most stable telluride is considered to be CrTe. Titanium
tellurides such as TizTe,, TiTe and Ti,Te; indicate lower tellurium pressures than
cladding components. The tellurides for lanthanide (La, Ce and Nd) and alkali and
alkaline earth metals (Cs, Ba and Sr) may be more stable, with respect to
titanium. The remaining elements form less stable tellurides rather than the
titanium tellurides. These lanthanides form much stable oxides under normal
conditions within LMFBR fuel pins. Alkali metals may be in the gas phase instead
of condensed phases, and this brings about less stability of their tellurides.
Titanium tellurides may therefore become to be comparatively stable in LMFBR fuel
pins under a certain condition. For an oxidizing situation, noble metals such as
Pd might tie up much of tellurium.

The stability diagram at 700°C was calculated for the Ti-Te-O ternary system,
to estimate the chemical stability of titanium telluride as a function of oxygen
and tellurium partial pressures and to ascertain the thermodynamic validity of the
isothermal section experimentally obtained. Thermodynamic stabilities of the
phases present in the Ti-Te-O ternary systemn can be evaluated from the standard
Gibbs free energy changes at 700°C for possible reaction equilibria. From the
phase rule there is one degree of freedom in the three-phase region (for example,
TiO(s) + TiTe(s) + TizO3(s)), and setting the temperature fixes the oxygen and
tellurium partial pressures. The oxygen pressure in the three-phase region of

TiO(s) + TiTe(s) + Ti,O3(s) is established by

6 TiTe(s) + O3(g8) = 2 Tip,O3(s) + 2 TiO(s)

and can be calculated from the free energy change of the reaction. The phase rule
also offers two degrees of freedom in the two-phase region (e.g., TiO(s) +

TiTe(s)). Consequently, the tellurium pressure changes with the oxygen pressure

at a given temperature. The dependence of tellurium pressure on oxygen pressure
in the TiO(s) + TiTe(s) region can be evaluated from the free energy change of the

following reaction:



2 TiTe(s) + O,(g) = 2 TiO(s) + Tez(g).

The thermodynamic data in the literature[16,19,20,24] were used to derive the free
energy changes for the corresponding equilibria. As no thermodynamic information
for TiTezOs was available, the standard enthalpy and entropy of formation were
estimated by the author for the calculation. In Table 2, the values of AH; ;44
and S°,45 are yielded for the relevant compounds and elements.

The stability diagram at 700°C thus obtained is shown in Fig. 8, the
coordinates of which are the natural logarithm of the oxygen and telluriurm partial
pressures, In Pg, and In Pr.,. In this figure, single-phase areas indicate that
chemical species are stable under the given conditions. Two phases can coexist
along the lines drawn in the diagram and three phases only at the triple points.
The line is the allowed variation in oxygen and tellurium pressures required for
each equilibrium. At low oxygen pressures, titanium tellurides can be stable. If
the oxygen pressure slightly increases, Ti-rich tellurides such as TisTe; and TiTe
are oxidized to TiO. Ti,Te; can equilibrate with TiO and Ti;Oj3. The Te-rich
tellurides such as Ti,; ¢Te;y3 and TiTe; occupy a wider range of partial pressures.
Under more oxidizing atmospheres, titanium oxides become stable relative to the
tellurides. The double oxide TiTe3zOs phase field lies between the TiO, and TeO,
regions. The stability diagram indicates the existence of eight three-phase
regions including titanium tellurides. The TiTe;Os forms two three-phase regions.
It should be noted that the phase relationships experimentally obtained in the
present study satisfy the thermodynamic restrictions.

These results vividly demonstrate that oxygen reduces the chemical stability
of the titanium tellurides. In the fuel-cladding gap of normal operating LMFBR
fuel pins, the oxygen potential is controlled by (U,Pu)O, fuel to be around -400
kJ/mol or more less. This value is not low enough to allow the formation of
titanium tellurides even at a Te, pressure of 1 Pa. I[f the titanium getter itself
decreases the oxygen potential in fuel pins, once oxidized, the titanium may pick
up tellurium to form titanium tellurides. At extremely high oxygen potentials,
TiTe3zOg becomes the predominant tellurium containing species. Although the
present conclusion might not strictly be applied to a complete chemical behavior
of titanium in LMFBR fuel pins, knowledge of the Ti-Te-O phase relationships can
provide a foundation for the understanding of the complex chemistry of interaction

between the titanium getter and the fission products.

4, Conclusions

The phase relations in the Ti-Te-O ternary system have been studied at 700°C,



and the isothermal section of the Ti-Te-O systermn was proposed. The three kinds of
tellurides, TisTe,, monoclinic ﬂTizngez and hexagonal ¢Ti,.-,Te; were confirmed to
be stable at 700°C in the Ti-Te binary system. These compounds formed equilibrium
phase regions with ¢TiO and Ti;Oj;. Solubility of oxygen in these tellurides may
be quite low. The ternary compound TiTe3zOs was found to exist on the TiO;-TeO,
join in the isothermal section.

Titanium tellurides were expected from the dissociation vapor pressure of Te,
to be relatively stable compounds themselves in comparison with other tellurides
of fission products and cladding constituents.

The stability diagram for the Ti-Te-O system at 700°C was constructed using
In Pg, and In Pr., as variables. It was verified from the calculated diagram that
at low oxygen partial pressures tellurides exist in the ternary system but that
the stable compound changes from tellurides to oxides under a more oxidizing
atmosphere. In the range of high oxygen potentials, the tellurium pressure may be
lowered by consumption in forming TiTe;Og instead of the simple oxides. Phase
relations predicted from the stability diagram were almost identical with the
experimental isothermal section of the Ti-Te-O ternary system.

In LMFBR fuel pins under normal operating conditions, the titanium getter is
unlikely to react with the fission product tellurium. If the titanium getter
itself reduces an oxygen potential in a LMFBR fuel pin by absorption of oxygen,
tellurium will be entrapped in the getter. In a case that the oxygen potential is
sufficiently increased, the ternary compound TiTez;Ojs would be important tellurium-

containing species.
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Table 1 Chemical species chosen for the calculation.

[) Condensed Phases

Solid: TisTe,, TiTe, Ti,Tes, Ti,Ter,
TilnTel 99 TiTeg
TiO, Ti;O;, TizOs, TiOz, TeO,,

TiTe3Os
Ti
Liquid: Te
1) Vapor Species
Diatomic gas: O, Te,
Table 2 Thermodynamic properties of chemical species related

to the Ti-Te-O ternary system[16,19,20].

Chemical Species AH¢° 5 5 5s(kJ/mol) S° 5 95(I/mol K)
TisTe, ~481 379
TiTe -121 83.7
Ti,Te; -355 207
Ti,Te; ~802 440
Ti,oTers -2090 1140
TiTe, -213 117
TiO -542.7 34.7
Ti,O4 ~1521 77.24
Ti;Os -2459 129.4
Tio, -944.7 50.33
TeO, -323 7417
TiTe3O4 ~2000% 243%

.......... - - s
Te - 49.50
O, -— 205

* Estimated value



Table 3 Linear equation for standard free energy change of telluride

formation[25,27,28-301: AG°1(J/mol of Te, gas) = A + B T.

‘Telluride - A x 1073 B
TisTe, 396.7 138.9
TiTe 403.0 172.2
TipTes 382.1 160.7
Ti,Te; 340.3 222.7
Ti;oTers 273.3 201.4
TiTe, 231.5 184.7
FeTey. o 207.7 134.3
NiTe; , 260.3 153.1
CrTe 302.2 123.1
Cs;Te 887.3 249.7
BaTe 702.6 198.0
SrTe 783.8 180.5
LaTe 758.6 188.9
CeTe 767.5 194.6
NdTe 761.1 205.4
Mo;Te, 189.2 106.5
Pd,Te 230.8 160.2
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X-ray diffraction patterns of the reaction products.
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CHAPTER 5 ZIRCONIUM-TELLURIUM-OXYGEN TERNARY SYSTEM

1. Introduction

The fission product tellurium has a possibility of radiological hazards in a
hypothetical accident of light water reactors (LWRs) because of its high
volatility. In normally operating fuel rods, the chemical form of tellurium is
likely to be tellurides such as Cs;Te[1-3]. The amount of tellurium released from
a failed fuel rod into mixtures of steam and hydrogen depends upon the state of
the degraded core, but the dominant volatile species will be elemental tellurium
and hydrogen telluride[1,2,4]. It has recently been suggested that oxidation of
Zircaloy cladding might play a crucial role in the tellurium release[5].

Interaction of tellurium with zirconium in the cladding to form zirconium
tellurides is important for predicting the release of the tellurium’ species.

The structural studies for zirconium tellurides have been carried out by
several investigators[6-12]. There exist five different compounds, ZrsTe,, ZrTe,
ZrTe,, ZrTe; and ZrTes, in the partial phase diagram of Zr-Te binary systeml[13].
Thermodynamic properties have been measured only for ZrTe;{14]. The data on the
phase diagrams of Zr-O and Te-O binary systems have been collected and assessed in
the handbooks of Masalski[15] and Samsonov[16]. However, only insufficient
information is available from them for the phase relations in Zr-Te-O ternary
system, except for the existence of a double oxide ZrTezOj, which can be thought
as being composed of ZrO, and TeO,[17].

Knowledge of phase equilibria in the multicomponent system including
tellurium, zirconium and oxygen is required to elucidate tellurium behavior under
an oxidizing atmosphere. The phase relations in the Zr-Te-O ternary system are of
great importance as a basis for the prediction of tellurium behavior under
hypothetical LWR accident conditions. The present study has therefore been
performed on the ternary system at 700°C with the aid of X-ray diffraction
technique. Thermodynamic properties such as standard enthalpy of formation and
standard entropy were estimated for some compounds related to the Zr-Te-O ternary
system. On the basis of the known and estimated thermodynamic data, phase
stability diagrams and temperature dependence of oxygen potential were examined to

assess the thermodynamic stability of zirconium tellurides.

2. Experimental

Starting materials were powders of Zr (purity, 99.9 wt%), ZrO, (purity, 99.9
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wt%), Te (purity, 99.99 wt%) and TeO, (purity, 99.99 wt%). Zirconium-oxygen solid
solution (¢Zr(O)) powders of 10 - 29 at%O were also used, which were prepared by
vacuum annealing of Zr and ZrO; mixtures. These powders were mixed in desired
proportions and then pelletized. The compacts were sealed into silica tubes
evacuated to lower than 107%® Pa. An equilibrium heat treatment was made at 700°C
for 20 - 240 h, and subsequently the tube was quenched in ice water.

After the heat treatment, the tube was opened in a glove box filled with dry
argon, and the sample was powdered immediately before X-ray diffraction analysis
for phase identification. Some of the samples were embedded in aluminum holders
with epoxy resin in order to avoid oxidation or hydration of zirconium tellurides
during the X-ray diffraction measurement. Glass holders were used for the other
samples. X-ray powder patterns for all the samples were taken on a diffractometer
using Ni-filtered Cu K, radiation. More detailed conditions for diffraction
analysis were the same as given in the preceding chapter. The lattice parameters
of identified phases were obtained by applying the Cohen’'s method[18] to the

diffraction intensity data.

3. Results and Discussion

3.1. Phase equilibria in the Zr-Te binary system

The Zr-Te binary system was studied at 700°C to clarify the types of
tellurides and their range of homogeneity. The results of phase identification by
X-ray diffraction technique are shown in a compositional triangle, as can be seen
in Fig. 1. Binary mixtures with tellurium contents ranging from 80 - 20 at% are
designated as samples a - m. The tellurides found in the present study were
ZrTez, Zri+yTe, and ZrsTey.

The monoclinic ZrTe; coexisted with Te in sample a and with Zr,;,Te, in
samples c¢ and d. At 75 at%Te (sample b), a single-phase of ZrTe; was observed in
a diffraction pattern (Fig. 2(A)). The lattice parameters of ZrTe; were found to
be a = 0.588 nm, b = 0.393 nm, ¢ = 1.0l nm and B = 97.9° , which were in
agreement with the reported valuel7,12,13]. Since the values of a, b, ¢, and ,3
did not vary with composition, ZrTe; seems to have a narrow composition range.
The lattice parameters of hexagonal Te coexisting with ZrTe; were determined to be
a = 0.446 nm and c¢ = 0.593 nm; in agreement with the published data of a = 0.44572
nm and ¢ = 0.59290 nm for pure Te powder[19]. This means that tellurium liquid at
700°C may take a small amount of zirconium into the solution.

In samples ¢ - j, there existed Zr,.,Te; with hexagonal NiAs like structure.

The single-phase Zr;.,Te; was formed in a wide range of composition from 65 - 54

—104—



at%Te (samples e - h). Figure 2(B) is a representative of X-ray diffraction
patterns indicating a hexagonal Zr,,,Te;. The change in the lattice parameters a
and c¢ and the axial ratio c/a of the Zr,;,Te; with tellurium content is shown in
Fig. 3. As seen in this figure, the values of a, ¢ and c¢/a decrease with

increasing tellurium content. For the samples in which two phases coexisted, the
lattice parameters a and c of Zr;.,Te,; were nearly constant. Although the
homogeneity region of Zr,,,Te; between 52 and 66 at%Te slightly differs from those
in the literature[9-11], there is a good agreement between the a and c values
previously reported and those obtained in the present study.

In Zr-rich samples i - m, Zr;Te, of which the X-ray diffraction pattern(e.g.,
Fig. 2(C)) can be indexed as a tetragonal structure was contained. This telluride
appears to be a stoichiometric compound. Samples | and m consisted of a mixture
of ZrsTe, and ¢Zr, indicating that Zr;Te, is the lowest zirconium telluride stable
at 700°C.

It was verified that the stable phases in the binary system at 700°C were Te,
ZrTez, Zry+xTez, ZrsTe, and ¢Zr. The presence of ZrTe; at 700°C was confirmed in
the present study, though Sodeck et al.[13] had reported that ZrTe; decomposes
peritectically at 630°C to solid Zr;,,Te, and liquid Te. A series of reaction
experiments with various compositions and reaction periods was performed at 700°C
where the two phases of Zr,,,Te; solid and Te liquid would be produced on the
basis of the partial phase diagram of Zr-Te binary system[13], but no evidence was
found that Zr,.,,.Te,; coexists with Te at 700°C. At a tellurium content of 75 at'e,
the product was the single-phase ZrTe; with no trace of the formation of Zr,.,Te,
or Te, and it can hardly be considered that the ZrTe; was synthesized from
Zri+4xTep + Te during the quenching process. Therefore, ZrTe; appears to be stable
up to a higher temperature than 630°C. In the composition range where a
stoichiometric ZrTe with WC type structure would comprise a stable phase according
to the phase diagram proposed by Sodeck et al.[13], equilibrium assemblage was
Zri+xTey + ZrsTey; i.e. this ZrTe phase was not confirmed by the present study.
Owing to the similar crystal structures, there were some difficulties in
distinguishing NiAs type from WC type crystals. Further examination is needed to

make it clear that WC type ZrTe phase is present or not at 700°C.

3.2. Phase equilibria in the Zr-Te-O ternary system

Figure 1 also represents the results of the X-ray diffraction analysis for
ternary samples: TeO,/ZrO, mixtures (samples A - C), TeO,;/Zr mixtures (samples L
- Q, X), Te/tZr(O)/ZrO, mixtures (samples U - W), Te/TeO,;/e¢Zr(0)/ZrO, mixtures
(samples D - K, R - T) and Te/¢Zr(O) mixtures (samples n - x).

A double oxide ZrTe;Os with a distorted fluorite type structure was the only

—105—



one ternary compound occurring in the Zr-Te-O system. X-ray diffraction pattern
of ZrTe;Og is shown in Fig. 4(A). Samples A - G contained the ZrTe;Og as one of
the reaction products. For samples A and C whose starting materials were
TeO,/Zr0O, mixtures, monoclinic 1ZrO,; or TeO; in addition to ZrTe;Og was detected,
but sample B (mole ratio of TeO,; to ZrO, = 3/1) was composed of only ZrTe;Os;.
Thus, ¢ZrO, was not compatible with TeO; at 700°C. The X-ray diffraction patterns
of samples D - G exhibited the existence of two or three phases including ZrTe;Os
and Te. It is obvious from the results for ZrO,-TeO;-Te region that the double
oxide ZrTe;Og is able to coexist with Te, TeOQ, or ¢ZrO,. The lattice parameter of
a = 1.133 nm for ZrTe;O;s in the samples A - G was independent of composition. The
value obtained was close to a= 1.1308 nm evaluated by Meunier and Galy[17]. This
may imply that ZrTe3zOjg is stoichiometric.

It is seen from Fig. 1 that monoclinic ¢ZrO, is identified over a wide range
of composition (samples H - W and n - x). In addition to Te and ¢Zr, zirconium
tellurides such as ZrTe;, Zr;+xTez and ZrsTe, were found together with ¢ZrO,;. The
lattice parameters of ¢ZrO, in these samples were almost the same and close to the
literature values of baddeleyite ZrO;[20], irrespective of the type of the
coexisting phases. Therefore, the homogeneity range of ¢ZrO; is presumed to be
very small. Sample H was found to contain ¢ZrO; and Te. In samples [, L, V, W, o
and n, both 1ZrO,; and ZrTe; existed with Te or Zr,,,Te;, as can be seen in the
diffraction pattern (Fig. 4(B)). There was no marked difference in the lattice
parameters of ZrTe; for these samples, and the values were almost the same as
those for the single-phase ZrTej;. Presumably only a small amount of oxygen can be
incorporated into the ZrTe; lattice. Two phases (1ZrO; and Zr;.,Te,) were
observed in samples M, T, U and p - w.

In Fig. 5, the lattice parameters of Zr,,,Te,; coexisting with ¢ZrO, are
indicated as a function of gross tellurium content of ternary sample. The values
of a and ¢ for Zr;+,Te; were larger for one group of samples t - w than for
another group of samples p - s. In each group, a and c axes gradually decreased
as the tellurium content of the sample increased. The variation in lattice
parameters with sample composition is indicative of the range of composition in
the Zr,4+4,Teyz. On the assumption that oxygen solubility in Zr,,,Te; is quite small
and that the dissolved oxygen does not influence the lattice expansion of
Zr+xTey, the tellurium content in Zr,,,Te, for the ternary samples can be
estimated from the lattice parameters a and c using the relationship between
tellurium content and lattice parameters for the binary samples (Fig. 3). The
values of a and ¢ shown in Fig. 5 indicate that the tellurium contents are about
65 at% for the samples p - s and 56 - 60 at% for the samples t - w.

The X-ray diffraction analysis indicated that ZrsTe, was found together with

¢ZrO, and Zr;.,Te; in samples J, N and x and together with ¢ZrO,; and ¢Zr in
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samples K and O - S. The typical result is given in Fig. 4(C). For sample X, the
reaction products were ¢Zr and Zr;Te,, whereas no formation of ZrO, was observed.
It can be concluded that Zrs;Te, is the only one telluride which can coexist with

¢ Zr(O) solid solutions with various oxygen contents. As tellurium is soluble in
hexagonal 1Zr to an amount less than | at% [8], low solubility of tellurium might
be anticipated for the 1Zr(O) solid solution.

The existence of Te was confirmed in tenary samples D - [, W and n, as
indicated in Fig. 1. The lattice parameters of Te in these samples are the same
unaffected by the composition of the sample and in accord with the literature
data[19] for pure Te. Tellurium, which is liquid at 700°C, is expected to
dissolve little oxygen and zirconium into the solution. This prediction conforms
to the binary phase diagrams of Te-TeO;[16] and Zr-Tel[13].

Figure 6 illustrates the isothermal section of the Zr-Te-O ternary system at
700°C, which was constructed on the basis of phase identification and lattice
parameter determination. At 700°C, a liquid phase, L in Fig. 6, is consisted
mainly of tellurium. The Zr-Te-O system is c/haracterized by the formation of a
ternary compound ZrTe;O, with a stoichiometric composition. In the ZrO;-TeO,-Te
region, ZrTe3;Oy forms one of the apices of two three-phase triangles (regions |
and [ in Fig. 6). Another feature of the isothermal section is that ¢ZrO, can be
in two-phase equilibrium with all the existing phases other than TeO;. The three
tellurides stable in the Zr-Te binary system, namely ZrTes, Zr,+,Te; and ZrsTey,
coexisted with ¢ZrO,. The ZrTes and Zrs;Te, phases may have no appreciable range
of homogeneity, whilst the Zr;;,Te, phase in equilibrium with ¢ZrO; may have a
tellurium content from 52 to 66 at%. Among two-phase regions belonging to the
isothermal section, regions | (¢ZrO; + Zr;+,Tey) and I (ZrsTey, + ¢Zr(O)) showed a
wide composition range. As demonstrated in Fig. 6, conjugate phases are fixed by
a tie line in these two-phase regions. It is recognized from the constancy of
1ZrQ, unit cell dimensions amongst various samples that tie lines originate from
ZrQO, on the binary Zr-O edge. The compositions of Zr;;,Te; in samples p - w
estimated from these tie lines are consistent with the results obtained by
comparing Fig. 5 with Fig. 3. Tie lines can be drawn between nearly
stoichiometric Zrs;Te, and ¢Zr(O) having an oxygen content of 0 - 29 at%. The
mutual solubility of ¢ZrO, and zirconium tellurides is likely to be negligibly

small.
3.3. Thermodynamic stability of zirconium tellurides
A particular attention has been paid to the chemical stability of zirconium

telluride under various partial pressures of oxygen and tellurium. A phase

stability diagram was calculated for the Zr-Te-O ternary system to ascertain the

—107—



thermodynamic validity of the isothermal section of the ternary system
experimentally obtained.

The Zr-Te binary system is complex, and there are five different compounds,
Zr;Tey, ZrTe, ZrTe,, ZrTe; and ZrTe;, in the phase diagram[13]. In the present
study, three of them were observed at 700°C. Experimental measurements of
thermodynamic properties have been made only for ZrTe,{14]. In the Zr-Te-O
ternary system, there are three oxides. Thermodynamic information is available
for ZrO; and TeO;[20]. A double oxide ZrTe3;Os has been previously characterized
by X-ray diffraction[17], and the author also found the existence of the double
oxide at 700°C. Thermodynamic data for the ZrTe;Os double oxide have not yet been
reported.

In the present study, ZrsTe,, ZrTe; and ZrTe; were selected as zirconium
tellurides, and their chemical stability and phase equilibria in the Zr-Te-O
ternary system were examined. The double oxide ZrTe;Oj is also expected to be a
likely compound formed under oxidizing conditions, and it was employed as a
relevant oxide in addition to ZrO,; and TeO;. Chemical species chosen for
estimation of thermodynamic stability are listed in Table 1. Condensed phases
consist of eight solids and one liquid. It is assumed that the condensed species
are pure and the activities are equal to unity. For vapor species, two diatoric
gases, Te, and O,, were taken into account. Monatomic Te was neglected, because
the partial pressure of monatomic Te is much lower than that of Te, in the
temperature range for the present study.

To determine the equilibria in the Zr-Te-O system, the value of standard free
energy change AGoT for each equilibrium is needed, as described in the preceding
chapter. Values such as free energy, enthalpy and entropy for the relevant
species were obtained from the literature[14,20,21,22,23]. However, the measured
values for evaluating AG®; were not available for some of oxides and tellurides
considered here. Therefore, the author first has to estimate the standard
enthalpy of formation at 298 K, AH(OZSB and the standard entropy at 298 K, 50258
for the compounds. The following methods of estimating AH:;®,,5 and S° .95 have
been used for ZrsTe,, ZrTe,, ZrTe;z and ZrTe;Oj.

Kubaschewski[20] has described several methods for estimating unknown
enthalpy of formation, AH; ;55 and suggested that a graphical method is one of
useful techniques. A relationship generally holds between AH;°,,5 values for two
groups of compounds having chemical similarities each other. The resulting
correlation between the two allows to estimate the unknown AHf°298 value.
Mills[23] has correlated known AH:®,45 for metal tellurides versus those for metal
sulphides. In the present study, the relation of AHf°298 for tellurides with
those for sulphides was reexamined using the values available in the past 15

years, and the values for ZrTe, and ZrTe; were estimated from the literature data
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of zirconium sulphides.

Figure 7 shows the relationship between standard enthalpies of formation
LH;:® 2 95(M,Te,) and AH;°;55(M,S,) for metal tellurides and sulphides. The number
of compounds shown in this figure was 37 for 28 elements. Plots in Fig. 7 are
distinguished by the differences between electronegativity for metal, ¢y, and that
for tellurium, ¢t = 2.1t A¢ = ¢r. - ¢m. From Fig. 7, it is apparent that there
exists a correlation between AH;:° ;95(M;S,) and AH;° ,55(M,Te,), except for the data
set of alkali and alkaline earth metals, whose A¢ are larger than 0.9. Tellurides
and sulphides for alkali and alkaline earth metals are ionic commpounds and their
chemical properties are different from those for other metals. The strong ionic
nature of the compounds may result in the deviations from the correlation. For
the group of metals such as Ni and Cu whose electronegativities are close to the
value of tellurium (A¢ < 0.3), both AH;®;495(M,S,) and AH:°;45(M,Te,) are rather
small, but there seems to be a good correlation between AH:°,43(M,S,) and
AH;°295(MxTey) for metals with A g 0.8. The linear relationship between

standard enthalpies of formation for sulphides and tellurides was obtained as

follows:
AH:® 2 95(M,Tey) = 0.540 x AH{® 5 55(M,S,). 1)
AH:% ,55(ZrTey) = -312 kI/mol and AH;° ,45(ZrTe;) = -339 ki/mol were estimated by

comparison with the values for ZrS; and ZrS3; and the above relation.

As no information on the enthalpy of formation was available for ZrsS,; type
sulphide, AH;:®,45(ZrsTey) could not be estimated by the same manner. If two
elements form several compounds of different compositions, certain fairly general
relationships between their enthalpies of formation are known to exist[20].

Figure 8 shows the same regularities between the enthalpy of formation and the
composition in chalcogen/metal atom ratio (A/M) for the chalcogenides of the
elements in the fourth group of the periodic table. The enthalpy of formation for
ZrsTe, can be estimated from this figure to be -732 kJ/mole.

The enthalpy of formation for double oxide ZrTe;Og cannot be determined by
the analogous approach. Double oxides containing titanium, zirconium or hafnium
possess small and negative enthalpies of formation from the constituent oxides,
AH;:% 5 98,0x[20,21,24,25]. The values of 8H;® 345,0x fell within the limits from -20
to -150 kJ/mol, if alkali and alkaline earth double oxides were excluded. The
standard enthalpy of formation from the elements, AHf°zgg(ZrTe308), may be -2090
to -2220 kJ/mol.

Consequently, these procedures led to estimation of AH,;® ;45 values given in
Table 2. The estimated value for ZrTe,; was reasonably consistent with

AHfozgs(ZrTez) of -294.1 kJ/mol reported by Johnson et al.[14]. This suggests
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that the estimated AHf°293 values for zirconium tellurides may be close to the
real values.

For estimation of standard entropies of ionic compounds, S°,9s, Latimer has
developed a method[20]. The value of S°;45 can be yielded additively from the
data found empirically for the cationic and anionic constituents. However, it is
also known for compounds with less ionic nature the Latimer additive method
provides larger entropy than the real value. In the present case zirconium
tellurides may have less ionic nature, and hence the Latimer method was not
adopted for ZrsTe,, ZrTey and ZrTe;. Whereas, ZrTe3O;3 is inferred to be an ionic
compound and its value of 50295 was found from the Latimer method to be 252 J/mol
K. In the calculation, entropy contribution due to ion mixing was neglected.

Another common method for evaluating entropy is based on the calculation of
the average entropy of formation from the elements, Asozgg’ of compounds
possessing chemical similarities to the compounds of interest[20,26]. The average
value can be used to predict the unknown S°,9s value. An analysis of the entropy
change has been performed for reactions involving one gaseous species such as
oxygen and sulphur[26]. A similar analysis was applied to telluride formation to
obtain the standard entropy, 50295, of ZrsTe,, ZrTe; and ZrTe;. The entropy
changes of the following reaction, Asozgs, were calculated for 47 tellurides of 33

elements,

2x/y M(c) + Tey(g) = 2/y M Te,(c),

where M(c) and M Te,(c) are the condensed phases of metal and telluride, and
Te,(g) diatomic tellurium gas. If the average AS°298 is obtained, the standard

entropy for tellurides, S°,45(M,Te,) would be derived from the equation,

S%298(M,Te,) = y/2 45,95 + y/2 S°545(Tey) + x S°,45(M), (2)

where S°,,45(Te;) and S°,45(M) are the standard entropies of Te, gas and metal,
respectively. The 8S°,,5 values of telluride formation for various metals are

plotted in Fig. 9. The average value is

45°;95 = -167 + 28 J/mol of Te, gas K. )

The values of AS°,s5 for formation of chalcogenides such as oxide, sulphide,
selenide and telluride will be nearly the same, because 4S5°,45 is governed by
contribution of the entropy for the chalcogen gas quite larger than those for the
condensed phases. To identify the validity of the average value of AS°298 for

telluride formation, comparison with those for other chalcogenides was made. A
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reaction between metal, M, and diatomic chalcogen gas, A,;, to form a chalcogenide,

M,A,, is written as

2x/y M(C) + Az(g) = 2/y MXAY(C)’

and the entropy change of the reaction is given by

45° 298 = 2/y S°298(M,A,) - 5°%,55(Az) - 2x/y S°245(M), )

where 5°,;45(M A,) and S°,45(A,) denote the standard entropies of chalcogenide and
chalcogen gas, respectively. The average value of AS° .45 for selenide formation
was calculated by the author using the S°,45 values in the literature[20,23], and
the avarage values of Asozgs for oxide and sulphide formation shown in Fig. 10
were the data reported by Swalin[26]. In Fig. 10, the values of ASOZH are all
negative, and there is no marked difference in the magnitude among chalcogens as
expected. Though the average AS5°,,5 value thus obtained for telluride formation
shows slightly greater deviation than those for O, and S,, it is considered to
enable us to estimate the unknown Sozgg value. For Asozgg value of -167 J/mol of
Te, gas K, the standard entropies are 378 J/mol K for Zrs;Te,, 130 J/mol K for
ZrTe; and 172 J/mol K for ZrTes.

The estimated entropy data are summarized in Table 2. The value of 50293
obtained for ZrTe, agrees with the reported value of 124.24 J/mol K. Judging from
this consistency, the estimated S°,,5 values for ZrsTe, and ZrTey are presumed not
to be far from the real values.

The thermodynamic stability of the phase present in the Zr-Te-O ternary
system was assessed mainly on the basis of equilibrium tellurium and oxygen
pressures, which can be calculated from the standard Gibbs free energy change at a
temperature for the corresponding chemical equilibrium, AG° 1. The estimated and
reported thermodynamic data were used to evaluate AGOT. The oxygen potential,
AGo, , was also used as one of the fundamental parameters defining chemical

stability of compounds, and expressed by

4Go; = RT In(Pg, /Po; ), (5)
where R = gas constant (8.314 J/mol K), Pg; = oxygen partial pressure (Pa), and
Pozo = oxygen pressure in the standard state (1.0132 x 10° Pa). Calculation for

the thermodynamic stability was made at temperatures from 300 to 700°C.
Relative stability of zirconium tellurides among metal-tellurium binary
systems was examined by decomposition vapor pressure of Te,, as indicated in Fig.

11. The tellurium pressure over Zr;Te,, ZrTe, and ZrTe; are determined according
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to the reactions,

5 Zr(s) + 2 Te,(g) = ZrgTeu(s),
ZrsTeu(s) + 3 Teqx(g) = 5 ZrTe,(s) and
2 ZrTey(s) + Tejy(g) = 2 ZrTes(s).

The AHf°293 and S°293 values for ZrsTe, and ZrTe; estimated in the present study
were used to calculate the tellurium pressure, but the reported data were employed
for ZrTe,[14]. At a temperature of 700°C, ZrsTe, and ZrTe; show Te,; pressures of
2.1 x 107'® and 2.1 x 10”® Pa, respectively. This suggests that these compounds
are -stable even at a high temperature.

The equilibrium partial pressures of Te,; over tellurides were also calculated
for fission products (La, Ce, Nd, Cs, Ba, Sr, Mo, Pd and Ru), cladding
constituents (Fe and Sn) and control rod materials (In, Ag and Cd) to clarify the
relative stability of zirconium telluride in the LWR system. The results are
shown in Fig. 11. Linear equations for the free energy changes were organized for
the tellurides, as shown in Table 3. Among the constituents of Zircaloy cladding,
the most stable telluride is considered to be Zrs;Tey. The tellurides for
lanthanides such as La, Ce, Nd and alkali and alkali earth metals such as Cs, Ba
and Sr may be more stable. The remaining elements form less stable tellurides
rather than ZrsTe,. If these lanthanides and alkali metals form much stable
oxides under normal and accident conditions of LLWRs, zirconium tellurides become
to be comparatively stable. For an extreme oxidizing situation, much of tellurium
and noble metals such as Pd and Ru might be bound together.

The phase stability diagram at 700°C was constructed for the Zr-Te-O ternary
system, as shown in Fig. 12. The standard enthalpy of formation for ZrTe;Og was
taken as -2150 kJ/mol. It is seen from Fig. 12 that at low oxygen partial
pressures zirconium tellurides of ZrsTe,, ZrTe, and ZrTez can exist, but that
these tellurides are oxidized to ZrO; if the pressure slightly increases. The
ZrO,; phase is stable in a wide range of oxygen and tellurium partial pressures.
Under a more oxidizing atmosphere, the double oxide ZrTe3z;O; may become stable.
The ZrTez;Os appears in the case of AH; ;95 = -2150 kJ3/mol, however if AH; 545 2 -
2100 kJ/mol, it would be unstable at 700°C and may decompose to ZrO,; and TeO,.
The calculated stability diagram suggests that there exist three-phase regions of
[ZrO, + ZrsTey + ¢Zrl, [ZrO, + ZrTe, + ZrsTeyl, [ZrO; + ZrTe, + ZrTe;l, [ZrO, + L
+ ZrTesl, [ZrTez;Oy + ZrO; + L] and [ZrTe;O3 + TeO, + L1, L = liquid Te. All the
species other than TeO,; are expected to coexist with ZrO,;. Phase stability trends
are virtually consistent with the isothermal section of the Zr-Te-O ternary systém
(Fig. 6). It should be noted that the phase relationships experimetally obtained

in the present study satisfy the thermodynamic constraints.
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At a lower temperature of 300°C, almost similar phases appear in the
stability diagram shown in Fig. 13, but tellurium is in the solid phase. The ZrO;
is stable again. Even if more positive AH{ozgg values for ZrTe; O3 were used to
construct the stability diagram, the double oxide will appear at 300°C. The
equilibrium phase relationships at 300°C seem to be almost the same as at higher
temperatures.

Although the zirconium tellurides are relatively stable compounds among
metal-tellurium binary systems, the chemical stabilities of zirconiuum tellurides
were found from these stability diagrams to be quite sensitive to oxygen pressure,
irrespective of temperature. The temperature of cladding inner surface under
normal operating condition of LWR may be slightly higher than the temperature of
300°C employed here, but there may be no marked change in the phase stability for
the Zr-Te-O system between the two temperatures. On the assumption that the
oxygen potential in the fuel-cladding gap is controlled by the UO,; fuel, the AGo,
is around -#00 kJ/mol or more less, which is not low enough to allow the formation
of zirconium tellurides even at a Te,; pressure of 0.1 Pa. At a high oxygen
pressure and high temperature like reactor accidents, formation of ZrTe;Og becomes
to be important rather than zirconium tellurides.

The temperature dependence of the oxygen potential ACOZ in the Zr-Te-O
ternary system is illustrated in Fig. 14, which is often called the Ellingham
diagram. From the phase rule there is one degree of freedom in the three-phase
region (for instance, ZrO; + ZrTe, + ZrTe;), and setting the temperature fixes the
oxygen potential and the tellurium partial pressure. The oxygen potential in the

three-phase region of ZrO,+ ZrTe,+ ZrTe; is established by

3 ZrTey(s) + Oy(g) = 2 ZrTez(s) + ZrO,(s),

and can be calculated from AG®° 1 for the above reaction. The temperature
dependence of oxygen potential in a three-phase region is shown by a solid line in
Fig. 14. On the other hand, the phase rule offers two degrees of freedom in the
two-phase region (e.g., ZrO; + ZrTe;). Consequently, the tellurium pressure
depends upon the oxygen potential at a given temperature. The tellurium pressure
in the ZrO,; + ZrTe, two-phase region can be evaluated from the tellurium pressure-

oxygen potential relation associated with the reaction,
ZrTey(s) + O3(g) = ZrO,(s) + Tez(g).
Dashed lines in Fig. 14 represent Te; isobars in two-phase regions. Figure 14

suggests that in a temperature range from 300 to 700°C ZrsTe,, ZrTe, and ZrTe; are

stable only at a quite low oxygen potential. The equilibrium tellurium pressure
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at a given temperature is smaller in the ZrO, + Zr,Tes two-phase region than in
the ZrO, + ZrTe,; region. At the normal temperature of cladding inner surface in
[LWRs, the tellurium pressure much greater than 0.1 Pa is required to form ZrTe; at
AGo, = -650 kJI/mol. No change in tellurium pressure is observed with the oxygen
potential in the Te + ZrO; rjegion. The region of ZrO,; + Te + ZrTe3zOg shows a
higher oxygen potential than other three-phase regions. The tellurium pressure in
ZrO, + ZrTe3;Og region is found to be strongly affected by temperature and to be
smaller than that in Te + ZrO, region. At higher oxygen potentials encountered in
a failed fuel rod, zirconium tellurides are not likely to be formed at any
temperatures. However, the tellurium pressure is lowered by the consumption of
tellurium in forming the ternary compound of ZrTezOg.

From the stability diagrams and the ACOZ -T relationship thus obtained, it can
be concluded that oxygen reduces strongly the chemical stability of zirconium
telluride. The oxygen potential may not be enough low to form zirconium
tellurides in the fuel-cladding gap of normally operating LWR. However,
sufficiently low oxygen potentials are supposed to be attained by UO,/Zircaloy
cladding interaction at the initial stage of reactor accident, and in such a
situation Zircaloy cladding will pick tellurium up. At high oxygen potentials
encountered after failure of fuel rod in reactor accidents, the zirconium
tellurides are unlikely to be formed on Zircaloy cladding. Collins and his
coworkers[5] have observed that a considerably large amount of tellurium is
retained by metallic Zircaloy cladding up to ZOOOOC, but that tellurium once
gettered is rapidly released after Zircaloy oxidation by steam. Higher stability
of ZrO, than zirconium tellurides over a wide range of oxygen potentials explains
the tellurium behavior in the recent test by Collins et al.[5]. Under a certain
condition, however, the oxidized Zircaloy may tie up tellurium to form the ternary
compound of ZrTe;Og.

As the present study was directed toward the Zr-Te-O ternary system, the
present conclusion might not strictly be applied to the phenomena which would take
place in the multicomponent system involving the other fission products and core
materials. Although the Zr-Te-O phase relationships only are insufficient to
represent complete chemical behavior of many fission products in hypothetical LWR
accidents, such knowledge can provide a useful basis for an analysis of the

complex chemistry of fission products’ release from failed fuels.

4. Conclusions

The phase relationships in the Zr-Te-O ternary system have been studied at

700°C. The isothermal section of the Zr-Te-O systemn at 700°C was proposed using
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the results of X-ray diffraction analysis. The ternary compound ZrTe;O; was
confirmed to exist along the ZrO,;-TeO, join in the isothermal section. The three
tellurides, ZrsTey, Zr,+,Te; and ZrTe; were found to be stable at 700°C in the Zr-
Te binary system, and these compounds formed equilibrium phase regions with ¢ZrOj,.
A limited amount of oxygen can be dissolved in these tellurides.

The thermodynamic properties such as AHf°298 and S°,45 were estimated for
Zr;Te,, ZrTe,, ZrTe; and ZrTezOg to serve as a basis for calculation of the phase
stability and the Ellingham diagrams for the Zr-Te-O ternary system.

On the basis of evaluation of the equilibrium pressure of Te,, Zr;Te, and
ZrTe, were found to be relatively stable compounds themselves, compared with other
tellurides of fission products, cladding constituents and control rod materials.

The stability diagrams for the Zr-Te-O system were constructed at 700 and
300°C using In Pgo, and Iln Pr., as variables, and the temperature dependence of the
oxygen potential in the Zr-Te-O system was obtained. It was verified from the
stability diagrams and the MGy, vs temperature relationship that at extremely low
oxygen potentials there exist zirconium tellurides in the ternary system and that
ZrOj; is quite stable over a wide range of oxygen and tellurium partial pressures.

In the range of higher oxygen potentials, tellurium pressure may be lowered in
forming ZrTezOjg instead of ZrO,. The phase relations expected from the calculated
diagram were almost identical with the experimental isothermal section of the Zr-
Te-O ternary system.

A scenario of LWR accident determines whether or not zirconium tellurides are
stable with respect to ZrO;. The ZrTe;Os would become an important tellurium-

containing species if the oxygen potential is increased sufficiently.
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Table 1 Chemical species chosen for the calculation.

1) Condensed Phases

Solid: ZrsTey, ZrTe,;, ZrTes;,
ZrO,;, TeO,,

ZrTe;Og,
Zr, Te
Liquid: Te
[) Vapor Species
Diatomic gas: Oy, Te,
Table 2 Thermodynamic properties of chemical species related

to the Zr-Te-O ternary system[1#4,20].

Chemical Species 8H;° 5 4 5(kJ/mol) S° ,98(dJ/mol K)
ZrsTe, -732%* 378*
ZrTe, -312* 130%

-294.1 124.24
ZrTes -339x* 172*
Zro, -1101 50.71
TeO, -323 74.17
ZrTe;Os -2150%* 252*
Zr - 39.0
Te - 49.50
0, -- 205

* Estimated value
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Table 3 Linear equation for standard free energy change of telluride

formation{14,22,23]: AG°1(3/mol of Te, gas) = A + B T.

Telluride - A x 1078 B
ZrsTe, 522.3 160.2
ZrTe, 402.3 170.6
ZrTe; 245.8 156.2
SnTe 287.2 179.7
FeTe, s 207.7 134.3
CrTe 302.2 123.1
Cs;Te 887.3 : 249.7
BaTe 702.6 198.0
SrTe 783.8 180.5
LaTe 758.6 188.9
CeTe 767.5 194.6
NdTe 761.1 205.4

....... Mo;Te, 189.2 106.5
Pd,Te 230.8 160.2
RuTe, 265.0 158.1
InTe 298.0 163.4
CdTe 435.3 180.0
Ag;Te 228.2 115.2
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CHAPTER 6 SOLUBILITY OF HYDROGEN ISOTOPE IN TITANIUM-OXYGEN SOLID
SOLUTION

1. Introduction

Titanium is now widely used as a gettering material in vacuum technology
because of its great sorption ability for chemically active gases. In fusion
technology it was of primary interest as a getter to reduce impurity levels of
plasma in tokamaks[1-3]. A gas handling system with titanium bed has recently
been proposed for tritium fixation and disposall4-6]. The titanium getter appears
to be one of the most likely candidates for scavenging tritium and other impurity
gases from the helium coolant of a high temperature gas cooled reactor[7]. For
practical applications of titanium and its alloys to tritium handling systems in
fission and fusion reactors, it is of importance to obtain the sorption rate and
capacity for hydrogen isotopes.

Hydrogen behavior in titanium and its alloys is also important for
metallurgical reasons. Mechanical performance and corrosion resistance of
structural parts containing titanium-base alloys are strongly influenced by
absorbed hydrogen. Much effort has been spent to clarify the effect on hydrogen
on the metallurgical properties of titanium[&,9].

The sorption rates of hydrogen isotopes by titanium have been reported in the
literature[10,11]. The solubilities and the phase diagrams are well known for the
Ti-H and Ti-D binary systems[12-16]. Irreversible sorption of other active gases
such as H;O0, CO,; and CO appears to affect the behavior of hydrogen isotopes, in
titanium. Oxygen is likely to be the most important element among the impurities
dissolved in titanium. However, only limited information is available for
hydrogen solubility in titanium-oxygen solid solution[17-19].

The present study has therefore been performed on the Ti-O-H and Ti-O-D
ternary systems to elucidate the effects of solute oxygen on the equilibrium phase
relationships and on the solubilities of hydrogen isotopes in titanium. The
isotope effect of hydrogen and deuterium on the solubility was discussed, and
tritium solubility in titanium-oxygen solid solution was estimated from

experimental results for hydrogen and deuterium.

2. Experimental

Pure titanium and titanium-oxygen solid solution, ¢Ti(O), were employed in

the present study. The pure titanium specimen was in the form of sheet (1 mm x 10
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mm x 12 mm), the principal impurities of which were 320 wtppm Fe, 360 wtppm O, 31
wtppm N and 21 wtppm H. Prior to solubility measurements, the specimen was
mechanically polished and ultrasonically cleaned. Pellets of ¢Ti(O) solid

solutions (8 mm§ x 2 - 3 mmh) were prepared by vacuum annealing of Ti (purity,
99.9 wt%) and TiO (purity, 99.9 wt%) mixture powders. The oxygen content of
¢Ti(O) ranged from 0.111 to 0.429 O/Ti atom ratio. Phase identification by X-ray
diffraction technique indicated that the pellets thus prepared were ¢ solid
solutions with a hexagonal structure. The homogeneity of the ¢Ti(O) solutions was
also checked by a microhardness tester and a microscope. The compositions were
chemically analyzed before and after solubility measurements. Hydrogen (purity,
99.999 vol%) and deuterium (purity, 99.5 vol%) gases were used with purification
by passing over hot titanium sponges.

Solubilities of hydrogen and deuterium in the pure titanium and the ¢Ti(O)
solid solutions were measured by a modified Sieverts apparatus shown schematically
in Fig. 1. The apparatus was constructed mainly of stainless steel and capable of
being evacuated less than 107°% Pa with an oil diffusion pump having a liquid
nitrogen trap. Pressures of hydrogen and deuterium were recorded by three
capacitance manometers which covered the pressure range of 1.33x107' to 1.33x10°%
Pa. The specimen temperature was measured by a CA thermocouple and controlled
within = 1°C.

The specimen of approximately 0.5 g in a molybdenum crucible was placed
inside a silica tube and outgassed at 900°C for several hours in a vacuum of 108
Pa before hydrogen addition. An appropriate amount of hydrogen or deuterium gas
was adimitted from the calibrated volume to the specimen tube kept at a constant
temperature. After equilibrium was established, the pressure was measured. The
procedure was repeated up to a predetermined pressure. The solubility of hydrogen
isotope was evaluated from change in pressure on dissolution of gas into the
specimen at constant volume. The solubility measurements were carried out in the
temperature range of 600 to 850°C at pressures ranging from 1 to 10%2 Pa. Only at
600°C, hydrogen solubility was measured up to 10° Pa to gain information on phase

equilibria in the Ti-O-H ternary system.

3. Results and Discussion
3.1. Phase equilibria in the Ti-O-H ternary system
At 600°C, equilibrium pressures of hydrogen in pure titanium and ¢Ti(O) solid

solutions with oxygen contents of 0.111, 0.176, 0.250, 0.333 and 0.429 O/Ti atom

ratios were measured up to 10° Pa. Isothermal equilibrium hydrogen pressure-
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equilibrium hydrogen content (P-C) curves are shown in Fig. 2.

At low hydrogen contents, linearity of the P-C curves for pure titanium and
tTi(O) solid solutions reveals that Sieverts' law is obeyed for all the domain of
the dilute ¢ solution. As hydrogen content is increased, each curve (except for
pure titanium) exhibits some curvature. Discontinuities in slope appear on the P-
C curves at higher hydrogen contents, which are indicated by open circles in Fig.
2. These points on the P-C curves indicate the presence of phase boundaries.

Five distinct portions of the P-C curves can be seen for the Ti-H binary
system, corresponding to equilibrium conditions between hydrogen gas and dissolved
hydrogen in three single-phase regions of ¢Ti(H) (hcp solid solution), fTi(H) (bcc
solid solution) and §TiH,-., (fcc hydride) and in two two-phase regions of ¢ Ti(H) +
fTi(H) and #Ti(H) + $TiH,-... There exist two plateau pressure regions in the P-C
curve for the Ti-H binary system. The two solid phases ¢Ti(H) and fTi(H)
equilibrate each other in the plateau region at a lower pressure, and JTi(H) and
§TiH; -, in another plateau region. The phase boundaries obtained in the Ti-H
binary system are in good agreement with those in the literature[20].

For the P-C curves of ¢Ti(O) solutions with 0.111 - 0.250 O/Ti, the regions
adjacent to ¢Ti(O,H) phase are inferred to be ¢Ti(O,H) + fTi(H). The plateau
pressure region is observed, where three phases of ¢Ti(O,H), fTi(H) and $TiH,_,
coexist in the solid phase. Since at the discontinuities in slope on the P-C
curves the equilibrium pressures for ¢Ti(O) of 0.333 and 0.429 O/Ti are larger
than the plateau pressure, this change in slope marks the appearance of §TiH,_,
phase. That is to say, two phases ¢Ti(O,H) and §TiH,., are in equilibrium in the
portion of the curve above the discontinuity.

Figure 3 indicates the tentative isothermal section of the Ti-O-H ternary
system at 600°C, proposed from the results of P-C curves for pure titanium a;nd
¢Ti(O) solid solutions. The existence of 1 Ti(O,H) + fTi(H) + §TiH,_ , (region [ in
Fig. 3) characterizes the isothermal section of the Ti-O-H system. This three-
phase region is adjacent to two-phase regions of ¢Ti(Q,H) + fTi(H), fTi(H) +
§TiH; ., and ¢Ti(O,H) + §TiH,_,. On the basis of the P-C curves, isoactivity
lines, which are called tie lines, are drawn in the two-phase regions.

From the results obtained in the present study, the ¢ phase is found to be
stabilized by oxygen dissolution. On the other hand, the area of the f phase
region is likely to be relatively small. The phase boundary between ¢Ti(O,H) and
¢Ti(O,H) + fTi(H) shown in Fig. 3 agrees with the results for ¢Ti(O) with an
oxygen content below 0.156 O/Ti previously reported by Jostsons and Jenkins[18].
The three-phase region including ¢TiO (region [} seems to exist in a higher oxygen
content region, though it could not be evidenced by the P-C curve measurements in

the present study.
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3.2. Hydrogen solubility in the Ti-O solid solution

Below a hydrogen pressure of 102 Pa, all the solubility data for hydrogen in
pure titanium and ¢Ti(O) solid solutions with oxygen contents from 0.111 to 0.429
O/Ti closely followed Sieverts' law, which states that the solubility of a

diatomic gas in a metal is proportional to the square root of the pressure:
Cu = Ky Py, 7% )

In this equation, Ky is the Sieverts' constant, Cy the solubility of hydrogen in
atom ratio (H/Ti), and Py, the equilibrium pressure of hydrogen gas in Pa. Figure
4 indicétes a representative of the linear relation between the square root of the
equilibrium pressure and hydrogen content. Since Sieverts' law applied in all the
¢ Ti(O) solid solutions, hydrogen-hydrogen pair interaction in the solution seems
to be negligible.

Figure 5 shows the change in the Sieverts' constant Ky for hydrogen with
temperature. It is seen from this figure that temperature dependence of Sieverts'

constant can be represented by
In Ky = A + B/T @

where A and B are constants and T is the specimen temperature in K. In Table I,
the parameters A and B are listed together with the enthalpies of solution of
hydrogen into pure titanium and ¢Ti(O) solutions AH (kJ/g-atom) derived from the
value of B.

Different workers[12-16] have studied hydrogen solubility in pure titanium
and reported the A values ranging from -11.6 to -13.1 and the B values from 5300
to 6400, as given in Table 2. The solubility data for pure titanium obtained in
the present study are in reasonable agreement with these sets of data.

The hydrogen solubility at a constant pressure is found from Fig. 5 to
decrease with increasing oxygen content in titanium. It is obvious from Table 1
that the enthalpy of solution is slightly reduced by oxygen addition.

The reduction in the solubility of hydrogen by dissolved oxygen is
attributable to a repulsive interaction between hydrogen and oxygen within
titanium. Site occupations of hydrogen and oxygen are indicated in Fig. 6.
Oxygen atoms in a hexagonal lattice of titanium are located on octahedral
sites[21], whereas tetrahedral sites in titanium are highly favored to receive
hydrogen atoms[22,23]. The presence of oxygen atom in an octahedral site is
inferred to cause changes in the state and configuration of hydrogen atoms in

adjacent tetrahedral sites. This is presumed to influence the solubility of
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hydrogen in titanium.

Taking into consideration the site occupation of interstitial atoms, the
effect of oxygen on hydrogen solubility was analyzed by a dilute solution
model{24,25].

The chemical potential of hydrogen in the solid solution is expressed by,
pg® = Ha - T Sy + kT In(Cx/(2-Cy)). (3

In this equation, Hy and Sy are the partial molar enthalpy and the partial molar
excess entropy of hydrogen which are referred to the standard state of hydrogen
atoms at rest in a vacuum, and k is Boltzmann constant. The last term on the
right hand side of eq. (3) is related to the configurational entropy of hydrogen,
derived on the assumption that the hydrogen atoms have access to two tetrahedral
interstitial sites per titanium atom.

The chemical potential of atomic hydrogen in the gas phase is represented as,
pa® = KT In Py, '2 + kT In(Ag, T 774 + E%y, )

where - E%y, is one half of the dissociation energy of the hydrogen molecule at O

K. The Ay, refers to the partition functions of hydrogen gas[24]:
Any, = [(03/(212mukT)¥ 8 (eh?/81 g, kTY(1/ZV)(1/Z911 72 x (/T2 x T/, (5)

The first term in the bracket is f,or the translational degrees of freedom, the
second for the rotational degrees of freedom. In these terms, myg is the atomic
weight of hydrogen, ¢the symmetry number of hydrogen molecule, Iy, its moment of
inertia, and h the Planck constant. The ¢ is 2 for the hydrogen molecule. The
values of E%4, and ly, can be evaluated from the literature datal[26,27]. The
remaining Z' and Z° are the vibrational and electronic partition functions of

hydrogen molecule. The Z' is represented by
Z¥ = (I - exp(-hyu, /KT L. (6)

In this equation the yyu, is the vibrational frequency of the hydrogen molecule,
the value of which can be obtained from the spectroscopic data[26]. The
electronic partition function Z° can be replaced by the degeneracy of the ground
state for the hydrogen molecule: Z° = | corresponding to a '} ground state.

g

At equilibrium, pa® = pg®. Hence, the following solubility equation was

obtained for a dilute solution (Cy € 1),
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In (Cy T77*/2 Pup, /2 Amy) = - (Ha - E%uz)/KT + Su/k. %)

The equation (7) was applied to the solubility data. Plots of In(Cy T'/%/2 Py, '/?
Anp) vs 1/T are shown in Fig. 7, indicating good straight lines for pure titanium
and ¢Ti(O) solid solutions. The values of the slope and the intercept give the -

(Hu - E%uz)/k and the Su/k. For pure titanium, the enthalpy term of Hy - E%y; and
the entropy term of Su were estimated to be -31.0 kJ/mol and 28.4 J/mol K,
respectively. The values of the enthalpy term for ¢Ti(O) solid solutions were
slightly smaller than that for pure titanium. The entropy term markedly decreased
with oxygen content in ¢Ti(O).

The changes in the hydrogen solubility and the enthalpy of solution by
insertion of oxygen atoms into ‘the titanium lattice were analyzed on the basis of
differences in the partial molar thermodynamic functions between pure titanium and
ﬁTi(O) solid solutions. The differences in the partial molar enthalpy and the

partial molar excess entropy are defined as,

3Ha = Hu - Hy® and Sy = Su - Su° (8)

where FIH° and §H° are the values for pure titanium.

In Fig. 8, the change in the $Hy value with oxygen content Co (O/Ti) is
shown. The #Hu is found from this figure to be slightly reduced by the presence
of oxygen in titanium. For the ¢Ti(O) with an oxygen content of 0.111 O/Ti, iHu =
-1.6 kJ/mol. No marked change in 6EH was observed for the solid solutions with
oxygen contents above 0.111 O/Ti.

In general, a decrease in the enthalpy requires an increase in the hydrogen
solubility. The tendency in the partial molar enthalpy as can be seen in Fig. 8
seems to be in conflict with the reduction in hydrogen solubility by solute
oxygen. One of the physical effects which result in decrease in partial molar
enthalpy is the lattice expansion due to insertion of impurity atoms into
titanium. Oxygen in titanium brings about considerable expansion of the hexagonal
lattice[20]. The lattice strain resulting from solute oxygen affects the IS
value. In the region of low oxygen content, Huy for a ¢Ti(O) solid solution is

approximately:

HH = EH - (VHVO/VTiKTn) x Co
By = OE/dn)y,t 9

where Ey is the partial molar energy of hydrogen at constant volume. Wagner[28]

and Lupis[29] have given detailed explanations for the volume contribution to

thermodynamic functions. The Vu and Vg are the partial molar volumes of hydrogen
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and oxygen in titanium, and Vr; (1.06x107% m?3*/mol) and Kr; (9.51x107'% m?/N) are
the molar volume and the compressibility for pure titanium. If Eu is independent

of oxygen content in titanium, the value of {Hy can be estimated in terms of

3He = - (VaVo/VziKri) x Co. (10)

The partial molar volume of oxygen in titanium was evaluated from the reported
values of lattice parameters of ¢Ti(O) solid solution[20] to be 1.5 - 2.5x10° 8
m3¥/mol. Assuming Vu = 2x107% m?®/mol and setting Vo = 2.5x107% m3/mol, the author
calculated the volume contribution to $Hu, as indicated by the dashed line in Fig.
8. It should be noted that at a low oxygen content there is no marked difference
between the calculated and experimental tHy values. At higher oxygen contents,
the calculated values are in wide disagreement with the experimental findings.
Other physical effects such as a repulsive interaction of oxygen with hydrogen and
an electronic contribution of oxygen may cause the discrepancy. These effects
positively contribute to the partial molar enthalpy, as the oxygen content
increases.

Figure 9 shows the change in the $Sk value with oxygen content in ¢Ti(O). In
contrast to $Hu, the value of #Sy continuously decreases with oxygen content. If
non-configurational contributions to the partial molar excess entropy Sk (e.g.,
electronic) do not change with oxygen content, {Su arises from deviation from
complete randomness in the distribution of hydrogen. The strong repulsive
interaction between oxygen and hydrogen in titanium lattice reduces the
configurational entropy, which is the so-called "blocking effect”. Introducing a
site blocking factor C, which denotes the fraction of the number of tetrahedral
sites blocked by oxygen to the total number of tetrahedral sites, the partial
configurational entropy term in eq. (3) may be rewritten as kT In (Cu/(2-Cx-2C;)),

or

¥Su = k In (1 - Cy). an
In the simple case, an oxygen atom on an octahedral site is presumed to prevent a
hydrogen atom from occupying nearest tetrahedral sites. If the oxygen atom
completely blocks adjacent six tetrahedral sites, the value of C. is theoretically
given by,

C. =1 -0 - Cp (12)

Substitution of eq. (12) into eq. (11) leads to the relation between 3Sk and C,

shown by the dashed line in Fig. 9. The experimental 3Sy agrees well with the
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theoretical curve. Therefore, it can be concluded that an oxygen atom blocks six
tetrahedral sites and that the blocking effect was hardly affected by the oxygen
content.

For a ¢Ti(O) solid solution, the negative change in the partial molar excess
entropy is much larger than the corresponding change in the partial molar
enthalpy. As a result, the hydrogen solubility at a fixed pressure decreases with

increasing oxygen content in ¢Ti(O) solid solution.

3.3. Deuterium solubility in the Ti-O solid solution

Measurements of deuterium solubility were made for pure titanium and ¢Ti(O)
solid solutions with oxygen contents of 0.111, 0.250 and 0.429 O/Ti. Figure 10
shows Sieverts' plots of deuterium solubility at 600°C. As shown in this figure,
all the deuterium solubility data obtained for ¢Ti(O) solutions were observed to
obey Sieverts' law represented by eq. (1).

In Fig. 11, the temperature dependence of the Sieverts' constant K;p obtained
for deuterium in ¢Ti(O) solid solutions is indicated together with the results for
pure titanium. It is apparent from this figure that for pure titanium and ¢Ti(O)
the linear relationships (i.e., eq. (2)) hold between the logarithm of Sieverts'
constant and the reciprocal temperature. The values of A, B and AH obtained for
deuterium solubility are listed in Table 1. The deuterium solubility decreased
with the oxygen content in ¢Ti(O). The enthalpy of solution obtained for Ti(O)
was slightly lower than that for pure titanium and almost insensitive to the
oxygen content. These trends were the same as those verified in hydrogen
solubility.

Comparison of Fig. 11 with Fig. 5 reveals that Sieverts' constants of pure
titanium and ¢Ti(O) solid solutions are slightly smaller for deuterium than for
hydrogen. As evidenced by Table 1, the enthalpy of solution for deuterium is
larger than that for hydrogen. For pure titanium and ¢Ti(O), solubility ratios
between hydrogen and deuterium at a constant pressure were 1.09 to 1.23, which
were consistent with the values of 1.0 - 1.2 derived from the literature data
pertaining to dilute binary solutions of Ti-H and Ti-D listed in Table
2[13,14,16]. These results suggest that there exists a small isotope effect on
solubility and enthalpy of solution for titanium with various oxygen contents.

The decrease in the deuterium solubility by oxygen dissolution is the same
order as that in hydrogen solubility, which is attributable to repulsive
interaction between deuterium and oxygen within titanium. Site occupancy of
deuterium in titanium may be similar to hydrogen. The effect of oxygen on
deuterium solubility can be analyzed by the dilute solution model proposed for

hydrogen. The following solubility equation was applied to the deuterium data:
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In (Cp T'7%/2 Pp, /2 Ap;) = - (Ho - E%py)/kT + Sp/k. (13)

Plots of In (Cp T77%/2 Pp;'”? Ap;) vs 1/T for deuterium in titanium and ¢Ti(O)
solid solutions are good straight lines with a slope given by - (Ho - Ep;)/k and
with an intercept given by Sb/k, as evidenced by Fig. 12. The values of the slope
and the intercept yielded Hp - E%p, = -28.5 kJ/mol and Sp = 37.0 J/mol K for pure
titanium.

The changes in the deuterium solubility and the enthalpy of solution by
incorporation of oxygen into titanium lattice were discussed on the basis of the
differences in the partial molar enthalpy and excess entropy between pure titanium

and ¢Ti(Q), defined as:

3Hp = Hp - Hp® and §Sp = Sp - Sp° (14

where HD° and §D° are the values for pure titanium. The changes in the “:In and
?Sp values with composition are shown in Figs. 13 and 14, together with the values
for hydrogen.

As shown in Fig. 13, the partial molar enthalpy Hp for deuterium in titanium
decreases with oxygen addition, which may be due to a lattice strain effect of
solute oxygen. The change in $}H value with oxygen content in ¢Ti(O) scarcely
differs from deuterium to hydrogen. On the assumption that the partial molar
volume of deuterium in titanium is the same as that of hydrogen, the theoretical
{Hp values were estimated, indicated by the dashed line in Fig. 13. There exists
a large discrepancy between theoretical and experimental values at a high oxygen
content.

As indicated in Fig. 14, 1So appreciably decreases with oxygen content. The
site blocking effect of oxygen is likely to cause the decrease in #Sp. The dashed
line in Fig. 14 reveals the theoretical §Sp value calculated from egs. (11) and
(12). The experimental data for both deuterium and hydrogen agree well with the
theoretical curve.

The marked decrease in the partical molar excess entropy accounts for the
reduction of deuterium solubility in ¢Ti(O) solid solutions. There was no marked
difference in 3H and §S between hydrogen and deuterium. This may result from
resemblance of the existing state in pure titanium and ¢Ti(O) solid solutions.

between hydrogen and deuterium

3.4. Isotope effect of hydrogen and deuterium solubilities

Comparison of the data for hydrogen with those for deuterium enables us to

interpret the isotope effect on the solubilities in pure titanium and ¢Ti(O) solid’
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solutions. The difference in the solubility between them can be written by

In [(Cx T77*/2 Puy 7% Aup )/ (Co T77%/2 Ppy '7? Apy)]
= - [Bx - Ho) - (E%45 - E%p)UKT + Su - Sp)/k. (15)

With the assumption that interstitial hydrogen and deuterium atoms in
titanium behave as simple harmonic oscillators, the HH - HD and the Sy - §D can be
expressed in terms of vibrational frequencies of hydrogen and deuterium atoms (yy

and yp) as follows:

HH -Hp = 3 (hva - hyp)/2

+ 3 [hyu/(explhyu/kT) - 1) - hyp/(expthyp/KT) - 1)] (16)
Sk - Sp = - 3k In [(0 - exp{-hya/kT)/(1 - exp(-hyp/kT)]
+ 3 [hyu/(explhyu/kT) - 1)/T - hyp/(expthyp/kT) - 1)/TI. a7
Setting vp = wu/Y2, the right hand side of eq. (15) can be expressed as a

function of the vibrational frequeny of hydrogen atom:

In [(Cu T77*/2 Py 7% Auy)/(Cp T 4/2 Pp, 172 Apy)l

= - 3 (1 - 1/V2)hwa/kT)/2 + (E%q, - E%py)/kT
- 3 In [(0 - exp(-hyua/KTN/(1 - exp(-hwa/Y2kTN]. (18)
The E%4; - E%p,, Au, and Ap, in eq. (18) can be evaluated from the published

datal[26,27].

In Fig. 15, the values of In [(Cu T'7*/2 Pu, /% Auy)/(Cp T77%/2 Ppy 172 Apy )i
obtained from the experimental data of hydrogen and deuterium solubilities were
plotted against the reciprocal temperature 1/T. There appears little correlation
between the experimental value and the oxygen content in titanium. Dashed curves
in this figure were drawn from eq. (18) using vibrational frequencies yy of 800 -
1200 cm™!. The experimental values distributed around the theoretical curve for
vu = 1000 cm™!, independent of the oxygen content in titanium.

Dantzer[19] has found from microcalorimetric studies at 733 K that the
frequency of hydrogen atom is 970 cm™! in ¢Ti. Kohoda-Bakhsh et al.[23] have
performed inelastic neutron scattering in ¢TiH, at 588 K and reported a well
defined peak at vy = 1135 cm !. The frequency of 1000 cm ! estimated in the
present study is fairly in accord with the reported values.

Consequently, the isotope effect on solubility is expected to arise mainly
from different vibrational frequencies between hydrogen and deuterium atoms in

titanium. The vibrational mode of hydrogen isotope atom may not be influenced by
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coexisting oxygen atoms.

3.5. Estimation of tritium solubility

The tritium solubility in pure titanium and ¢Ti(O) solid solutions was
estimated from the data for hydrogen and deuterium. The following relations

analogous to eq. (15) hold between hydrogen, deuterium and tritium:

In [(Cy T77%/2 Pry 2% A )/{(Cu T774/2 Puy 172 Any)l
= - [Hr - By - (E%r, - E%u )I/KT + St - Su)/k. (19)

and

In [(Cr T77*/2 Py, 172 A1)/ (Cp T'7*/2 Ppy 172 Apy)l
= - [Hr - Hp) - (E%r, - E%p, )I/KT + St - Spi/k. (20)

The isotope effect on the solubility is ascribed to the difference in
vibrational frequency between hydrogen isotopes. Introducing the approximation
that yr = wu/Y3 and wyp = vu/i2 provides the enthalpy terms of Hr - Hq and Hr - Hp
and the entropy terms of St - Sy and St - Sp, being a function of yyg. The
difference in dissociation energy of molecule in the gas (i.e., Ede - EdHZ and
EdTZ - Ed]:)z) and the value of Ar, were calculated from universal constants and
spectroscopic constants provided in the literature[26,27]. The value of 1000 cm™!
was used as the frequency of hydrogen atom in titanium. Thus, the value of In (Cr
T?7%¢/2 P, '7% Ar,) for tritium was calculated by the use of solubility data for
either hydrogen or deuterium. The estimated values are illustrated in Fig. 16.

As indicated in this figure, the In (Cr T77*/2 Pr, 7% Ar,) values calculated from
the hydrogen data show agreement with those from the deuterium data. Sieverts’
constants for tritium, Kp, were evaluated from the Iln (Cr T %/2 Pr, 172 Aty)
values thus obtained, and they conformed to eq. (2). The temperature dependence
of the Sieverts' contant for tritium is shown in Fig. 17. The parameters A and B
in eq. (2) and the enthalpy of solution of tritium are summarized in Table 1. The
solubility in pure titanium and ¢Ti(O) solid solutions decreased in the order
hydrogen, deuterium, tritium. Experimental measurements for solubility of tritium
in titanium are needed to ascertain the validity of the estimated tritium
solubility.

These results led to the quantitative expressions for the influence of oxygen
contamination on solubility of hydrogen isotope in titanium. Since the
solubilities of hydrogen isotopes in ¢ phase, Cy (U/Ti, U = H, D and T), obey

Sieverts' law, Cy is expressed by
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Cy = (@ + exp(b/T)) x Py, 172, @n

Postulating that a and b in eq. (21) can be expressed as a function of oxygen

content Cg (O/Ti) as follows:
a=ao (1 +a; Cog + az Co2)and b = by (1 + b; Cg + by Cp?) 22)

where ay and by are the values for pure titanium, the best estimates of a,,, and
b;,2 were obtained .by applying the method of least squares to the experimental and
estimated solubility data, as listed in Table 3. These values and eqgs. (21) and

(22) allow us to predict the solubility of hydrogen isotope in titanium

contaminated by oxygen.

4. Conclusions

The solubilities of hydrogen and deuterium in pure titanium and ¢Ti(OQ) solid
solutions (O/Ti atom ratio = 0.111 - 0.429) have been measured at temperatures of
600 - 850°C.

The isothermal section of the Ti-O-H system at 600°C was constructed from
isothermal hydrogen pressure-hydrogen content relations. Oxygen slightly
increased the terminal solubility in the ¢ solution at the boundary between the ¢
and ¢ + J phases.

At pressures less than 10%? Pa, all the solubility data for hydrogen and
deuterium in pure titanium and ¢Ti(O) solid solutions closely obeyed Sieverts'
law. The solubility for hydrogen in titanium and ¢Ti(O) solid solutions was
larger than that for deuterium. Oxygen dissolved in titanium significantly
reduced solubilities of hydrogen isotopes. The enthalpy of solution was slightly
lower for ¢Ti(O) than for pure titanium and scarcely varied with the oxygen
content in titanium.

The simple model was proposed to estimate the partial thermodynamic functions
of the dilute Ti-O-H and Ti-O-D ternary solid solutions. The decrease in the
solubility was explained mainly by taking reduction in the partial molar excess
entropy into account. There was no marked difference in the extent of the solute
effect of oxygen between hydrogen and deuterium.

The isotope effect on the solubility was discussed on the assumption that
interstitial hydrogen and deuterium atoms in the titanium matrix can be
characterized only by vibrational motion. The vibrational frequency of hydrogen
atom in titanium was obtained, which permitted to predict the solubility of

tritium in pure titanium and ¢Ti(O). The estimated tritiurn solubility was the

—144—



lowest among hydrogen isotopes.

When titanium is adopted as a tritium getter in the fuel cycle of fusion
reactor, the adverse effect on sorption capacity and life time induced by oxygen
contamination should be born in mind. The quantitative expressions for the
influence of oxygen on solubilities of hydrogen isotopes will provide a foundation

of design criteria for tritium processing with titanium bearing materials.
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Table 1 Parameters of Sieverts' law A and B and enthalpy of solution AH.

Oxygen Content(O/Ti) Isotope A B AH(kJ/g-atom)
[¢] Hg -11.6 5450 -45.3
D, -11.5 5200 ~-43.2
Ta* -11.5 5190 -43.2
0.111 H, -11.9 5680 -47.2
D, -11.9 5470 -45.5
To* -11.9 5430 -45.2
0.176 H, -12.1 5670 -47.1
0.250 H, -12.4 5590 -46.5
D, -12.4 5510 -45.8
Tg* -12.3 5410 -45.0
0.333 H, -12.7 5620 -46.7
0.429 H, -13.2 5500 -45.7
D, -13.1 5310 -44.2
Ty* -13.2 5330 -44.3

* Estimated value
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Table 2 Parameters of Sieverts' law A and B and enthalpy of solution AH for pure

titanium reported in the literature[12-16].

Isotope Temperature range(’C) A B AH(kJ/g-atom) Ref.
H, 600 - 850 ~-11.6 5450 -45.3 *
480 - 900 -11.6 5640 -46.9 [12]
350 - 800 -12.0 6090 -50.6 [13]
500 - 800 -13.1 6340 -52.7 [14]
370 - 850 -12.1 6090 -50.6 [15]
420 - 840 -11.6 5350 -44.5 [16]
D, 600 - 850 -11.5 5200 -43.2 *
350 - 800 -11.5 6040 -50.2 [13]
500 - 800 -13.1 6340 -52.7 [14]
420 - 850 -11.6 5270 ~-43.8 [16]

* The present study

Table 3 Parameters ag,1,2 and bg,1,2 in eq. (22).

H, D, T,
ap x 10° 0.926 1.04 1.00
a, -2.66 -3.12 -2.80
a, 1.90 2.89 2.13
b x 1073 5.45 5.20 5.19
b, 0.352 0.551 0.405
b -0.786 -1.18 -0.810
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Fig. 1 Schematic diagram of experimental apparatus.

(a) specimen, (b) molybdenum crucible, (¢} thermocouple, (d) furnace,

(e) quartz tube, (f) standard volume, (g) capacitance manometer.
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(e) 0.333 O/Ti, (f) 0.429 O/Ti.

—149—



T
0 10 20 30 40 50‘\ 60

/
v aTio TiOs
Oxygen content (at%) —=

Fig.. 3  Isothermal section of the Ti-O-H ternary system at 600°C.

I ¢Ti(O,H) + fTi(H), I ¢Ti(O,H) + BTi(H) + $TiH,_ 4,
I fTi(HD) + 8TiH,-,, ¥ ¢Ti(O,H) + 3TiHz_,,
V ¢Ti(O,H) + ¢TiO, T ¢Ti(O,H) + §TiH, , + ¢TiO.
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Fig. & Sieverts' plot for hydrogen in pure titanium and ¢Ti(O) solid solutions
at 600°C.
(a) pure titanium, (b) 0.111 O/Ti, (¢) 0.176 O/Ti, (d) 0.250 O/Ti,

(e) 0.333 O/Ti, (f) 0.429 O/Ti.
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Fig. 5 Temperature dependence of Sieverts' constant Ky for hydrogen in pure

titanium and ¢Ti(O) solid solutions.
(a) pure titanium, (b) 0.111 O/Ti, (c) 0.176 O/Ti, (d) 0.250 O/Ti,
(e) 0.333 O/Ti, (f) 0.429 O/Ti.
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Fig. 6 Locations of interstitial sites in hexagonal titanium lattice.
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Fig. 7 Thermodynamic analysis of hydrogen solubility in ¢Ti(O) solid solution.
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Fig. 10 Sieverts' plot for deuterium in pure titanium and ¢Ti(O) solid solutions

at 600°C.
(a) pure titanium, (b) 0.111 O/Ti, (¢) 0.250 O/Ti, (d) 0.429 O/Ti.

—157—



Temperature (°C)

850 800 750 700 650 600

-5 I | I I I |
&
>
E
e -7 —,/‘/ -8 - d
Q /'/ e v
x ./‘/. ~

v
C - v g
— g -
/'. ../ )
-
./.V
.'/.
-
-8k Y
o
."'
.'/
.'/
4
1 I 1 | | 1
5.0 95 100 10.5 110 1ns
10477 (K™)
Fig. 11 Temperature dependence of Sieverts' constant Kp for deuterium in pure

titanium and ¢Ti(O) solid solutions.

(a) pure titanium, (b) 0.111 O/Ti, (c) 0.250 O/Ti, (d) 0.429 O/Ti.
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Fig. 12 Thermodynamic analysis of deuterium solubility in ¢Ti(O) solid solution.
(a) pure titanium, (b) 0.111 O/Ti, (c) 0.250 O/Ti, (d) 0.429 O/Ti.
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Fig. 16 Estimation of tritium solubility in pure titanium and ¢Ti(O) solid

solutions.

(a) pure titanium, (b) 0.11] O/Ti, (c) 0.250 O/Ti, (d) 0.429 O/Ti.
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Fig. 17 Temperature dependence of Sieverts' constant Kg for tritium in pure
titanium and ¢Ti(O) solid solutions.
(a) pure titanium, (b) 0.111 O/Ti, (¢) 0.250 O/Ti, (d) 0.429 O/Ti.
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CHAPTER 7 SOLUBILITY OF HYDROGEN ISOTOPE IN ZIRCONIUM-OXYGEN SOLID
SOLUTION

1. Introduction

It is well known that zirconium easily reacts with chemically active gases
such as H;, Oz, N3, H;O and CO;. In the field of nuclear fusion engineering,
zirconium and its bearing alloys have been proposed as tritium gettering and
storage materials because of their great sorption ability for hydrogen isotope
gas[1,2]. For the applications to tritium handling systems, the solubility of the
hydrogen isotope in zirconium is one of the crucial factors, and the influence of
impurity contamination on the solubility should be taken into account. Oxygen is
the most important impurity interstitially dissolved in zirconium.

Problems in a fission reactor such as embrittlement of zircaloy cladding and
treatment of zircaloy cladding hulls have also stirred interest in hydrogen
behavior in zirconium-oxygen solid solution[3,4].

Information on the hydrogen and deuterium solubilities in pure zirconium and
the phase diagram of Zr-H binary system is available in the literature(5-12].
However, there are insufficient data for the Zr-O-H ternary system[7,8,13,14].
Hall et al.[13] and Edward et al.[14] have studied phase equilibria in the Zr-O-H
ternary system at hydrogen pressures above 102 Pa and found reduction in the
solubility of hydrogen with addition of oxygen into zirconium. On the contrary,
Mallet and Albrecht[8] have reported that the hydrogen solubility increases with
oxygen content in zirconium.

The present study aims to reexamine the phase equilibria in the Zr-O-H
ternary system and to elucidate the effect of solute oxygen on the solubilities of
hydrogen and deuterium in zirconium. Solubility measurements have been performed,
and thermodyhamic properties of hydrogen and deuterium in zirconium-oxygen solid
solutions were derived on the basis of a dilute solution model. The isotope
eifect of hydrogen and deuterium on the solubility was discussed, and tritium

solubility was estimated from hydrogen and deuterium data.
2. Experimental

Pure zirconium and zirconium-oxygen solid solutions, ¢Zr(O), were used in the
present study. High purity zirconium crystal bar was cut into sheets (I mm x 10

mm x 10 mm), mechanically polished and degreased in acetone. The principal

impurities of pure zirconium specimen were 74 wtppm Fe, 43 wtppm Hf, < 50 wtppm O,
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< 30 wtppm C, < 5 wtppm N and 8 wtppm H. The ¢Zr(O) solid solutions were in the
form of pellets (8 mm$ x 3 - 4 mmh), the oxygen contents of which were 0.026,
0.053, 0.111, 0.176, 0.250, 0.333 and 0.389 O/Zr atom ratios. These pellets of
¢Z2r(O) were prepared by vacuum annealing of Zr (purity, 99.9 wt%) and ZrO,

(purity, 99.99 wt%) mixed powders. Phase identification by X-ray diffraction
technique indicated that the pellets thus prepared were ¢ solid solutions with a

hcp structure. The homogeneity of the pellets was also checked by a microhardness
tester and a microscope. The compositions were chemically analyzed before and
after solubility measurements. Hydrogen gas (purity, 99.999 vol%) and deuterium

gas (99.5 vol%) were used with purification by hot titanium sponges.

Solubilities of hydrogen and deuterium in pure zirconium and ¢Zr(O) solid
solutions were examined by a modified Sieverts' apparatus. The measurements of
phase relationships in the Zr-O-H system were performed only at a temperature of
700°C at pressures up to 10* Pa, and the solubility at low pressures was measured
in the temperature range of 600 to 775°C at pressures below 10% Pa. Details of
the apparatus and the procedure were similar to those described in the preceding

chapter.

3. Results and Discussion
3.1. Phase equilibria in the Zr-O-H ternary system

The results of measurements of the phase relationships in the Zr-O-H ternary
system at 700°C are shown in Fig. 1, in which the equilibrium hydrogen pressure is
given as a function of hydrogen content for each ¢Zr(O) solid solution.

At low hydrogen contents, the isothermal hydrogen pressure-hydrogen content
(P-C) curve indicates a linear relation for each ¢Zr(O) solution. This suggests
that in the dilute ternary solution Zr(O,H) with ¢ phase the solubility data
follow Sieverts' law. However, deviations become apparent in O-rich solid
solutions as hydrogen pressure increases above 10? Pa.

On the P-C curves, discontinuities in slope appear at a higher hydrogen
content, as indicated by open circles in Fig. 1. This change in slope signals the
appearance of a different phase, which is fZr(H) (bcc solid solution), 3ZrH,_,

(fcc hydride) or ¢ZrH, (fct hydride). For pure zirconium, plateau pressure
regions were observed, where two solid phases, ¢Zr(H) + fZr(H) or fZr(H) +
§ZrH, -4, are in equilibrium. The phase boundaries obtained in the present study
were consistent with the reported values of the Zr-H binary system at 700°C[15].
The P-C curves for the ¢Zr(O) solutions show some curvature in the two-phase

region. A single pressure arrest is found for the ¢Zr(O) solutions containing
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0.111, 0.176 and 0.250 O/Zr. In this region, three solid phases which consist of
¢Zr(O,H), fzr(H) and $ZrH,., coexist. At higher pressures, the P-C curve for the
¢ Zr(O) (0.053 - 0.333 O/Zr) corresponds to the two-phase region of fZr(H) +
8ZrHy,-, or ¢Zr(O,H) + $ZrH,-,. If the §ZrH,., phase dissolved only a limited
amount of oxygen, the P-C curve for ¢Zr(O) of 0.389 O/Zr would represent ¢Zr(O,H)
+ ¢ZrH, two-phase region.

The isothermal section of the Zr-O-H ternary system at 700°C constructed from
these results is shown together with tie lines in Fig. 2. The phase boundary of
the Zr-O binary system at 700°C was taken from the literature[i5]. In the
isothermal section at 700°C, there exists a characteristic triangle representing
the ¢Zr(O,H) + fZr(H) + $ZrH,_, three-phase region (region 1 in Fig. 2).
Compositions of the solid phases and hydrogen pressure are thermodynamically fixed
in this three-phase region. The experimental data are in agreement with the phase
rule. This three-phase region is adjacent to two-phase regions (region I, I and
I of ¢zZr(O,H) + fzr(H), fzr(H) + 3ZrH,_, and ¢Zr(O,H) + $ZrH,_,. The tie lines
in the isothermal section connect the conjugate phases in the two-phase regions.

The terminal solubility of hydrogen in the ¢ phase is slightly increased by
the presence of solute oxygen, and oxygen has a lower solubility in the ﬂ and §
phases than in the ¢ phase. These features are qualitatively consistent with
previous results at a higher temperature[7,14]. Ells et al.[7] have proposed that
at 750°C the solute oxygen in zirconium stabilizes the ¢ phase up to 30 at%H.
However, the present data show a smaller stabilizing effect of oxygen on ¢ phase.
Although the ¢ZrH; phase region could not be experimentally determined in the
present study, the phase regions | - [ including the ¢ZrH, phase appear to exist
at 700°C, as shown in Fig. 2. Further studies are required to establish a

complete phase diagram of the Zr-O-H ternary system.

3.2. Hydrogen solubility in the Zr-O solid solution

At low pressures less than 102 Pa, all the solubility data for hydrogen in
pure zirconium and ¢Zr(O) solid solutions with an oxygen content of 0.026 to 0.389

O/Zr closely obeyed Sieverts' law,

Cu = Ku x szl/Z (l)

where Cy is the hydrogen content in atom ratio (H/Zr), Py, the equilibrium
hydrogen pressure in Pa and Ky the Sieverts' constant. An example of the linear
relation between the square root of the equilibrium pressure and the hydrogen
content is shown in Fig. 3, in which the data for ¢Zr(O) with 0.026 O/Zr are

excluded for the sake of clarity. Since Sieverts' law applied in all the ¢Zr(O)
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solid solutions, hydrogen-hydrogen interaction in the ternary solution appears to
be insignificant at a low hydrogen pressure.
The temperature dependence of the Sieverts' constant Ky is illustrated in

Fig. &4, indicating the following relationship holds,

In Ky = A + B/T

where A and B are constants and T is the temperature in K. The enthalpy of
solution of hydrogen AH (kJ/g-atom) can be obtained from the B value. In Table 1,
the values of A, B and AH are summarized.

There exist large discrepancies in previously reported datal[7-12] for
hydrogen solubility in pure zirconium, as given in Table 2. The A value
distributes from 9.3 to 12.5 and the B value from 3900 to 7000. The present
values of A = -11.8 and B = 6440 for pure zirconium agree with the data recently
reported by Watanabe[l2].

It is obvious from Fig. 4 that the ¢Zr(O) solid solutions of 0.026 - 0.176
O/Zr have larger solubility of hydrogen at a fixed pressure than pure zirconium.
The hydrogen solubility in the ¢Zr(O) goes through a maximum at 0.111 O/Zr, and
above 0.176 O/Zr it decreases with increasing oxygen content in zirconium. As can
be seen in Table 1, the enthalpy of solution first decreases with oxygen content
and then passes through a minimum at 0.111 O/Zr.

Thus, the variations in the solubility and the enthalpy of solution with
oxygen content in zirconium are complicated. An increase in hydrogen solubility
can be ascribed to an attractive interaction between hydrogen and oxygen in
zirconium, but this situation may be reversed at a higher oxygen content.

The hydrogen solubility in a metal is closely associated with the state and
location of hydrogen in the metal lattice. It is evident from previous
experiments of Zr-O binary solution[16-18] that octahedral interstitial sites in a
hexagonal lattice of zirconium are highly favored to receive oxygen atoms.
Hydrogen atoms in zirconium are located on the tetrahedral sites[19,20]. Mukawa
et al.[21] have found from elastic and inelastic neutron scattering measurements
for the hexagonal ZrOy.,Hg., solid solution that hydrogen atoms occupy tetrahedral
sites in the ternary solution. They also confirmed the octahedral occupation of
oxygen atoms and the tetrahedral occupation of deuterium atoms by means of single
crystal neutron diffraction. The presence of oxygen in an octahedral site appears
to affect the state and configuration of hydrogen atoms in adjacent tetrahedral
sites. This is likely to change the hydrogen solubility in zirconium.

The effect of oxygen on the hydrogen solubility in zirconium was analyzed by
the dilute solution model based on statistical thermodynamics, and it can be

explained in terms of the following solubility equation:
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In (Cu T77%/2 Py, '7?% Anmg) = - Hu - E%p)/KT + Su/k. 3)

On the assumption that hydrogen randomly distributes on the tetrahedral

interstitial site in zirconium and the solution is sufficiently dilute to neglect
hydrogen-hydrogen interaction, this equation was developed in the same way as the
solubility equation for hydrogen in titanium. In eq. (3), the Ay, refers to

partition functions of hydrogen gas, -2 E%4, the dissociation energy of hydrogen
molecule at 0 K, and k the Boltzmann constant, the values of which were calculated
from universal constants and spectroscopic dataf22,23]. The Hu is the enthalpy
difference between a hydrogen atom at rest in the gas and in the solution, and Su
the partial molar excess entropy of the solute hydrogen atoms.

Figure 5 demonstrates linear relationships between In (Cy T?™%/ 2 Puy '72 Auy)
and 1/T for hydrogen in pure zirconium and ¢Zr(O) solid solutions. The slope of
the straight line is for - (Hx - E%,)/k and the intercept for Sk/k. For pure
zirconium, the enthalpy term of Ha - Edgz and the entropy term of Su were
estimated to be -39.5 kJ/mol and 26.5 J/mol K, respectively. Complex changes in
the values of the two terms with oxygen content were observed for ¢Zr(O) solid
solutions.

The variations in the hydrogen solubility and the enthalpy of solution with
oxygen addition into zirconium can be discussed in terms of differences in the
partial molar enthalpy and the partial molar excess entropy between pure zirconium

and ¢Zr(O), which are defined as,

“TIH = Ha - HHO and 3§H = §H - SHO (4)

where Hy® and Sy° are the values for pure zirconium.

Figure 6 reveals the change in the 3Hx value with oxygen content Cgo (O/Zr).
The 3Hu-Co curve exhibits a pronounced minimum. Oxygen in zirconium distorts the
hexagonal lattice[24-26]. The lattice strain resulting from solute oxygen
strongly influences the #Hu value. As discussed in the preceding chapter, the

partial molar enthalpy of hydrogen in ¢Zr(O) solid solution Hk is approximately:

jon]

H = EH - (VuVo/Vz.Kz:) x Cq
EH = (GE/Gn)v,T (5)

where By is the partial molar energy of hydrogen at constant volume. The Ve and
Vo are the partial molar volumes of hydrogen and oxygen in zirconium, and Vgz.
(1.40x10"° m3/mol) and Kz, (1.20x107!'! m?/N) are the molar volume and the
compressibility for pure ziréonium. 1f BEx is independent of oxygen content in

zirconium, the change in the partial molar enthalpy $Hy due to the lattice strain
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contribution is expressed as

8Ha = - (VHVD/VZrKZr) x Cg. 6)

The partial molar volume of oxygen in zirconium was estimated from the data sets
of lattice spacing of ¢Zr(O)[24-26], the obtained value of Vo was from 2x10°°% to
3x10”% cm3/mol. Using Vg = 2x10°°% m®%/mol and Vg = 3x10°% m?¥/mol, the volume
contribution to §Hy was calculated. The theoretical value of $Hu is given by the
dashed line in Fig: 6. It should be noted that at a low oxygen content there
appears no marked difference between the calculated and experimental {Hu values.
At higher oxygen contents, the calculated values are in wide disagreement with the
experimental findings. Other physical effects such as a repulsive interaction of
oxygen with hydrogen and an electronic contribution of oxygen could give rise to
the discrepancy.

In Fig. 7, the change in the $Su value with oxygen content in zirconium is
shown. The value of 3Sy continuously decreases with oxygen content. This trend
quite differs from ${Hu. When non-configurational contributions to the partial
molar excess entropy §H such as vibrational and electronic excess entropy are
independent of oxygen content, #Suz would be ascribed mainly to deviation from
complete randomness in the distribution of hydrogen. In a zirconium lattice,
oxygen atoms on octahedral sites are inferred to interact repulsively with
hydrogen atoms on tetrahedral sites. This results in "blocking effect” on. the
hydrogen solubility. One octahedral interstice possesses six nearest tetrahedral
neighbors. If an oxygen atom on an octahedral site completely blocks adjacent
tetrahedral sites, the change in the partial configurational entropy ISk is

offered by the equation (7).

Sy = k In (1 - Cg)d. @)

The relation between §Sy and Cgy is shown by the dashed line in Fig. 7. The
experimental 85y is consistent with the theoretical curve at a low oxygen content.
However, the theoretical Rgu deviates from the exerimental value for the ¢Zr(O)
with a higher oxygen content. This implies that oxygen in zirconium may have a
smaller blocking effect than expected or other effects may dominate §Sy at a high
oxygen content.

For a ¢Zr(O) solid solution with a low oxygen content, the negative change in
the partial molar enthalpy is larger than the corresponding change in the partial
molar excess entropy. As a result, the hydrogen solubility at a fixed pressure
increases. Above an oxygen content of about 0.25 O/Zr, the partial molar enthalpy

increases, whereas the partial molar excess entropy decreases appreciably,
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consequently, the solubility in the ¢ Zr(O) solid solution with a higher oxygen

content falls below that in pure zirconium.

3.3. Deuterium solubility in the Zr-O solid solution

The deuterium solubility was measured for pure zirconium and ¢ Zr(O) solid
solutions with oxygen contents of 0.053, 0.111, 0.176, 0.250 and 0.389 O/Zr. All
the deuteriurm solubility data below 10?2 Pa almost obeyed Sieverts' law, as shown
in Fig. 8.

Figure 9 indicates the change in the Sieverts' constant Kp for deuterium with
temperature. As can be seen in this figure, In Kp is proportional to the
reciprocal temperature. This implies the same relation as hydrogen (eq. (2))
holds for the deuterium solubility in pure zirconium and ¢Zr(O) solid solutions.

The parameters of Sieverts' law A and B and the enthalpy of solution AH are listed
in Table 1.

The deuterium solubility and the enthalpy of solution obtained for pure
zirconium is found from Table 2 to be close to the data obtained by Watanabel12].

It is clear from Fig. 9 that the solubility of deuterium at a fixed pressure
first increased with oxygen content in zirconium, then decreased above 0.176 O/Zr.
The enthalpy of solution showed a pronounced minimum at 0.176 O/Zr, as indicated
in Table 1. Similar dependence of solubility on oxygen content in zirconium was
observed for hydrogen and deuterium. For each ¢ Zr(O) solid solution, the
deuterium solubility was however lower and the enthaply of solution of deuterium
was larger, with respect to hydrogen.

The following equation, which is analogous to the analysis of hydrogen

solubility, was applied to the deuterium data:

In (Cp T7/4/2 PDZI/Z ADz) = - (ﬁn - Ednz)/kT + SD/k- (8)

Figure 10 shows the thermodynamic analysis of the deuterium solubility data by eq.
(8). Linear relationships held between In (Cp T77%/2 Pp, '”% Ap,) and 1/T,
irrespective of the oxygen content in zirconium. The values of - (Ho - E%)/k
and Sp/k were derived from the slope and the intercept of the straight line. Ho
- Ednz = -38.2 kJ/mol and gg = 34,1 J/mol K were evaluated for pure zirconium.
Differences in the partial molar quantities between pure zirconium and 1 Zr(O)

difined as:

3Ho = Ho - Hp® and 8Sp = Sp - Sp® ©)

were employed for discussion of the changes in the deuterium solubility and the
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enthalpy of solution with oxygen content in zirconium. Figures 11 and 12 reveal
the changes in the §Hp and $Sp values with the oxygen content.

As shown in Fig. 11, the partial molar enthalpy Hp for deuterium in zirconium
once decreases with oxygen addition, which may be due to a lattice strain effect
of solute oxygen. Above an oxygen content of 0.176 O/Zr, Hp value increases,
resulting chiefly from a strong interaction of deuterium with oxygen in zirconium.
The change in $H value with oxygen content in zirconium is hardly different from
deuterium to hydrogen. If the partial molar volume of deuterium in titanium is
the same as hydrogen, the theoretical §Hp values can be estimated by the same
manner as hydrogen. The volume contribution is indicated by the dashed line in
Fig. 11. There is no definite discrepancy between the theoretical and
experimental JHD values at a low oxygen content.

It is found from Fig. 12 that the $Sp value monotonically decreases with
oxygen content. No significant isotope effect on the $S value is observed. The
blocking effect of oxygen appears to be a main reason for the decrease in $Sp.
The dashed line in Fig. 12 is the theoretical §Sp value calculated from the same
equation as eq. (7). At a low oxygen content, the experimental data for both
deuterium and hydrogen are in accordance with the theoretical curve. Oxygen in
zirconium might have a smaller blocking effect on hydrogen and deuterium than
expected.

The complicated changes in the deuterium solubility and the enthalpy of
solution with oxygen content are attributable to a net result of JED and 1Sp
variations. It should be noted that there exists no marked difference in {H and
#S between hydrogen and deuterium. This appears to come from similarity of the
existing state of hydrogen and deuterium in pure zirconium and ¢Zr(Q) solid

solutions.

3.4. Isotope effect of hydrogen and deuterium solubilities

The influence of temperature and oxygen content on the value of In [(Cu
T'7%/2 Pu, Y% Ay )/(Cp T774/2 Py, 172 Ap;)] must be examined to interpret the
isotope effect on solubilities of hydrogen and deuterium in pure zirconium and
¢Zr(O) solid solution. In Fig. 13, the values of In [(Cy T’7%/2 Pu, '7% Ay, )/ (Cop
T’7*/2 Pp, '“? Ap,)] obtained from experimental data are plotted against 1/T.
There exists little correlation between In [(Cy T77%/2 Py, 72 Agpy )Y/ (Cp TT74/2
Pp, 172 Ap;)] and the oxygen content in zirconium.

On the assumption that interstitial hydrogen atoms in zirconium behave simple
harmonic oscillators having vibrational frequencies yy in the range of 800 - 1200

cm™!, the dashed curves in Fig. 13 were theoretically drawn by use of eq. (10).
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In [(Cx T77%/2 Puy *”? Any )/(Cp T'7*/2 Pp; '7? Ap,)]
= -3 - 1//2)hye/kT)/2 + (E%sy - E%pz)/kT
~ 3 1n [(1 - exp(~hyu/kT)/(1 - exp(-hyu/Y2kTN]. (10)

The experimental In [(Cu T7/*/2 Py, '7? Any ) (Cp T'7*/2 Pp; '”? Ap,)l values are
found from this figure to scatter around the theoretical curve for the vibrational
frequency wyu = 1000 cm™!.

Kohoda-Bakhsh et al.[20] have carried out inelastic neutron scattering in
tZrHg.05 at 600°C and reported that the vibrational frequency of hydrogen on a
tetrahedral hole, wu, is 1161 cm~!. Mukawa and his coworkers[21] have performed
time-of-flight measurements of elastic and inelestic neutron scattering for the
ternary solution of ZrOg..Ho. 1 and observed the primary harmonic peak at yg =

1090cm™!. The frequency of 1000 cm™!

estimated from the solubility data fairly
agrees with the reported values.

These results mean that the difference in the solubility between hydrogen and
deuterium is practically unaffected by the coexsitence of oxygen. In other words,
the isotope effect on solubilities of hydrogen and deuterium in a ¢Zr(O) solid
solution can be explained only by different vibrational frequencies between the

two isotopes. The vibrational mode of hydrogen isotope atom may not be influenced

by coexisting oxygen atoms.
3.5. Estimation of tritium solubility

The relationship between hydrogen and deuterium solubilities in pure
zirconium and ¢Zr(Q) solid solutions was shown as a function of vibrational
frequency of hydrogen in eq. (10). The isotope effect on the solubility is
attributed to the difference in vibrational frequency among hydrogen isotopes.
Consequently, assuming that the vibrational frequency of tritium yr = vu/V 3,
similar equations to eq. (10) hold between hydrogen, deuterium and tritium
solubilities. Alternatively, In [(Ct T77*/2 Pr; '/? A, )/ (Cu T"7*/2 Puz '7? Auy)l
and In [(Cr T77%/2 Pr, 72 A,)/(Cp T'7%/2 Pp, '”? Ap,)] are functions of yuy. For
calculation of In [(Ct T77%/2 Pry, *7% A1)/ (Cu T'7*/2 Py, '7% Agg)] and In [(Cr
T774/2 Py, Y72 A1, )/ {(Cp T?7%/2 Pp, *7? Ap,)], the dissociation energy of tritium
gas, -2 Ede, and the value of Ar, related to partition functions of tritium
molecule are necessary, but they can be éasily evaluated from universal constants
and spectroscopic constants provided in the literature[22]. As mentioned in the
preceding chapter, these solubility ratios permit us to estimate the tritium
solubility in ¢Zr(O) solid solutions as well as pure zirconium.

Using vu = 1000 cm™!, the value of In (Cr T'7*/2 Pr; '/? Ar,) for tritium was

estimated from the solubility data of hydrogen or deuterium. Figure 14 indicates
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the relations of the In (Cr T77*/2 Pr, '7%2 Ar,) values with temperature. It is
apparent from this figure that the agreement of the In (Ct T77%/2 Pr, 172 Ar,)
values calculated from the hydrogen data with those from the deuterium data is
fairly good. Sieverts' constants for tritium, K, were evaluated from the In (Ct
T77%/2 Pr, '“% Ar,) values thus obtained and followed eq. (2), as shown in Fig. 15.
The parameters A and B and the enthalpy of solution for tritium are listed in
Table 1. The estimated solubility of tritium in pure zirconium and 1Zr{(O) solid
solutions was smallest, followed by deuterium and hydrogen. Although the
solubility for tritium could not be compared with the literature data because of
the lack of information, the estimated values appear to be close to the real
values.

Quantitative expressions for the poisoning effect of oxygen on the
solubilities of hydrogen isotopes were derived from the experimental and estimated
data. The solubilities of hydrogen isotopes Cy in U/Zr atom ratio where U = H, D

and T can be represented as follows:

Cy = (@ + exp(b/T)) x Py, 72, an

On the assumption that the parameters a and b are written in the form:

a=ae (1 +a;, Cop + ag Co?)and b =bg (I + by Co + by Cg?) a2

where Cp is the oxygen content in zirconium and a, and b, the values for pure
zirconium, fitting the solubility data to the eqgs. (12), the a,,, and b;,, were
obtained as given in Table 3. From a practical standpoint, these expressions are
useful for predicting the influence of oxygen poisoning effect on solubilities of

hydrogen isotopes in zirconium.

4. Conclusions

The solubilities of hydrogen and deuterium in pure zirconium and ¢Zr(O) solid
solutions with O/Zr atom ratio ranging from 0.026 to 0.389 have been measured at
temperatures of 700 - 775°C.

The isothermal section of the Zr-O-H ternary system at 700°C was constructed
on the basis of the results for isothermal hydrogen pressure-hydrogen content
curves. The terminal solubility in the ¢ solution at the boundary between the @
and ¢ + } phases was increased by the presence of oxygen.

All the solubility data for hydrogen and deuterium in pure zirconium and

tZr(Q) solutions at pressures below 10? Pa closely followed Sieverts' law. Both
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hydrogen and deuterium solubilities at a fixed pressure first increased with

oxygen content in zirconium, then passed through a maximum. For the ¢Zr(O) above
0.250 O/Zr, the solubility was lower than that for pure zirconium. The change in
enthalpy of solution with oxygen content showed a pronounced minimum. . The
solubility in ¢Zr(O) was lower for deuterium than for hydrogen, and the enthalpy

of solution slightly differed from hydrogen to deuterium.

The solubility data were analyzed by the dilute solution model, and the
partial thermodynamic functions of hydrogen and deuterium in the Zr-O-H and Zr-O-D
ternary solutions were estimated. The change in the solubility of hydrogen
isotope with oxygen content was explained in terms of the differences in the
partial molar enthalpy and the partial molar excess entropy between pure zirconium
and ¢Zr(0O). The complicated change in the solubility due to incorporation of
oxygen atoms into zirconium lattice was attributed to the combined effect of $H
and 3S. However, there was no marked difference in $H and 3S values between the
two isotopes.

The isotope effect of hydrogen and deuterium on the solubility in pure
zirconium and ¢Zr(O) solid solutions was analyzed on the assumption that an
interstitial hydrogen isotope atom behaves as a simple harmonic oscillator in the
zirconium matrix. The vibrational frequency of hydrogen atom in zirconium was
obtained, which allowed prediction of tritium solubility. The solubilities
decreased in the order hydrogen, deuterium, tritium.

The quantitative expressions for the influence of oxygen contamination on
solubilities of hydrogen isotopes were obtained, which will offer a foundation of

design criteria for tritium processing with zirconium and its alloys.
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Table 1 Parameters of Sieverts' law A and B and enthalpy of solution AH.

Oxygen Content(O/Zr) - Isotope A B AH(kJ/g-atom)
o] H, -11.8 6440 -53.5
D, -11.8 6300 -52.3
Ty* -11.8 6250 -52.0
0.026 H; -11.8 6600 -54.9
0.053 H, -12.0 6780 -56.4
D, -12.0 6640 -55.2
To* ~12.0 6500 _54.1
0.111 Hy -12.1 6920 -57.6
D, -12.1 6760 -56.2
To* -12.1 6710 -55.8
0.176 Hy -12.2 6900 -57.4
D, ~12.2 6770 -56.3
Ta* -12.2 6720 -55.9
0.250 H, -12.2 6700 -55.7
D, -12.3 6660 -55.4
To* -12.3 6580 -54.7
0.333 H. -12.3 6490 -54.0
0.389 H, -12.6 6420 -53.4
D, -12.6 6330 -52.6
Te* -12.5 6240 -51.9

* Estimated value
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Table 2 Parameters of Sieverts' law A and B and enthalpy of solution AH for pure

zirconium reported in the literature[9-12].

Isotope Temperature range(°C) A B AH(kJ/g-atom) Ref.
H, 600 - 775 -11.8 6440 -53.5 *

500 - 900 -12.5 6980 -58.0 (51

450 - 600 -12.4 7110 -59.2 [6]

480 - 950 -10.7 5450 -45.3 [71

700 - 1000 -9.34 3910 -32.5 [8]

450 - 750 ~11.6 6260 -52.1 [9]

400 - 900 -11.0 6240 -51.9 [10]

500 - 800 -11.8 7700 -64.0 [111]

480 - 760 -12.1 6570 -54.6 [12]
D, 600 - 775 -11.8 6300 -52.3 *

450 - 750 -11.2 6190 -51.5 91

500 - 800 -11.8 7700 -64.0 [11]

490 - 750 -12.1 6540 -54.4 2]

* The present study

Table 3 Parameters ag,1,2z and bg,1,z in eq. (12).
H, D, T,
a, x 10° 7.73 7.89 7.81
aj ~-2.43 -2.78 ~-2.47
ag 3.01 3.68 2.92
b x 1073 6.44 6.30 6.25
b, 0.761 0.712 0.782
b -2.09 -1.87 -2.05
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Fig. 1 Isothermal hydrogen pressure-hydrogen content curves for pure zirconium
and ¢Zr(O) solid solutions at 700°C.

(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,
(e) 0.250 O/Zr, (f) 0.333 O/Zr, (g) 0.389 O/Zr.
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Fig. 3 Sieverts' plot for hydrogen in pure zirconium and ¢Zr(O) solid solutions
at 700°C.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,
(e) 0.250 O/Zr, (f) 0.333 O/Zr, (g) 0.389 O/Zr.
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Fig. & Temperature dependence of Sieverts' constant Ky for hydrogen in pure

zirconium and ¢Zr(O) solid solutions.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,
(e) 0.250 O/Zr, (f) 0.333 O/Zr, (g) 0.389 O/Zr.
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Fig. 5 Thermodynamic analysis of hydrogen solubility in ¢Zr(O) solid solution.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,

(e) 0.250 O/Zr, (f) 0.333 O/Zr, (g) 0.389 O/Zr.
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Fig. 8 Sieverts' plot for deuterium in pure zirconium and ¢Zr(O) solid solutions

at 700°C.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,

(e) 0.250 O/Zr, (f) 0.389 O/Zr.
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Fig. 9 Temperature dependence of Sieverts' constant Kp for deuterium in pure

zirconium and ¢Zr(O) solid solutions.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,
(e) 0.250 O/Zr, (f) 0.389 O/Zr.
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Fig. 10 Thermodynamic analysis of deuterium solubility in ¢Zr(O) solid solution

(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111

o/zr, (d) 0.176 O/Zr,
(e) 0.250 O/Zr, (f) 0.389 O/Zr.
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Fig. 14 Estimation of tritium solubility in pure zirconium and ¢Zr(O) solid
solutions.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 O/Zr, (d) 0.176 O/Zr,

(e) 0.250 O/Zr, (f) 0.389 O/Zr.
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Fig. 15 Temperature dependence of Sieverts' constant Kp for tritium in pure
zirconium and ¢Zr(O) solid solutions.
(a) pure zirconium, (b) 0.053 O/Zr, (c) 0.111 o/Zr, (d) 0.176 O/Zr,

(e) 0.250 O/Zr, (f) 0.389 O/Zr.
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CHAPTER 8 SUMMARY

The author's attention has been focused on the ternary phase equilibria of
interest in applying titanium and zirconium to nuciear engineering. The elements
chosen in the present study were oxygen, uranium, tellurium and hydrogen, which
are directly associated with the substances of nuclear fission and fusion
.reactors. The conclusions drawn from the present study are summarized as follows:

The present study established the phase relationships of the U-Ti-O ternary
system at 1000°C on the basis of X-ray diffraction analysis. From the proposed
isothermal section at 1000°C, the ¢Ti(O) solid solution in equilibrium with UO,
appears to have an oxygen content ranging from 22 to 33 at%. The formation of the
(YU, Ti) solid solution phase was found to take place owing to the reduction of
UO, by titanium. The oxygen potential over the ¢ Ti(O) solid solution was
estimated from the results for the U-Ti-O ternary equilibria.

The phase relationships of the U-Zr-O ternary system at 1000 and 1400°C were
accomplished, based on the results for X-ray diffractometry and metallography.
From the isothermal sections at 1000 and 1400°C proposed in the present study, the
¢Zr(O) in equilibrium with UO, appears to possess an oxygen content above 25 at%.
At 1400°C, the formation of the liquid phase due to the reduction of UO,; by
zirconium was confirmed to take place. The partial thermodynamic properties of
the ¢Zr(O) solid solution were derived from the equilibrium data for the U-Zr-O
ternary system.

The phase equilibria in the Ti-Te-O ternary system at 700°C were studied by
X-ray diffraction technique. In the isothermal section proposed in the present
study, the TiTe;O; double oxide existed. Three tellurides, TisTe,, monoclinic
Tis-xTe, and hexagonal Ti,-,Te; were found to be stable in the ternary system.
The titanium tellurides can equilibrate with ¢TiO and Ti,Oj3. The stability
diagram for the Ti-Te-O system at 700°C was established using the known and
estimated thermodynamic data for the relevant species. The phase relations
experimentally obtained were consistent with the thermodynamic constraints imposed
by the stability diagram. Oxygen is inferred from these results to reduce the
chemical stability of titanium tellurides, and titanium oxides appear to be stable
compounds over a wide range of Te, and O; pressures. At a high oxygen potential,
TiTe;Os may become more stable with respect to the simple oxides.

The constitutional studies on the Zr-Te-O ternary system at 700°C were
performed by X-ray diffraction technique. In the isothermal section, the ternary
compound ZrTe;O; existed. Three tellurides, ZrsTey, Zry4+<«Te; and ZrTe; were
confirmed to be stable in the ternary system. All the phases other than TeO,; were

found to be in equilibrium with ¢ZrOz;. The phase stability diagrams for the Zr-
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Te-O system at 300 and 700°C were constructed using the known and estimated
thermodynamic data for the relevant species. The phase relationships

experimentally observed satisfied the thermodynamic restrictions derived from the
stability diagram. Oxygen is considered to reduce the chemical stability of
zirconium tellurides, and ZrO; appears to be a more stable compound over a wide
range of Te, and O; pressures. At a high oxygen potential, ZrTe;Os may be formed
instead of ZrO,.

The solubility measurements of hydrogen and deuterium gases in pure titanium
and ¢Ti(O) solid solutions with 0.111 - 0.429 O/Ti were made at temperatures of
600 - 850°C at pressures below 10%® Pa by a constant volume method. The isothermal
section of the Ti-O-H ternary system at 600°C was proposed. All the solubility
data below 10% Pa obeyed Sieverts' law. The solubility of hydrogen isotope
decreased with increasing oxygen content in titanium, while the enthalpy of
solution was almost constant, irrespective of the oxygen content. The reduction
in the solubility by solute oxygen was explained by the dilute solution model.

The solubility of hydrogen was larger than that of deuterium. The isotope effect
on the solubility was discussed, and the vibrational frequency of hydrogen atom in
titanium was obtained, which allowed prediction of tritium solubility. The
estimated solubility of tritium in pure titanium and ¢Ti(O) solid solutions was
smallest, followed by deuterium and hydrogen.

The hydrogen and deuterium solubilities were measured for pure zirconium and
¢Zr(O) solid solutions with 0.026 - 0.389 O/Zr in the range of 600 - 775°C. The
isothermal section of the Zr-O-H ternary system at 700°C was constructed from P-C
curves. All the solubility data below 102 Pa obeyed Sieverts' law. The
solubility of hydrogen first increased with oxygen content in zirconium, then
decreased above 0.176 O/Zr. The enthalpy of solution of hydrogen showed a
pronounced minimum at 0.111 O/Zr. The partial thermodynamic functions for the Zr-
O-H ternary solution were derived by applying the dilute solution model to the
solubility data. These trends in the deuterium solubility were similar to those
verified in the hydrogen solubility. The isotope effect on the solubility in pure
zirconium and ¢Zr(O) solid solutions was discussed, and the tritium solubility was
estimated.

The results for the phase equilibria obtained in the present study can
contribute to the understanding of the chemical stability of titanium and
zirconium under various environments encountered in nuclear fission and fusion
reactors. It is the author's hope that the present study may provide some insight
and guidance for future applications of titanium and zirconium in nuclear

industries.
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