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ABSTRACT

The goals of this study were to unravel the mechanism of the liquid phase joining 

reaction between the LiYO2 electrolyte and the Y2O3-MgO lid used in the fabrication of an 

EMF cell and second, to investigate the Li-Al binary alloy system by the EMF method.

The joining occurs between the electrolyte tube and the inert lid when they are rap­

idly heated to 1325°C. It was found that the tube and the lid were joined by reaction bonding 

in which Li2CO3 served a key role as the bonding agent and a sintering additive. When 

sufficient liquid phase fraction is present, the melt at the base of the tube reacts with the Y2O3 

lid and forms a solid LiYO2 joint. This triggers a rapid densification process that propagates 

upward to the top of the tube. XRD, DTA and SEM were used to analyze the properties of 

LiYO2and the microstructure of the tube and the joint.

The cell fabricated in this way worked steadily for several months in contact with 

liquid lithium or lithium alloy. The thermodynamic properties of Li-Al alloys, including the 

liquid phase, the a-solution region, and the a + p two-phase region were investigated in the 

temperature range of 370 to 750°C. The liquidus curve could be directly obtained from the 

EMF versus temperature plot.

The solid-liquid phase boundary was consistent with data from the literature. The 

AG, AS and AH of the molten alloys up to 30% Li were derived from the measurements.

The cell elaborated in this study can be used not only for phase diagram analysis, but 

also as a sensor for Li in molten alloys or possibly in high temperature batteries.
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Chapter 1. INTRODUCTION

Aluminum-lithium alloys have been developed as structural materials for applications in 

the aerospace and transportation. They are lighter and stiffer than conventional aluminium 

alloys. In order to define the processing conditions for these alloys and subsequent treat­

ments to obtain specific engineering properties, a knowledge of the phase diagram and ther­

modynamic properties of these alloys is essential.

Thermodynamic data of Li-Al alloys are still incomplete. Although phase equilibria 

of the Li-Al binary were studied by many investigators as summarized in the review by Chen 

et al. [Che89], the data reported in the literature is not in agreement. In view of the intrinsic 

experimental difficulties in working with these alloys, such as vaporization and oxidation 

of Li, and interaction of either Li or Al with the container materials, it is not surprising that 

these discrepancies exist in the literature.

An attractive feature of the Al-Li alloy system is the large solid solubility of Li in Al 

(-14 at. %) at 600"C. Alloys can be heat treated in this range to homogenize the a (Al3Li) 

phase, then quenched to form the metastable a’ phase as coherent precipitates. The a’ pre­

cipitates are the major strengthening mechanism of Al-Li alloys [Flo87].

The disadvantage of lithium as an alloying agent is its high reactivity, not only with 

oxygen, but also with nitrogen, carbon dioxide and water. Thus another objective of this
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study is to obtain precise data on the chemical potentials of lithium in aluminum alloys which 

are needed to predict long term environmental effects.

In industry, the addition of lithium to molten aluminum is done by means of Li master 

alloys because of the high reactivity of lithium. Knowledge of the chemical properties of the 

master alloys would allow their utilisation in the most efficient manner. Such information 

would also be useful in optimizing the recovery of Li during recycling of Al- Li scrap.

Studies of lithium or other reactive metals are prone to error for three major reasons. 

First, they tend to oxidize rapidly, resulting in a change from the original composition. Second, 

they tend to evaporate quickly, again causing a drift from the expected composition. Third, 

it is very difficult to find compatible materials for the experimental apparatus which are 

stable against liquid lithium.

The objective of this thesis is two-fold: first to investigate the mechanism of joining 

the LiYO2 electrolyte tube to the lid composed of Y2O3-12%MgO, and second, to measure 

the thermodynamic properties of Li-Al system.

An examination of the literature [Chapter 2] shows there have been several methods used 

to measure the Li-Al system. The methods employed include resistivity and microhardness 

measurements [Cos62], X-ray and quantitative optical metallography [Lev63], electrochemical 

[Wen80], transmission electron microscopy [Wen80], low-angle X-ray scattering [Cer77], 

differential thermal analysis (DTA), metallography, chemical analysis [Che89], and differential 

scanning calorimetry [Wil89]. Often one of the thermodynamic properties is measured
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independently, for example, enthalpy by calorimetry, or phase boundaries by differential 

thermal analysis.

Only the electrochemical method (the emf technique) can be used to determine all 

the thermodynamic properties which are necessarily interdependent. All measurements are 

taken at equilibrium so that there is no need for compensation of long reaction times or 

undercooling effects which may present problems in calorimetry or DTA. Phase diagram 

invariant temperatures are determined with great precision (±1°C), limited only by the accuracy 

of the thermocouple and purity of the alloy. Thus one can obtain a consistent set of thermo­

dynamic data for the complete binary system.

In chapter 2, previous research on Li ionic conductors, the technique for evaluating 

thermodynamic properties, selection of insulating materials and earlier research in this lab 

are reviewed.

Chapter 3 provides details of the experimental method, which includes fabrication of 

the measurement apparatus, the emf measurement technique and the data acquisition system.

Chapter 4 reports and discusses the results of both the ceramic study and thermody­

namic properties of Li-Al binary alloys. The mechanism of joining and sintering the LiYO2 

tube and the role of Li2CO3 in joining and sintering are described in detail.



Chapter 2. LITERATURE REVIEW

2.1. Thermodynamic Properties of Lithium Aluminum Alloys

The earliest phase diagram of the lithium-aluminum system was published by Muller 

in 1926 [Mul26]. Although phase equilibria of the Al-Li binary were studied by many inves­

tigators [Yat74, Smi76, EII81, Mca82, Kha88, Che89], there is still disagreement in the 

literature. The most important argument focused on so-called metastable a’ (or 6’) phase 

for the following reasons: (i) this phase forms coherent precipitates and is responsible for 

the significant strengthening of Al-Li alloys [Flo87], (ii) it is difficult to determine clear and 

consistent data for this phase boundary.

2.1.1. The Phase Diagram of Li-Al

The following boundaries and invariant points of the Li-Al phase diagram have been 

established with reasonable certainty (Figure 2-1):

the aluminum-rich eutectic temperature, 600±5°C;

the p+L—> y peritectic, 520±5°C, 60 at.% Li;

the L—> 8 + bcc eutectic, 177±3°C, 97.8 at.% Li;

the a/(a+p) and (a+p)/p boundaries from 400°C to 600°C.

Other features of the diagram are qualitatively correct, but significant questions 

remain in the a+p region. These include the occurrence of the metastable a’ phase in the

4
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O ■ [35Gru]; A - [37Sha]; + •• [76Myl]; V * [55JonJ; O - [63Lev]; X - [62Cos]; □ - [BOWanJ;
• - [Wen]; XX - [8CVeQ: ■ -[71 Nob]; & - [78Wen]; ® - [75WII], A. J. McAlister, 1962

Figure 2-1. The Li-AI phase diagram with the data points from the 
literature [Mca82]

equilibrium (a+p) field and the a-Al + p-AlLi eutectic composition which is reported to vary 

from 23.4 to 30.8 at.% Li [Wil89],

2.1.2. Solid Solubilities

Many studies, both experimental and theoretical, have been carried out at low tem­

peratures (<300°C) to determine the regime over which the metastable Al3Li phase exists. 

Two determinations of the solvus, by Costas and Marshall (resistivity and microhardness) 

[Cos62] and Levine and Rappeport (X-ray and quantitative optical metallography) [Lev63],
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gave high Li saturation concentrations below 400°C. Above 400°C, these data, and those of 

Wen and Huggins et al. (electrochemical) [Wen80], are in quite good agreement.

The P phase extends from about 45 at.% Li at 600°C to about 55 at.% Li at 500°C. 

The y phase was reported by Wen [Wen79] to extend from 60.3 to 61.7 at.% Li at 433°C. 

That it is the y and not the 6 (or 5’) phase which melts peritectically at 520°C is confirmed 

both by the thermal arrest measurements of Myles et al. |Myl76] and the electrochemical 

measurements of Wen et al. [Wen79] at 423°C over the composition range 10 to 70 at.% Li. 

In the latter work, the y phase was observed; the 8 phase was not.

2.1.3. Liquidus and Solidus

Liquidus and solidus measurements were carried out by thermal analysis [Mul26, 

Gru35, Sha37 and Myl76], The reaction temperatures are in reasonable agreement as men­

tioned in section 2.1.1. The p phase melts congruently near 700±5°C, and 50 at.% Li. Myles 

et al. [Myl76] reported the y+L-> 8’ peritectic occurs at 335°C and 8->8’ transformation at 

275°C. Shamray et al. [Sha37] reported liquidus and solidus studies at Li concentrations in 

excess of 90 at.%, and their data suggest that the L—> 6 + bcc eutectic point falls at 97 at.% 

Li.

There are two main areas of disagreement. Although all the above studies are in 

essential agreement on the L—> a+p eutectic temperature, there is inconsistency with regard 

to the Li concentration at the eutectic point, and the a and the p termini of the eutectic line. 

Moreover, the a solidus and a solvus lines have not been unambiguously defined [Mca82].
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For example, the a+L boundary data of Myles [Myl76] lie well below these of Grube [Gru35] 

and Shamray [Sha37]. The emf measurements of this thesis will help to clarify these 

uncertainties.

2.1.4. Measured Activities in AI-Li Alloys

Liquid: the Knudsen method was used by Hicter et al. [Hic71] at 684°C and 714°C, 

and the electrochemical method by Yatsenko and Saltykova [Yat74] at 750°C. These data 

are in good agreement and indicate subregular behavior in the liquid [Che89].

a-phase: The electrochemical method was applied by Wen et al. [Wen80] to measure 

activities in the solid at 0 to 9.1 at.% Li at 423°C, and from 0.7 to 5.7 at.% Li at 300°C to 

600°C. As in the liquid, subregular behavior was observed (Figure 2-2).

p-phase: Electrochemical measurements were made by Yao et al. [Yao71] and Wen 

et al. [Wen79]; hydrogen titration measurements were made by Veleckies [Vel80]. Wen et al. 

are the only investigators to determine Li activities as a function of composition within the 

homogeneity range of this phase. These results are shown in Figure 2-2.

y-phase: A small range of solubility was observed by Wen et al. [Wen79], 60.1 to 

61.7 at.% Li, with approximately linear variation of the Li activity in this range.
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Figure 2-2. Comparison of activity of U in Al for a (left) and^ (right) 
phase in the literature [Che89]
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2.2. Techniques for Evaluating Thermodynamic Properties

2.2.1. Calorimetry

The first of the thermodynamic functions to be determined experimentally for a large 

number of substances was the heat of formation [Kub67]. This is usually determined by the 

calorimetric method, which is quite simple in principle. The reaction to be investigated is 

carried out in an apparatus of known heat capacity, the calorimeter, so that the heat capacity 

is measured by the change in temperature during reaction.

In calorimetry, if measurements and chemical analyses are carried out meticulously,

the final result can be given with an estimated error, which can be relied upon. The quantities
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obtained directly from equilibrium measurements are the enthalpies from which heat capac­

ity can be calculated only when the temperature coefficients of the free energies are known, 

the advantage being that they then provide not only the heat but also the entropy of reaction.

The reliability of heat and entropy values obtained in this way is, however, usually 

overestimated. Relatively small errors in the free energies may result in large errors in the 

temperature coefficients. Equilibria involving solids are particularly difficult to measure 

accurately.

2.2.2. EMF Technique

The EMF technique is ideal for the measurement of not only thermodynamic proper­

ties but also the phase diagram. Whenever a phase boundary is crossed (either by varying T 

at constant X or varying X at constant T), whether solid-solid, solid-liquid or liquid-liquid, 

there is a discontinuity in the slope of the EMF versus temperature or EMF versus composition. 

Thus by taking numerous measurements in the vicinity of a phase boundary; one obtains a 

locus of invariant points, which give a relation between EMF and temperature. If the activ­

ity-composition relationship is known, a typical phase diagram of temperature versus com­

position can be constructed. The advantage of the EMF method is that all points are obtained 

at complete chemical and thermal equilibrium and are free from kinetic effects such as are 

found in thermal analysis measurements. The EMF measurement requires a reversible cell to 

be set up and high temperature EMF measurements depend upon the availability of a suitable 

electrolyte. If an electrolyte is selective to one ionic species and “opaque” to all others, the
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chemical potential of that species can be measured and related and to other thermochemical 

properties. In order to obtain a stable potential, an electrolyte must have a minimum conduc­

tivity of about IO*6 S/cm [Sch72]. As a rule, the ionic transport number must be greater than 

0.99 if the electrolyte is to be practical for EMF measurements.

A galvanic cell for measuring the activity of Li in solution can be written schematically 

as:

pure Li,auty\Li solid electrolyte \ Li alloy,aLi(2) Cell 1

The EMF is related to the activities by:

E = -—ln^?l Eq. 2-1
F au(S)

Since the activity of pure Li is equal to 1, or a known reference material is used to fix 

the activity on one side of the equation, the activity on the other side can be calculated from 

the measured emf of the cell. The results can be used to determine the Gibbs energies of 

mixing of solutions and the Gibbs energies of formation of compounds.

If the activity-composition relationship has been established for a solution, a solid 

electrolyte probe can be used to monitor directly the composition of a system. That is what 

we call a sensor.

2.2.3. Thermodynamic Properties

The thermodynamic properties can be readily derived from EMF measurements. The

chemical and electrical potential are related by:
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^~^=FE Eq. 2-2

where pf and A are the chemical potentials of the pure and working electrodes respectively. 

The partial Gibbs energy in terms of the activity or activity coefficient of the first component 

is given by:

~FE = A^ = RT Ina, = RT In /, + RT In Xx Eq. 2-3

where R=8314 J/mol-K, T is in Kelvin and Xj is the atom fraction of component 1. One can 

see that the partial Gibbs energy, the activity and activity coefficient follow directly from the 

measured EMF. To obtain the properties of the second component in a two component 

system, one uses the Gibbs-Duhem or Duhem-Margules equation:

XYd In ^ + X2d In /2 - 0 Eq.2-4

By rearranging the terms and integrating, we arrive at the value of the second component:

lnn =-V-pln/i Eq.2-5
o

The integral Gibbs energy is calculated by:

AG^TX^ln^+Xjlnaj) Eq. 2-6

or

AG = X, AG, + X2&G2 E1-2'7

The partial excess Gibbs energy is defined as :

G^^Tlny, Eq. 2-8
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and the integral quantity is derived as above.

The partial entropy and enthalpy can both be obtained from the temperature depen­

dence oftheEMF:

AC _ SAG1 -f8E
1 dT dT

Eq. 2-9

^ =d(AGl/T) = _Fd(E/T)
1 dO/T) dO.IT)

Eq. 2-10

In practice, only AS is derived from the temperature dependence and AH is obtained 

from the Gibbs-Hemholtz equation:

AG, =Affi-7Mi Eq. 2-11

To measure temperature dependence, EMF readings are taken at various tempera­

tures and fixed composition. The points are fitted to a polynomial equation which, when 

differentiated with respect to T, yields the partial entropy. The Gibbs-Duhem equation can 

again be used to obtain the partial entropy of the second component. The preferred method 

is to substitute Sf for In ^ in Eq. 2-11, where S& is the partial excess entropy defined as :

5^^+^ln^ Eq. 2-12

The integral properties can be obtained from Eq. 2-4. With sufficiently accurate 

data, the partial heat capacity can be derived as the second derivative of the temperature

dependence:

^^- ST2 - " M* Eq. 2-13
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The integral values can be calculated with Eq. 2-4 and Eq. 2-6. The heat capacity is 

designated as an excess quantity because, unlike AG, AH and AS which are assumed to be 0 

for the pure components, Cphas a non-zero value at the end points. It must be realized that 

considerable allowance should be made for error in calculating the q^ since it is obtained 

from second derivative of the Gibbs energy.

2.3. Principles of Ionic Conduction

Interest in solid electrolytes for use in solid state batteries has been intense during the 

last thirty years [Tak66, Wes89, Iry89, and Ada96]. Lithium-based systems are particularly 

attractive due to their high energy densities and high open circuit potentials. There has been 

much work published on the characterization of lithium ion conducting materials at lower 

temperatures (up to 300°C). However, little research has focused on their behavior in the 

400~600°C range, which is important for high temperature batteries designed for military 

applications [Att90, Hen94, Rit96].

2.3.1. Mechanisms of Ionic Conductivity and Application of Solid State 

Electrolytes

Generally speaking, solid state electrolytes, which conduct electricity by the motion 

of ions and exhibit negligible electronic transport, include crystalline and amorphous inor­

ganic solids as well as ionically conducting polymers. Two broad classes of conduction 

mechanism, vacancy and interstitial migration, may be distinguished.
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In vacancy migration, a number of sites that would be occupied in the ideal, defect- 

free structure are in fact, empty perhaps due to either Schottky defects (a cation and anion 

vacancy pair) or the presence of charged impurities. An ion adjacent to a vacancy may be 

able to hop into it leaving its own site vacant. This process is regarded as vacancy migration, 

although it is the ions that hop.

Interstitial sites are defined as those that would usually be empty in an ideal structure. 

Occasionally in real structures, ions may be displaced from their lattice sites into interstitial 

sites (Frenkel defect formation). Once this happens, the ions in interstitial sites can often hop 

into adjacent interstitial sites. These hops may be one stage of a long range conduction 

process.

This notion of occasional ion hops, apparently at random, forms the basis of random 

walk theory which is widely used to provide a semi-quantitative analysis or description of 

ionic conductivity. There is very little evidence in most solid electrolytes that the ions are 

instead able to move around without thermal activation in a true liquid-like motion. Nor is 

there much evidence of a free-ion state in which a particular ion can be activated to a state in 

which it is completely free to move, i.e. there appears to be no ionic equivalent of free or 

nearly free electron motion. A simple yet valuable starting point for treating ionic conductivity, 

cr, is as the product of the concentration, cit of mobile species (interstitial ions or vacancies), 

their charge, q and their mobility, wf:

^i^^i Eq. 2-14
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This same equation is, of course, also used to rationalize the general electronic be­

havior of metals, semiconductors and insulators.

An important practical way of increasing the value of ct is by means of doping with 

aliovalent (or heterovalent) ions. This involves partial replacement of ions of one type by 

ions of different formal charge. In order to retain charge balance, either interstitial ions or 

vacancies must be generated at the same time. If the interstitials or vacancies are able to 

migrate, dramatic increases in conductivity can result.

2.3.2. Immobile Ion Sublattice and Doping Effect

The solid electrolyte provides an essentially rigid framework with channels along 

which one of the ionic species of the solid can migrate. Whereas all ionic solids conduct, only 

those with very specific structural features are capable of exhibiting conductivity with poten­

tial commercial applications.

In crystalline electrolytes, conduction pathways for the mobile ions permeate the 

‘immobile ion sublattice’ in one, two or three dimensions. For example, Na+ ions in p-alumi- 

na can migrate only in two dimensions (Figure 2-3). The sites containing the mobile ions are 

not fully occupied and are connected, via open windows or bottlenecks, to adjacent sites that 

are also partially occupied or empty. In crystalline electrolytes, the sites for the mobile ions 

are clearly defined by the structure of the immobile sublattice (unlike melts, for instance, 

where there is no fixed set of sites). Ionic conduction occurs, therefore, by means of a series
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of definite hops between adjacent sites in the conduction pathway. Most of the time, the 

‘mobile’ ions are located in a particular site, where they undergo thermal vibrations within 

the site. Occasionally, they escape from their site and hop into an adjacent site where they 

may then reside for a considerable time before either moving on further or hopping back into 

their original site.

With aliovalent doping of cations, there are four fundamental ionic mechanisms for 

achieving charge balance. (There are also electronic compensation mechanisms leading to 

electron/hole creation and possibly to electronic conduction; these are not considered here.) 

These four ionic mechanisms are shown in Table 2-1, together with an example of each. 

Doping with a higher valent cation necessitates the creation of either cation vacancies (1) or 

anion interstitials (2), whereas doping with lower valent cations leads to the creation of 

either interstitial cations (3) or anion vacancies (4).

In the examples and formulae shown, the number of vacancies or interstitials increas­

es with x. Usually in a particular material, there is a practical limit as to how many vacancies/ 

interstitials can be introduced while still retaining a homogeneous solid solution phase. In 

many cases, this limit is small, «1% but in others it may be large, 10-20%, giving rise to 

massive defect concentrations. Occasionally, it is possible to vary the composition to such an 

extent that it is possible either to fill completely a set of interstitial sites or to empty com­

pletely a particular set of lattice sites.

When this happens, random walk theory predicts that at the half-stage, when the
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(a) W

Figure 2-3. Schematic structure of a) p” and b) p alumina 
showing two dimensional ion migration paths

concentrations of filled and empty sites are equal, the ionic conductivity should pass through 

a maximum because the product of the concentration of mobile species, Cit and sites to 

which they may migrate (1-Q is at a maximum.

2.3.3. The Activation Energy for Conduction

The activation energy for conduction, AE^, which is regarded as a series of potential 

wells and barriers, is the major factor controlling the ionic mobility, u. The Arhennius ex­

pression for conductivity is

a = Ae~^IRT Eq. 2-15
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Table 2-1. Solid solution formation by doping with aliovalent ions [ Bru95]

DOPING WITH HIGHER VALENT CATIONS

cation vacancies

e.g. 3L1+-* AP+in

Li4-3xAlxSIO4

anion interstitials 

e.g Ca2^ -> Y3+ + F- in

(Cai-xY0F2+x

DOPING WITH LOWER VALENT CATIONS

cation interstitials anion vacancies

e^g. pS* —> St** + Na* in 2Zr** + O*‘-> 2Y>in

Na!^ri(Pj«SUO|j (Zrj.^Yj^O^*

The activation energy represents the ease of ion hopping, shown in Figure 2-4. It is 

related directly to the crystal structure and in particular, to the openness of the conduction 

pathways. Most ionic solids have densely packed crystal structure with narrow bottlenecks 

and without obvious well-defined conduction pathways. Consequently, the activation ener­

gies for ion hopping are large, usually 1 eV or greater and conductivity values are low. In 

solid electrolytes, open conduction pathways exist and activation energies are much lower, 

as low as 0.03 eV in Agl, and 0.15 eV in p-alumina for example.

All solid state ionic conduction proceeds by means of hops between well-defined 

lattice sites. Ions spend most of their time on specific sites where their only movement is that



19

of small oscillations at lattice vibrational frequencies (10t2-10BHz). Occasionally, ions can 

hop into adjacent sites. The ions hop quickly, on a time-scale approaching but somewhat 

longer than that of a single lattice vibration. This is because the hop distance, typically 0.1 ~ 

0.2 nm, is an order of magnitude greater than the atomic displacement during a lattice vibration.

Activation energy is a complex parameter that includes not only a physical barrier, in 

which an ion has to squeeze through a narrow bottleneck, but also a longer range electro­

static barrier between the mobile ions. This arises whenever an ion hops out of a regular

Energy

Figure 2-4. Thermal energy needed for an ion jump,
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lattice site. Hopping generates local departures from electroneutrality, which may also be 

viewed as the creation of dipoles. Such departures from local electroneutrality act as a drag 

on further ion hops. Local electroneutrality can be restored, however, by means of a redistri­

bution in the positions of the surrounding ions. After this process is complete, the ion under 

consideration is able to move again.

In materials with a high carrier concentration, mobile ions are inevitably quite close 

together, separated by at most a few Angstroms. Consequently, ions cannot hop in isolation 

but are influenced by the distribution of mobile ions in their vicinity.

2.3.4. Application of Solid Electrolytes

Major utilization to date has involved the employment of oxide ion conductors at 

elevated temperatures to measure oxygen partial pressures in molten steel, automobile exhaust, 

and sodium ion conductors (notably materials of the sodium beta alumina family) as solid 

electrolytes in elevated temperature battery systems. A variety of silver ion conductors are 

being used in several room temperature electrical devices, such as timers and coulometers; a 

fluoride ion conductor is the active element in a commercially available selective ion elec­

trode for use in analytical chemistry. There are, of course, many other possible applications 

for solid electrolytes if materials with proper characteristics can be found or developed. A 

number of these are listed in Table 2-2.
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Table 2-2. Examples of applications of solid electrochemical techniques [ Bru95]

Static EMF measurements

Free energy of formation of binary and ternary compounds

Free energy changes accompanying various cell reactions

Thermodynamics of binary phases

Determination of limits of stoichiometry of compounds

Effective mass of electrons or holes in semiconductors

Solubility of gases in liquids

Time-dependent EMF measurements

Phase boundary migration kinetics

Supersaturation required for nucleation within and upon solids and liquids

Combinations of EMF and current measurements

Diffusion in liquid and solid metals and mixed conductors

Transport of both ionic and electronic species across phase boundaries

Kinetics of condensation and vaporization processes

Oxidation and reduction reactions on solid surfaces

Thermodynamics of gaseous species

Studies of the mechanism of catalysis

Ionic and electronic partial conductivities in mixed conductors

Structure of electrode-electrolyte interfaces
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Technological applications

Batteries

Fuel cells

Catalysts

Electro-chromic display elements

Variable resistors

Thermoelectric devices

Memory elements

Solute valence control in semiconductors and ionic solids

Purification of liquid and gases

Measurement and control of liquid and gas compositions

2.4. A Classification of Li Solid Electrolytes

The specifications for high temperature Li electrolyte materials are quite stringent. 

The solid electrolyte must, for example, have good ionic conductivity at the operating tem­

perature (ideally 0.1 S/cm at 400°C in applications requiring mass transfer). Electronic con­

ductivity must be negligible at all temperatures to avoid internal short circuits. The solid 

electrolyte must be stable in contact with the electrodes, typically a molten Li or Li alloy. For 

practical reasons, materials should be relatively low cost, easy to fabricate on an industrial 

scale and environmentally benign. Figure 2-5 shows the variation in conductivity with tem-
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perature for some well-known lithium ion conducting solid electrolytes.

2.4.1 LLSiO. and Related Phases 4 4

Stoichiometric Li4SiO4 has a relatively modest lithium ion conductivity of 5 x IO4 S/ 

cm at 300°C [Wes73, Hod76, Jac85]. The conductivity is improved for solid solutions be­

tween Li4SiO4 and either Li4GeO4 or Li4TiO4 [Wes73, Hod76, Jac85] to a maximum of around 

2 x 10'1 S/cm at 300°C for the composition Li4(Si06Ti04)O4 [Wes73]. A more significant 

enhancement occurs on partially substituting Si4* by an aliovalent species such as P^to form 

the solid solution series Li^Si] .XPXO4, thereby creating lithium vacancies [Hu76, Hug77, 

Sha77]. Maximum conductivity of 1 x 104 S/cm is observed for x = 0.4 at 100°C. The 

activation energy for conduction, Ea, is smaller, 0.56 eV [Hug77] than that of Li4SiO4,0.87 

eV [Wes73, Hod76, Jac85]. Similar effects have been observed by partially substituting Si 

with either As or V [Kho82, Kho84] and conductivities of more than 0.1 S/cm at 400°C were 

obtained. Phase diagram studies ofthese three systems [Kho82, Kho84, Kho81], have shown 

that in each, there are two ranges of solid solution. At the Li4SiO4 -rich end, compositions 

have the monoclinic-type Li4SO4 structure, but at some intermediate value of x there is a 

change to orthorhombic Yn-Li3PO4 type structure. Although there are two families of struc­

tures in these systems, the conductivity appears to be controlled mainly by the number of 

mobile Li+ ions rather than the specific structure adopted.

Li4SiO4 can also be partially substituted with both trivalent and divalent cations. Di-
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Figure 2-5. Some well known U ion conductors

valent cations include Zn, Mg, Co and Ni [Wes70, Wak88, Sai90]. For the solid solution, 

Li4_2xMgxSiO4, the single phase region extends to x = 0.5, with a maximum conductivity of 

2.3 x 10'5 S/cm at 200°C rising to 1.5 x 10‘2 S/cm at 400°C [Wak88], which is about one 

order of magnitude less than required for thermal battery applications. However, these ma­

terials are relatively easy to prepare, are stable in air, have an electronic conductivity which 

is about three orders of magnitude less than the ionic conductivity and maintain their ionic 

conductivity over a long period of time [Wak88],

Trivalent cations such as B, Al, Ga, Cr, Fe and In [Sai90, Sai91, Jac83, Qui89, 

Cha96, Mas95, Neu96] can partially substitute into Li4SiO4 giving rise to either Li interstitial 

or Li vacancy-based solid solutions of general formulae: Li^+^M^i^O^ (Si4+ => Li+ + M^)
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and Li4.3yMySiO4 (3Li+ => M3*), respectively. Interstitial solid solutions are favoured by B, Cr 

and Fe; In forms only vacancy based solid solutions; Al and Ga form both. In general, 

conductivity decreases as the size of M34 increases, for a given amount of substitution [Sai90, 

Cha96]. Boron-substituted materials are an exception, however, and have lower conductiv­

ities than expected due to rapid sample ageing in air, producing Li2CO3 impurities [Mas95].

The interstitial solid solutions Li4+xMxSi1.xO4 between Li4SiO4 and the 

antifluorite-related phase, Li5A104 have potential applications in high voltage lithium cells 

[Neu96]. Of particular interest is the composition Li9SiA108 (x=0.5) which has the Li4SiO4 -type 

framework. Room temperature conductivity of Li9SiA108 is about four orders of magnitude 

higher than either end-member but is still quite poor at 2.3 x IO7 S/cm. Measurements were 

made only up to 100°C [Neu96] and higher temperature data are, therefore, required. L^SiAlOg 

is stable versus Li/Li+ up to 6.5 V, making it suitable for studying high voltage cathode 

materials and is inert against LiMn2O4 to 500°C [Neu96]. It is stable against Li only to 

around 100°C [Neu96],

2.4.2. Li.MO. and Related Phases 5 4

The anti-fluorite phases, Li5MO4, (M = Al, Ga, Fe) and solid solutions of the type 

Li5+xMlxM’xO4 (M - Zn, Mg) have also been studied as solid electrolytes [Hug77, Esa87]. 

Li5MO4 has a low-temperature a and high-temperature p polymorph, and both forms have 

cation vacancies relative to the ideal anti-fluorite A^O stoichiometry. The p polymorph has
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significantly higher conductivity, 0.3 S/cm at 450°C for the Al analogue [Hug77], which is 

comparable with that of molten salts. Conductivities below 400°C are quite low and these 

materials have limited practical applications in low temperature batteries due to their narrow 

operating temperature range. Conductivity at lower temperatures improves on substitution 

of some M3+ for Li+ + Zn2-. Maximum values reported are 1.5 x IO*3 S/cm for Li5JAl04Zna9O4 

and 7.0 x IO 3 S/cm for Li1JF%<5Zna5O4 at 300°C [Esa87],

2.4.3. LISICONS

In contrast to Li4SiO4, any attempted aliovalent doping of either Li4GeO4 [Vol69] or 

Li4TiO4 [Dub72, Dub73] leads predominantly to be Yn-Li3PO4 type phase, the co-called 

LISICON. The first material to be given the name LISICON, which stands for lithium super 

ionic conductor, was Li14Zn(GeO4)4 which is a member of the solid solution, Li2;2xZnIXGeO4 

[Hon78, Bru80]. This series contains interstitial lithium ions and extends over the range 

- 0.36 < x < + 0.87 but its extent is very temperature dependent. Li14Zn(GeO4)4, has very high 

conductivity at high temperatures, 0.125 S/cm at 300°C, but only 1 x IO-7 S/cm at room 

temperature [Bru82]. Replacement of Zn by Mg causes a decrease in conductivity [Hon78].

LISICONS tend to show marked reduction in ionic conductivity with time at low 

temperatures. This is explained by trapping of the mobile lithium ions by the immobile sub­

lattice at lower temperatures via the formation of defect complexes [Bru84]. Re-annealing 

samples causes the conductivity to rise to its original value. This could be seen as an attrac-
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tive feature for thermal battery applications where long storage times at low temperatures 

(when conductivity should be negligible) followed by a relatively high operational tempera­

ture (when ionic conductivity should be high) are envisaged.

Another important group of Yn-Li3PO4 type solid solutions [Hu76, Hug77, Sha77, 

Kho82, Kho84, Kho81, Kuw80, Qua83, Rod85, Sum95, Dis95, Yam96], referred to above, 

form between Li4XO4 and Li3ZO4 (X= Si, Ge, Ti and Z = P, As, V, Cr) and have general 

formula Li3ttZbX\O4. The conductivities of intermediate compositions are much higher than 

those of the end-members. These materials have comparatively good conductivity at room 

temperature, are thermodynamically stable and relatively insensitive to atmospheric attack 

but on prolonged standing (several months) some systems containing Ge or Ti do show 

ageing effects [Rod85]. The highest room temperature conductivity is 4 x IO-5 S/cm for 

Li3 6Ge0 6V0 4O4 [Kuw80] and this material, in conjunction with Lil additive, has already been 

used in a high temperature thermal battery by the U.S. Army [Bef95], The silicate analogue, 

Lia^’oAA has very recently been used in rechargeable thin film cells [Yam96] and is 

stable in contact with lithium, even above 180°C when lithium is molten. It also has the 

advantage over Li36Ge06V04O4 of being less expensive to produce and having a slightly low­

er conductivity at lower temperatures (about 1 x IO*5 S/cm at 25°C).

No examples have been found of solid solutions in the systems Li4X04 (X= Si, Ge, 

Ti)-LiTO2 (T = Al, Ga) and it was thought that trivalent ions did not readily enter the LISI- 

CON structure. However, high conductivity solid solutions have been found more recently
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in systems which have Li25T05XO4 (T = Al, Ga; X = Si, Ge) as the second end-member 

[Qui89, Gar90, Smi91, Smi91A, Iva88, Lee91, Lee93, Rob92, Rob94, Rob93]. These solid 

solutions have the general formula, Li^T^XO^ the substitution mechanism being 3Li+ = 

pt

In the two silicate systems [Qui89,Qui89A, Gar90, Smi91, Smi91A], the conductivity 

rises to a maximum for compositions around x = 0.2-0.3 and decreases to nearly zero for x 

= 0.5 (Li25T05SiO4). There is some evidence that the conductivity may rise again for 0.5 < x 

< 0.6 [Qui89]. The highest conductivity is obtained in the Al-containing system [Gar90], 3 x 

10*5 S/cm at 100°C, which is nearly an order of magnitude higher than for the Ga system. 

These are the first phases to have a structure based on y-LiA102, and to exhibit high conduc­

tivity [Smi91,Smi91A].

The two germanate systems [Iva88, Lee91, Lee93, Rob92, Rob94, Rob93], yield 

highly conducting y-solid solutions with the LISICON structure; the Arrhenius plots in both 

are markedly nonlinear [Lee91, Lee93, Rob92, Rob94]. Indeed, in the Al system, com­

positions with low x, -0.1 to 0.25, have zero activation energy for conduction at tempera­

tures above 700°C, indicating a liquid-like disorder ofthe mobile lithium ions [Lee91, Lee93,]. 

The conductivity of samples in both systems meet the requirements for thermal battery 

applications, e.g., 0.5 S/cm at 560°C for x = 0.2 in the Ga system [Rob92]; however, the 

materials are susceptible to atmospheric attack and ageing effects due to ordering of the 

lithium ions [Rob93], Elements such as Ga and Ge are expensive.
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2.4.4. NASICONS and Related Phases

The tenn NASICON, which stands for Na* super ionic conductor, was given to the 

solid solution phase Na^rjSiJ^O^, x =2.0, discovered by Hong and Goodenough in 

1976 [Hon76, Goo76]. The end-member NaZr2(PO4)3 has very low ionic conductivity, but it 

can be increased substantially on aliovalent doping, rising to 0.2 S/cm at 300°C for 

x — 2.0, higher than that of sodium p-alumina.

The lithium-containing analogues, LiM2PO4)3 with M4*=Zr [Tay77], Ti [Rob93], Ge 

[Aon93] and Hf [Ala84] also have NASICON-type structures. These consist of corner­

sharing MO6 and PO4 polyhedra which form a rigid [M2(PO4)3]- framework and the lithium 

ions move through tunnels in a three-dimensional pathway [Hag68]. There are two different 

lithium ion sites in the structure, labelled I and II. In stoichiometric LiM^O^, the type I 

sites are frill and the II sites are empty.

The substitution mechanisms are Li* + M4*<=>A5* to form Li vacancies and M4+ <=> 

Li* + M’3+ to form lithium interstitials. The metal ions include M4* = Zr, Hf, Ti and A^ Nb5*, 

Ta5*. The maximum conductivities observed are for Li0 jZr0jTa^fPOJ^ i.e., x=0.9, where o 

=6 x 10^ S/cm at 25°C, rising to 2 x IO*3 S/cm at 200°C [Cho89]. It is extremely difficult to 

obtain good ceramics with these materials and so the total conductivity is one or two de­

cades less than this value, due to the presence of grain boundary resistances.

The reason for the high conductivities in these materials is still a point of contention 

in the literature. Some authors believe that stoichiometric LiTi2(PO4)3 has a high Li* ion 

conductivity, and that Ti4* is not replaced by M3* but instead, a glassy second phase forms at
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the grain boundaries which reduces the grain boundary resistance and increases the densifi- 

cation of the ceramic [Aon93], As evidence for this, the porosity of undoped LiTi2(PO4)3 

was around 34.0% compared with only 4.1% for LiJ 3A03Ti17(PO4)3. Similar results were 

obtained by adding a low-melting flux such as Li2O, Li3P04J Li2CO3 or Li3BO3 to LiTi2(PO4)3 to 

increase the sinterability of the ceramic [Aon93]. However, phase diagram studies of the 

ternary system Li2O-TiO2-P2O5 show no evidence of such a solid solution.

The Ge and Hf analogues have only slightly lower conductivities, up to (1—2) x 104 

S/cm at 25°C [Aon93], and are stable against lithium but are significantly more costly to 

produce.

2.4.5. Lithium Rare Earth Titanate Perovskites

Perovskites (general formula ABO3) and related structures are extremely important 

solid state materials and have uses in a variety of applications such as high Tc superconductors, 

cathodes in solid oxide fuel cells, giant magnetoresistors and ferroelectrics. Oxide ion con­

ductivity is well known in some nonstoichiometric perovskites but it was not until 10 years 

ago that high lithium-ion conductivity was demonstrated in Li0S3 J^^TiC^ [Ina93]. The 

bulk ionic conductivity is as high as 1 x 1 O'3 S/cm at room temperature, but the total conduc­

tivity is significantly less, 2 x 10’5 S/cm, due to grain boundary resistances [Ina93], The 

electronic conductivity is estimated to be less than 1 x 10*8 S/cm atroom temperature [Ina93]. 

The activation energy for conduction is very low, 0.34 eV, and hence bulk ionic conductivity
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rises to only about 0.2 S/cm at 440°C . The other rare earth analogues show substantially 

reduced ionic conductivities, e.g., the Pr analogue (x=0.08) has a maximum value of 4 x 

1O‘S S/cm at 25°C [Mor96]. This appears to be due to the lanthanide contraction causing a 

reduction in the size of the percolation pathways in the crystal lattice [Kaw94]. Conversely, 

substitution of 5 mol % Sr for (Li, La) at the A-site causes a small increase in the bulk 

conductivity to 1 x IO'3 S/cm at room temperature, due to lattice expansion [Ina94],

Despite the exceptionally high bulk lithium ion conductivity of these perovskites, 

they suffer from several serious problems. The electronic conductivity increases dramatically 

in contact with Li metal as Ti4+ is reduced to Ti3+ and some Li+ is intercalated into the lattice 

[Ina93], On the other hand, it is extremely difficult to obtain dense ceramics free of grain 

boundary resistances without substantial Li2O loss, due to the high sintering temperatures 

(1300°C) required [Bro96].

2.4.6. Li.SO. and Related Phases 2 4

Lunden and co-workers studied these materials extensively for the last 30 years. 

Li2SO4has two polymorphs, a low temperature monoclinic p phase with low conductivity, 

and a high temperature a (fee) phase with conductivity of 1 S/cm at 575°C, increasing to 

3 S/cm at 800°C [Hee77]. Li2SO4 melts at 860°C [Hee77].

Studies of the systems Li2SO4-M2SO4 (M=Na, K, Ag) have shown the existence of 

the phases LiMSO4 which are body centred cubic (bcc) and have high ionic conductivities at
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slightly lower temperatures [Tdr96]; LiNaSO4 [Sta72], has high conductivity between 518°C 

and 615°C, e.g., 0.93 S/cm at 550°C [Lun86]. The phase diagram [Sta72] has a eutectoid at 

465°C with an fee phase above a composition of 77.5 mol % Li2SO4: 22.5 mol % NajSO4 . 

Conductivity is anisotropic and is highest parallel to the c-axis [Pim88]. Values rise from 

0.04 S/cm at 440°C to 0.3 S/cm at 500°C [Pim88].

Attempts have been made to substitute Li with a divalent ion thereby creating lithium 

vacancies; the phase diagrams Li2SO4-LiM’SO4, have been reported, where M’= Be, Mg, 

Ca, Sr, Ba, Zn, Cd and Mn [Lun94]. The Zn-containing system has a non-cubic solid solu­

tion between 17 and 43 mol % ZnSO4 but the compositional range is very temperature 

dependant [Lun83]. The parent stoichiometry may be Li4Zn(SO4)3 and the conductivity is 1 S/cm 

at 550°C; however, it has a limited thermal stability range which is also compositionally 

dependant [Lun83].

The systems Li2SO4-Li3AO4 (A- P5+, V5+) show limited solubility of the pentavalent 

ion in the a-Li2SO4 structure and there is an initial decrease in conductivity on partial substi­

tution of S by A. Surprisingly, the conductivity rises sharply again in both systems for 

intermediate compositions which are two-phase mixtures; this is attributed to an interfacial 

conduction mechanism, which is now thought to be common in composite ionic conductors 

[Tou90]. Maximum conductivities are still less than that of the Li2SO4.
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2.4.7. Li3N and Related Phases

Single crystals of lithium nitride, Li3N, with a layered crystal structure, have very 

high ionic conductivity 0.1 S/cm at room temperature, perpendicular to the c-axis, but about 

two orders of magnitude less parallel to the c-axis. The highest conductivity reported in 

polycrystalline Li3N is 4 xlO4 S/cm at 25°C [Rea79]. Unfortunately, the use of Li3N in 

practical applications is very limited due to its low theoretical decomposition potential of 

0.445 V [Alp77]. The crystal structure comprises alternating layers of Li2N and Li perpendicular 

to the c-axis [Rab76]. Attempts have been made to dope Li3N and create new phases with 

higher decomposition voltages, e.g. Li3AlN2, has a cubic anti-fluorite type structure and a 

decomposition potential of 0.85 V at 104°C [Sch86]. The conductivity is, however, only 

5 x 1 O'8 S/cm at room temperature. LiMgN has the anti-fluorite structure but its conductivity 

is even lower [Sch86]. Li8SiN4 has not yet been fully characterized and the structure is 

unknown at present but its conductivity is higher, 5 x 10^ S/cm at 125°C, possibly due to a 

higher number of interstitial lithium ions [Yam87]. Other systems such as Li3N-LiI have also 

been studied [Oba81].

Li3N is not quite stoichiometric; there are 1~2 at.% Li vacancies associated with H 

impurities and these appear to be essential to the high ionic conductivity of lithium nitride 

[Lap83]. On adding LiOH to a Li3N-LiI (1:2) mixture, conductivity is enhanced significantly 

[Oba81A] up to a maximum of 0.95 x IO 3 S/cm at 25°C for Li3N-LiI-LiOH (1:2:0.77). The 

decomposition voltage is around 1.6 V [Oba81A]. These materials are, however, very
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hygroscopic.

2.4.8. Lithium Metal Halides

Lithium metal halides have been investigated as solid electrolytes for more than 15 

years. Most interest has centred on phases, Li2MCl4, where M = Mg, Mn, Ti, Cd, Cr, Co, Fe 

and Zn [Kan89]. With the exception of M= Zn, these materials are inverse spinels with half 

the lithium ions occupying tetrahedral sites and half sharing octahedral sites with the M3+ 

ions [Kan88], Li^nC^ is a normal spinel with most lithiums occupying octahedral sites 

[Kan89]. Almost all of these chlorides exhibit phase transformations in the range 300-500°C 

[Kan88]. Cubic spinels such as Li2MnCl4, Li2MgCl4, and Li2CdCl4 transform to a defect 

NaCl-type structure where half of the lithiums occupy 16c sites, and the 16d sites retain the 

same distribution as in the spinel [Kan88], Other phases such as the Cr, Fe and Co analogues 

are distorted spinels at low temperatures due to cation ordering and transform to cubic 

spinels at higher temperatures [Kan88], Highest conductivities are obtained for the cubic 

spinels. Li2MnCl4 and Li2MgCl4 have an ionic conductivity of 0.14 S/cm at 400°C; Li2CdCl4 

has a slightly higher value 0.3 S/cm at 400°C rising to 1.0 S/cm at 500°C . The ordered 

spinels have values that are two to three orders of magnitude less [Kan88]. The normal 

spinel, Li2ZnCl4 has a poorer conductivity, 2xl04 S/cm at 280°C [Kan89]. The lower con­

ductivity in these materials is believed to be associated with the more restricted conduc­

tion pathways for the octahedrally coordinated lithiums.
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Attempts at substituting Na or Cu for Li caused reductions in the conductivity due to 

the mixed alkali effect [Lut91]. The iodide systems LiI-MI2 (M= Mn, Cd, Pb) demonstrate 

fast ion conductivity, up to 0.1 S/cm at 300°C for L^Cdl^ and Li2PbI4 [Lut93].

2.4.9. Lithium Carbonate

Pure Li2CO3 is a lithium ion conductor whose structure is monoclinic (C12/cl). The 

lattice parameters are a=8.359A, b=4.974A, c=6.194A and 0=114.8° [JCPDS22-1141].

The conduction along the (002) plane is much larger than that perpendicular to (002). 

The conductivity of Li2CO3 is similar in magnitude to that of Li4SiO4, Li5A104 and Li2SO4. 

The conduction in Li2CO3 is essentially by interstitial lithium ions.

In the lithium carbonate crystal, large plenary CO32 ions compose the (002) planes 

and small lithium ions occupy sites between the oxygens of the neighboring CO32’ ions. 

Therefore, Frenkel defects in lithium sites may be easier to form than Schottky-type or an- 

ion-cation interstitial defects. Lithium ion conduction takes place essentially along the (002) 

plane [Miz92].

2.4.10. Lithium Oxide

Li2O has an antifluorite-cubic structure, where oxygen ions are in an fee sublattice 

and lithium ions in a simple cubic sublattice. The structure is the inverse of the cubic fluorite 

structure such as that of CaF2 or stabilized zirconia. The values of the self-difiusion coeffi-
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cients of the oxygen ion in the cubic fluorite structure oxides are large, about IO4 cm2/s at 

just below the melting point in the solid state which is nearly the same as that in the liquid 

state. The lithium ion displays the same behavior as the oxygen ion in the cubic fluorite 

structure.

A report [Ohn83] showed the conductivity of Li2O depends largely on the humidity 

in the environment. The activation energies of the conductivity changed from 0.4 eV in dry 

conditions to 0.7 eV in wet conditions. The marked change in conductivity of Li2O in a wet 

environment was explained by the melting and decomposition of LiOH formed in the sample.

2.4.11. Other Lithium-Ion Conducting Solids

One of the earliest materials to be studied as an ionic conductor was sodium p-alumina, 

which has a 2-D layered structure [Whi71]. The lithium analogue, Li20.11Al203, has lower 

conductivity but it is still very high, 3 x IO'3 S/cm at room temperature for single crystals 

[Far85]. Li p-alumina can easily be prepared by ion exchange in molten LiCl salt and is stable 

in air. However, it is a metastable phase that does not appear on the Li2O-Al2O3 phase diagram, 

and would therefore decompose during high temperature presintering [Pet88].

Several other families of phases have been investigated and are listed briefly below. 

Ionic conductivities are generally less than the materials discussed until now. The ramsdellite 

phase Li2MgSn3O8, has a fairly low conductivity, even at elevated temperatures e.g., 1.2 

x IO-8 S/cmat300°C [Lew85]. Creating lithium interstitials by partial substitution of2Li+in
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place of Mg2+ improves the conductivity by several orders of magnitude, e.g., 5 x 104 S/cm for 

^AiSnjOj [Gri86], but it is still too low for practical applications.

The system LiYO2-Li2ZrO3 shows solid solution formation [Zou93] with a maximum 

conductivity of 1.2 x IO 2 S/cm at 500°C for undoped LiYO2. The zircon-like phase YPO4 is 

an insulator, but substitution of Y3+—> 3Li+ yields a lithium ion conductor with CT ^=3.7 x 

IO 2 S/cm for Y08Li06PO4 [Esa89], Interestingly, Ca doping of YPO4 creates a Ca2+ ion con­

ductor [Esa89].

Lithium rare earth silicates ‘LiLnSiO4’ with an apatite-related structure show modest 

conductivity, up to 2 x 104 S/cm at 400°C for the Sm analogue, but have not been prepared 

as single-phase [Sat96]. The conductivity enhancement is believed to be due to a 

composite-type effect which is to lower grain boundary resistances.

2.4.12. Composite Materials

Composite materials comprise an intimate mixture of lithium-ion conducting solid 

electrolyte and insulating ceramic powder [Wag89]. The first such system to be studied was 

LiI-Al2O3 and conductivity was enhanced significantly with respect to Lil [Lia73]. The 

enhancement is ascribed to an increase in interfacial transport by one to two orders of 

magnitude. A12O3 particle size has a large influence on the conductivity of the host matrix 

[Nag93]. Several detailed models have been proposed to explain these phenomena [Nag93].

Other composite systems studied include Li16_2?cZnx(GeO4)4, (LISICON)-ZrO2 [Ayg89];
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Li3PO4-Al,O3 [Nag94]; Li2SO4-Al2O3 [Uva94]; LiNO3-Al2O3 [Uva96]; and L^X-Al^ (X=F, 

Cl', Br, CO23) [Uva92]. Either mechanical mixing or thermal decomposition of salts is used 

to obtain the samples.

2.5. Practical Aspects of Li Solid Electrolytes

2.5.1. Selection of Li Solid Electrolytes

To date it appears no solid Li ion conductor mentioned before in this chapter has 

found widescale commercial application. Most Li ion conductors are thermodynamically 

unstable against Li. Thermodynamic stability against Li is a necessary condition in devices 

used to measure the absolute potential of lithium alloy systems.

Solid electrolytes, which are to be used in high temperature applications should pos­

sess high ionic conductivity at operating temperature, and negligible electronic conductivity 

at all temperatures. They should be stable in contact with the electrodes and be relatively 

simple and inexpensive to prepare on a large scale. These simple considerations lead to the 

following general criteria for the quality of a solid-electrolyte material to be used in an 

electrochemical cell.

Electrochemical cells are of two types: power cells and sensors. In an ideal power 

cell, the ionic current through the electrolyte inside the cell matches an electronic current 

through an external load. The solid electrolyte is in the form of a membrane of thickness L 

and area A that separates electronically the two electrodes of the cell. Any internal electronic
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current across the electrolyte reduces the power output. The internal resistance to the ionic 

current is

R^L/c^A Eq. 2-16

where oi is the ionic conductivity of the electrolyte, Af is the resistance to ion transport, L is 

the thickness and A is the area. For a current I through the cell, the voltage IR- represents a 

potential drop that is to be minimized. Even in potentiometric sensors, the resistance^ must 

be maintained below a certain level to obtain satisfactory sensitivity and speed of response, 

and any electronic contribution to the internal cell current must be factored into cell calibration. 

Hence, the following requirements must be met:

i) To minimize Ri and obtain a mechanically strong membrane of small L and large 

A, optimization of cell design may require the fabrication of membranes of complex shape.

ii) Unless an exceptionally small LIA ratio is feasible, a satisfactory Ri generally 

requires aa> 10'2 S/cm at operating temperatures. In general, the conductivity is a tensor, 

but for polycrystalline electrolytes a scalar ojs used. However, for tunnel or layered struc­

tures having ionic conductivity in one or two dimensions only, it is necessary to appreciate 

that c^ c^, so the scalar Oj measured may be considerably reduced from the ionic conduc­

tivity in the optimum direction within an individual grain.

iii) A transport number ^ near unity:

t. = / a where a = >+<5. Eq- 2-17
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where ae is the electronic conductivity. In general there is only one mobile ion in a solid 

electrolyte so that Z^ =□;. Because any electron mobility is much greater than the ionic 

mobility (ue»Ui), only a relatively small number of electronic carriers can degrade to an 

unacceptable level.

iv) A low resistance to ion transfer across the electrode/electrolyte interfaces.

v) Chemical stability in the working environment requires that the electrolyte is 

neither reduced by the reductant at the negative electrode nor oxidized by the oxidant at the 

positive electrode. Thermodynamic stability is only achieved by placing the bottom of the 

electrolyte conduction band above the highest occupied molecular orbital (HOMO) of the 

reductant and the top of the electrolyte valence band below the lowest unoccupied molecular 

orbital (LUMO) of the oxidant, as illustrated in Figure 2-6.

vi) the mobile ion of the electrolyte must be the working ion of the cell.

vii) Cost of material and fabrication is always a consideration.

Hellstrom and Van Gool [Hel80] described the criteria for the thermodynamic stability 

of compounds composed of Li2O and another metal oxide (MXO). The literature for the 

Li2O-MxO systems in which ternary phases are stable against Li is reviewed. The binary 

phase MXO is thermodynamically stable against Li if the Gibbs energy is positive for the 

reaction

2Li +MXO = Li2O +xM Eq. 2-18
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Figure 2-6. Placement of reactant energies relative to the edges of the elec­
trolyte conduction and valence bands in a thermodynamically stable electro­
chemical cell at flat-band potential

The relative stability of the various binary oxides is easy to compare using a plot of 

the Gibbs energy of formation of the binary oxides, normalized in this article to the consump­

tion of half a mole of molecular oxygen, as a function of temperature. Those phases whose 

Gibbs energy of formation more negative than that of Li2O are stable against Li, and are 

shown in Figure. 2-7.

A ternary phase LiaMbO, where a and b are respectively the number of Li and M ions 

per O, is stable against Li if for the reaction.

LiaM O + (2-a)Li = Li2O + pM Eq. 2-19

the Gibbs energy is positive. Here it is assumed that no Li*M phases form in the Li-M system.
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The stability was estimated where no data were available [Hel80], The most stable oxides 

are formed from metals in group HA, IIIB, (including the rare earths) and IVB of the Periodic 

Table. As a rule, the electrolyte should be 250 kJ/mol more stable than the oxide of the 

sample metal.

2.5.2. Lithium Yttrate (LiYO2)

LiYO2 was selected as the electrolyte for our system since it is stable against Li 

[YamOO]. However, it has been observed that LiYO2 is not thermodynamically stable in air at 

or near room temperature, decomposing into Y2O3 and other lithium compounds [Eic81]. 

On the other hand, decomposition can be prevented by exclusion of moisture and CO2.

Lithium yttrate is monoclinic with a slightly distorted NaCl structure that consists of 

mixed cation layers between layers of close-packed O'2 [Zha93], The cell parameters are a 

= 6.12A, b = 6.19A, c = 6.21A and 0 = 118.8° [Ste71] (Figure 2-8). Although Hoppe 

[Hop59] initially reported that LiYO2 had a tetragonal structure, later work by Gondrand 

[Wai67] and Hoppe [Ste71] showed that even low levels of impurity could stabilize the 

higher order structure. The structure of the pure crystal is monoclinic up to at least 1100°C, 

as are most compounds of the type LiREO2 (RE signifies rare earth), and all belong to the 

same space group (P2j/c). The conductivity of LiYO2 was reported to be 3 x IO 3 S/cm at 

400°C in the monoclinic form whereas the tetragonal form had a conductivity 1-2 orders of 

magnitude lower [Zou93].
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Figure 2-7. Gibbs energy of formation of binary oxides, normalized to the 
consumption of one half mole of molecular oxygen, as a function of 
temperature. Binary phases shown below Li2O are thermodynamically sta­
ble against Li.

Faucher et al. [Fau98] found that there are wide corridors made of two parallel and 

adjacent Li-0 rows along the [100] direction. Similar rows occur in the perpendicular [010] 

direction. It is not understood why these corridors are so wide (the mean vertical Li-0 

distance is 3,06&. However, they can explain the hydration process since hydrogen diffuses 

along the wide corridors. Similarly, Li ion conductivity could be facilitated by diffusion of Li 

through these corridors.
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LiYO2 is the only phase in the binary Li2O and Y2O3. The LiYO2-Y2O3 phase diagram 

[Bon78] shows the melting point of lithium yttrate at approximately 1880°C and a eutectic 

transformation at 1830±2°C (Figure 2-9).

PureLiYO2 shows conductivity at high temperature comparable to lithium p-alumina. 

At 500°C, the conductivity of LiYO2 is 1.2xl02 S/cm [Zou93]. In this case, conduction is 

probably by Li vacancies which could be introduced by evaporation at high temperature and 

substitution by yttrium according to Y3+->YLi”+ 2DLi’. The monoclinic structure, as was 

mentioned, has wide corridors that could facilitate mobility of lithium ions [Fau98] and 

explain the high ionic conductivity of LiYO3.

Although Hellstrom and Van Gool [Hel80] found that LiYO2 may partly decompose 

when exposed to air even at room temperature, it is stable against pure Li. The problem of
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Figure 2-9. Phase diagram of UYO2-YzO3[Bon78]

hydrolysis or decomposition can be avoided by working in an environment that excludes 

CO2 and moisture. The only report of fabrication of a LiYO2 cell was by Yamarte [YamOO]. 

The thermodynamic properties of lithium yttrate are not known.

2.5.3. Selection of Cell Materials Compatible with Liquid Lithium

The cell must be impervious to gas leakage (hermetically sealed) but maintain sufficient 

ionic conductivity to allow coulometric titration of lithium. The lid material must be an 

electrical insulator, non-reactive with lithium, and strong enough to support the load of
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mechanical clamping needed to close the cell. Furthermore, the thermal expansion coefficient 

must match that of LiYO2.

The requirement of high electrical resistance excludes carbides and borides. 

Accordingly, the candidate ceramics selected for initial testing were limited to highly stable 

oxides along with one nitride. Based on their comparisons of the free energy of formation of 

L^O with candidate single-cation oxides, only BeO, Y2O3 and MgO are predicted to be 

compatible with a pure liquid lithium environment at 400°C [Lau92]. (Although UO2 and 

ThO2 also have more negative free energies than Li2O, they were not considered here for 

obvious reason). In addition there are at least three families of mixed metal oxides incorpo­

rating lithium whose free energy of formation (per gram atom of oxygen) is more negative 

than or approximates that ofLi2O. The free energies of three such oxides, containing aluminum, 

zirconium, and titanium, respectively, are shown in Figure 2-10.

Li^rOg and Li5A104 appear particularly promising based on free energy comparisons 

with Li2O, however, both suffer the disadvantage of being hygroscopic. In the case of nitride 

ceramics, Singh’s analysis [Sin76] showed Si3N4, BN, and AIN to be potentially compatible 

with lithium, based on the criterion that they had free energies of formation more negative 

than Li3N.

Another concern in selecting candidate oxides is related to the uniquely small size of 

the Li+ ion, which allows it to find accommodation between crystallographic planes or other 

interstices in many crystalline substances. This phenomenon, called intercalation, causes a
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Figure 2-10. The standard free energies of formation 
of Li-metal-oxide compared with U20 vs. temperature.

significant change in the specific volume of the affected compound and can also radically 

decrease the electrical resistivity of the compound. For example, lithium intercalation com­

pounds are being developed as electrodes in lithium batteries.

A third problem relates to ceramic manufacturing and involves additives. On the one 

hand, minor constituents added to enhance sinterability and, on the other, the extent of 

interconnected porosity following sintering with the additive adversely affects the compati­

bility of many oxide ceramics with lithium, and connected porosity backfilled with lithium 

will reduce the electrical resistance of even the most chemically compatible compounds.
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From these thermochemical considerations as well as reviews of previous test results 

for ceramics exposed to liquid lithium, ceramics based on MgO, BeO, Y2O3, and AIN were 

the primary candidate materials identified for compatibility with lithium. Y2O3 was selected 

as the material for the cell lid by Yamarte in a previous study [YamOO] and MgO was added 

as a sintering aid.

2.5.4. Choice of the Lid Material

The thermal expansion coefficients of Y2O3 and MgO are reported as 9.3 x IQ-6 

and 13.5 x 10YK respectively [Sam82], compared to our measured value for LiYO2 of 11.8 x 

lO^/K. Yamarte found that neither of the two simple oxides were suitable for the lid [YamOO]. 

Poor bonding was obtained between MgO lids and the LiYO2 tubes, possibly due to the 

thermal expansion mismatch. The Y2O3 lids sintered at 1600°C were brittle and broke under 

pressure during tightening of the cell holder. The same problem occurred with LiYO2 or 

LiA102. Yamarte also tried A12O3 and YAG which had high strength but reacted with molten 

lithium. After testing MgO as a sintering aid for Y2O3 in amounts of 5 to 15 wt%, he found 

that the strength improved with MgO addition up to 12.5 wt% which was consequently 

selected as the lid composition.
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2.6. Fabrication of the Solid State Electrochemical Cell

The prerequisite to a successful experiment with the EMF technique is to build a 

practical cell. A slip casting procedure which was outlined by Rivier and Pelton [Riv78] was 

used to manufacture green tubes in the laboratory. Subsequent steps include sintering, joining, 

testing and assembly of a galvanic cell. For the LiYO2 tube the most difficult process was 

sintering and joining.

A common characteristic of sintering is a reduction in surface area with concomitant 

compact strengthening. This occurs through the formation of interparticle bonds brought 

about by atomic motion at the sintering temperature. Generally sintering can be categorized 

into two major types, solid state sintering and liquid phase sintering.

Solid state sintering of single component materials is the best understood form of 

sintering. Even for this case, there are several steps through which the powder progresses as 

it is heated. Amorphous materials sinter by viscous flow and crystalline materials sinter by 

difiiision, so the paths along which material moves, and the relationship between the rate of 

transport and the driving force, are quite different, depending on the microstructure [Ger85].

Liquid state sintering also greatly depends on the microstructure of materials, and in 

the usual case, the liquid wets the solid. Consequently, the wetting liquid acts on the solid 

particles to eliminate porosity and reduce interfacial energy.
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2.6.1. Liquid Phase Sintering

The classic liquid phase sintering system densifies in three overlapping stages [Ger85]. 

Initially, the mixed powders are heated to a temperature where a liquid forms. With liquid 

formation there is rapid initial densification due to the capillary force exerted by the wetting 

liquid on the solid particles. The elimination of porosity occurs as the system minimizes its 

surface energy. During rearrangement, the compact responds as a viscous solid to the capil­

lary action. The elimination of porosity increases the compact viscosity and as a conse­

quence the densification rate continuously decreases. The amount of densification at­

tained by rearrangement is dependent on the amount of liquid, particle size, and solubility of 

the solid in the liquid. Usually finer particles give better rearrangement. Full density (zero 

porosity) is possible by rearrangement if enough liquid is formed.

As densification by rearrangement slows, solubility and diffusivity effects become 

dominant. This second stage of classic liquid phase sintering is termed solution-reprecipitation. 

A general attribute of solution-reprecipitation processes is microstructural coarsening. The 

coarsening is due to a distribution in grain sizes. The solubility of a grain in its surrounding 

liquid varies inversely with the grain size; small grains have a higher solubility than coarse 

grains. The difference in solubilities establishes a concentration gradient in the liquid. Mate­

rial is transported from the small grains to the large grains by diffusion. The process is termed 

coarsening or Ostwald ripening. The net result is a progressive growth of the larger grains, 

giving fewer grains with a wider spacing. Solution-reprecipitation not only contributes to
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grain coarsening, but also to densification.

The grain shape can be altered by diffusion to allow tighter packing of the grains. 

This process of grain shape accommodation leads to pore elimination.

The last stage of classic liquid phase sintering is referred to as solid state controlled 

sintering. Densification is slow in this stage because of the existence of a solid skeleton. 

Processes dominant in the final stage are also active throughout the entire liquid phase sin­

tering cycle; however, because of the slow nature, solid state sintering is not of significance 

until late in the sintering cycle. The rigidity of the solid skeleton inhibits further rearrangement, 

although microstructural coarsening continues by diffusion. The residual pores will enlarge 

if they contain an entrapped gas, giving compact swelling. During pore growth the pressure 

in the pores decreases. Besides these pore changes, the grain contacts allow solid state 

sintering. The diffusion events leading to contact growth between, solid grains can be by 

solution-reprecipitation, coalescence of grains, or solid state diffusion. In general, properties 

of most liquid phase sintering materials are degraded by prolonged final stage sintering. 

Hence short sintering times are typically preferred in practice.

These three stages of classic (persistent) liquid phase sintering are summarized in 

Figure 2-11 in terms of the key microstructural changes.

2.6.2. Transient Liquid Phase Sintering

An interesting variant to traditional liquid phase sintering involves a transient liquid 

which solidifies by diffusional homogenization during sintering [Ger85]. The transient liquid
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time

I. Rearrangement- melt flow and penetration 
repacking, rapid densification or swelling, particle sliding. 
II Solution-Reprecipition-diffusion control densification 
shape accommodation, grain growth, neck formation.
IH Solid State-rigid structure 
neck growth, grain growth, coalescence, pore coarsening.

Figure 2-11. Three stages of classic liquid phase sin­
tering [Ger85]

forms between mixed ingredients during heating to the sintering temperature. Figure 2-12 

presents the phase diagrams of two sample systems which could be processed using a tran­

sient liquid. The solid does not change crystal structure due to alloying with the liquid.

For the first case shown in Figure 2-12, the liquid forms from eutectic reaction be­

tween the mixed constituents. Alternatively for the second case the liquid forms from the 

mixture of A (additive) and B (base) when the additive melts. Unlike persistent liquid phase 

sintering, the liquid has a high solubility in the solid and disappears with sintering time. 

However, because the liquid content depends on several processing parameters, transient

amount of 
sintering
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liquid phase sintering is highly sensitive to processing conditions.

The requirements for transient liquid phase sintering include mutual inter-solubility 

between the components with the final composition existing within a single phase region. 

Furthermore, the liquid must wet the solid and give a high diffusion rate for the solid. Under 

these conditions rapid sintering is anticipated when the liquid forms. Generally, the observed 

steps are as follows [Hod76, Ger85, Lap83]:

1) swelling by interdiffusion prior to melt formation (Kirkendall porosity),

2) melt formation,

3) spreading of the melt and generation of pores at additive particle sites,

4) melt penetration along solid-solid contacts,

B=base Asadditive

Figure 2-12. Two kinds of phase equilibria which 
could be used for transient liquid sintering
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5) rearrangement of the solid grains,

6) solution-reprecipitation induced densification,

7) diffusional homogenization,

8) loss of melt, and

9) formation of a rigid solid structure.

The actual steps depend on several process variables, including particle size, amount 

of additive, heating rate, and maximum temperature. Swelling is common during heating 

because of the required solubility of additive in the base, especially if intermediate com­

pounds form between the constituents [Ger85], The densification associated with transient 

liquid phase sintering depends on the amount of liquid formed and the length of time the 

liquid exists. Too much liquid can generate large pores due to spreading and penetration of 

the melt away from the additive particle sites. Typically, the liquid lasts for only a few minutes, 

thus pore refilling does not occur and large pores result. However, if the liquid persists, then 

densification will follow.

Heating rate is important to transient liquid phase sintering. During heating, diffusional 

homogenization leads to pore formation by a Kirkendall effect. The amount of swelling 

increases with the amount of interdifiusion; thus, more swelling is seen with slower heating 

rates. Furthermore, difiusional homogenization reduces the amount of liquid formed at the 

eutectic temperature and the degree of sintering. After reaching the sintering temperature, 

the amount of liquid and the length of time the liquid exists determine the net shrinkage. The
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amount of liquid depends on the degree of homogenization and the initial additive 

concentration.

Often the swelling reaction is most intense just prior to the liquid formation temperature. 

The amount of swelling during heating depends on the heating rate and additive content, which 

control the degree of interdifiusion.

The amount of densification after liquid formation depends on how much liquid was 

formed and the length of time the liquid persists. In turn the heating rate, additive content, 

and particle size are dominant with respect to densification [Puk84, Pau84, Kis82]. General­

ly faster heating rates allow use of smaller particle sizes and lower additive contents, and 

give superior sintered properties.

As expected with a complex processing technique, there are several potential prob­

lem areas. Pore formation during heating is a major difficulty. These pores can become 

stabilized and remain during the balance of the sintering cycle. In some cases, the swelling 

process associated with the-high additive solubility in the base can generate stresses and 

crack the compact. Overall, transient liquid phase sintering is more sensitive to process 

variables than other forms of sintering. Consequently, optimal sintering requires balance 

between the processing parameters. Only in a few studies have these interrelations been 

developed and processing optimized. Successful applications of transient liquid phase sintering 

depend on striking such balances for optimal sintered properties.

A novel combination of transient liquid phase sintering and infiltration processes has
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been described by Langford and Cunningham [Ger85] as difiusional solidification. In this 

case, packed powders are heated prior to infiltration with a liquid. The overall alloy composition 

is selected to be in a single phase solid region of the phase diagram at the infiltration 

temperature. Thus, the liquid is rich in solute compared to the solid. After infiltration, the 

solute diffuses into the solid to homogenize the system and causes the liquid to solidify One 

advantage of this approach is that it avoids the gross porosity observed in some cases of 

transient liquid phase sintering.

2.6.3. Reactive Sintering

In 1982 Coble developed the model for “reactive sintering” [Cob81]. The model 

described chemical reactions that occur between solids and solids, solids and liquids, or 

solids and gases, for which several simple geometric diffusion fields have been analyzed; for 

these the shape/configuration/geometry is presumed to be unchanged as the reaction proceeds.

For some reacting systems the initial geometry is not maintained. The changes in 

porosity and pore shape alter the permeation behavior, thereby altering the kinetics. The area 

of interest here is where these two fields overlap. The principal problem is to understand 

what governs or affects the microstructure changes that take place during reactive sintering 

that are not predicted by the sintering models or by combinations of the sintering and reac­

tion models jointly.

The chemical driving force for the reaction can be much larger than the driving force
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from normal sintering processes [Cob81], Reactive sintering is similar to transient liquid 

phase sintering. It is characterized by a large heat liberation due to a reaction between the 

constituent powders [Cob82]. Rapid sintering results from the formation of a liquid (possibly 

due to reactive self-heating from an exothermic reaction) between the constituent powders. 

Figure 2-13 illustrates one type of phase diagram anticipated for reactive sintering. In this 

case the process starts with pure components A and B to form the compound AB. By appro­

priate temperature and composition selection, a liquid is formed during the reaction.

reactive

sintering
temperature

Figure 2-13. Phase diagram showing potential for reaction sin­
tering
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An example of reactive sintering is found in the synthesis of compounds like titanium 

carbide or titanium nitride from the constituent powders. In the study by Quinn and Kohlst- 

edt [Qui89], substoichiometric TiC was reacted with Ti powder to form TIC. A eutectic 

liquid formed during the sintering treatment which consumed the excess titanium. During 

the reaction, grain growth and densification were observed due to rapid diffusion rates in the 

liquid.

However, in spite of helpful chemical reactions, pore formation is common in reac­

tive sintering systems. Densification is rapid once the liquid forms and control of the liquid 

duration depends on control of the temperature, particle, size, and green density.



Chapter 3. EXPERIMENTAL METHOD

3.1. Fabrication of the EMF Cell

3.1.1. LiYO2 Prepared by High Temperature Solid State Reaction

LiYO2 was synthesized by solid state reaction of LiNO3 (Caledon Laboratories Ltd.) 

or Li2CO3 (BDH Laboratory Supplies) and Y2O3 (Pacific Industrial Development Corp.). 

LiYO2 is the only compound in the binary Li2O - Y2O3 system and was formed according to 

the reactions below.

2LiNO3 +Y2O3 -^^2LiYO Eq. 3-1

or

Li2CO3 + Y2O3 —™-£-+2LiYO2 + CO2 Eq. 3-2

The starting chemicals were weighed and mixed in an alumina mortar. The reactants 

were pressed into pellets and calcined in an alumina crucible. The temperature was raised to 

725°C, held for several hours, followed by heating to the reaction temperature (1250°C), 

which was held for 15 h (Figure 3-1). The final product was analyzed by XRD to assure 

phase-pure LiYO2.
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Figure 3-1. Solid state processing of UYO2powder

3.1.2. TUbe Fabrication

A slip casting technique developed by Rivier and Pelton [Riv78] was adopted for 

making electrolyte tubes in the present work.

LiY02 powder was ground and then vibromilled with alumina balls in a nalgene 

bottle for 48 h. Particle size was reduced to less than 5 pm to obtain a stable suspension and 

to minimize the porosity of the finished product.

Grinding for a longer period did not appreciably decrease the mean diameter but also 

would cause problems of contamination. 100 mL absolute ethanol was used to form a sus­

pension with 72 g LiY02 powder.
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The LiY02 suspension was cast in powder molds made by compacting dried a-alumina 

powder in a beaker around a test tube mandrel. The mold was filled with slurry and held for 

approximately 1 min to deposit the desired wall thickness before the excess suspension was 

poured out.

The casting was allowed to dry for 24 h, then removed from the mold by scraping 

and brushing away the powder. The unsintered tubes were 60% of theoretical density and 1

Figure 3-2. UYO2 tube made by slip casting
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cm in diameter with a wall thickness of 1 mm. The green tubes ( Figure 3-2) were presintered 

in an alumina crucible buried in coarse LiYO2 powder to minimize lithium losses at 1250°C 

for a half hour.

The density after pre-sintering was measured by the Archimedes method in ethanol 

to be about 80% of theoretical, that is, about 3 g/cm3 on average.

The presintered tubes were cut with a diamond blade to 3 cm in length. Kerosene 

was used as a lubricating medium.

Lids were fabricated by isostatically pressing and sintering disks of 25 mm diameter.

Figure 3-3. The tube and lid prepared for joining
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A tapered bore was machined in the centre of the lid that allowed loading the electrode and 

then mechanically sealing the cell with a Ta cone. Green lids were sintered at 1690°C. 

Sintered lids can be used many times [YamOO].

The tube was set on the lid as shown in Figure 3-3 and loaded into a SiC furnace 

preheated to 1300°C. The lid/tube couple could be viewed during the bonding process 

through a view port in the door. When the gap between the tube and lid, observed as a dark 

line, closed completely the furnace was shut off. This indicated that joining had occurred and 

was accompanied by a sintering process from the joint to the top of tube.

The density of sintered tubes was about 98% of theoretical density which is 3.51g/ 

cm3. After joining the tubes were leak tested by a Veeco helium leak detector and those that 

held at least 10^ mbar vacuum were selected for cells.

3.2. EMF Measurement

All the measurements were carried out in an inert atmosphere (argon) glove box. The 

composition of the Li-Al alloy was varied with high precision by coulometric titration. 

Composition changes of less than 1 ppm can be achieved by use of a galvanostat/coulometer. 

There is no need to reopen the cell until the experiment is complete.

EMF measurements were taken between working and reference half-cells that were 

electrically connected by means of a molten metal bath. The half-cells were constructed by 

adding electrode materials to the tube-lid assembly via the bore.
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The emf data were then used to derive the phase diagram and the various 

thermodynamic properties of the liquid and solid phases.

3.2.1. Filling and Assembling

High purity metals were used at the electrodes and precautions were taken to 

remove surface oxides when necessary. Li (99.99%) metal strapping, Al (99.99%) in 2 mm 

dia wire or Sn granules (99.95%) were loaded into the cells as electrodes. The cell was 

closed with a Ta cone tapered to fit the countersink in the lid (Figure 3-4). A Ta wire lead 

completed the circuit. The Ta cone was clamped to the lid by a cell holder machined from a 

Zr-2.5% Mb alloy supplied by Atomic Energy of Canada Ltd.

Figure 3-5 shows the schematic of the EMF apparatus. The main components were 

the LiYO2 tube which served as the electrolyte, a Y2O3 lid which served as the insulating 

electrical feed-through and, a stainless steel cap and inert wire lead. The apparatus operated 

with three electrodes - a counter electrode (CE), a reference electrode (RE) and a working 

electrode (WE). The CE served two purposes: 1) it was a source of Li metal to be titrated 

into the cell, and 2) it provided the electrical contact between working and reference electrodes. 

The CE consisted of Sn and a few percent Li. Bulk tin rods of commercial purity were used 

for the molten Li-Sn bath. The minimum measuring temperature was limited by the melting 

temperature of the CE which was 230°C.

The cells were loaded and operated inside an Ar glovebox. The concentration cell
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Conducting wire(Ta)

Insulator tube
(A12O3)

Insulator gasket
(A12O3)

Sealing cone
(Ta)

Conducting wire(Ta)

Figure 3-4. Final cell assembly with a Ta cone tapered to fit the counter­
sinkin the lid. A Ta lead completed the circuit. The Ta cone was clamped 
to the lid by a cell holder to provide a hermetic seal.

Figure 3-5. Schematic of measurement apparatus
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with a LiYO2 electrolyte can be represented schematically by:

(WE) Li (alloy) | LiYO2 ] Li (pure) (RE) Cell 1

or,

(WE) Li (alloy 1) | LiYO2 | Li (alloy 2) (RE) Cell 2

The composition of the Li alloy in the working electrode could be varied by coulom­

etric titration. Li-Sn alloy was used as the reference electrode due to its low melting point 

and low vapor pressure.

At the beginning of the experimental operation, the Li-Sn reference electrode was 

calibrated against pure Li. The reason is that pure Li is more volatile and a pure Li electrode 

is more prone to failure. The reference electrode is recalibrated at the end of the measure­

ment to check for drift.

The RE was a cell containing, as mentioned above, Sn and a small fraction of the Li. 

All EMF readings could then be reported with respect to the pure Li. The WE contained the 

base metal component of the Li-Al system to be tested.

The glovebox atmosphere was controlled by an MBraun 150B-G-1 inert gas system 

which is designed as a compact lab workstation (Figure 3-6). The residual oxygen does not 

exceed 1 ppm, and is monitored by a oxygen analyzer. The atmosphere is continually recir­

culated through a molecular sieve and copper catalyst to remove I^O and O2. To prevent the 

filter capacity from being totally exhausted, the gas purifier was regenerated periodically 

with forming gas (7% hydrogen balance nitrogen or argon). Ultra high purity grade argon
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Figure 3-6. MBraun 150B-G-1 inert gas glove box

was used to supply the inert atmosphere.

3.2.2. Coulometric Titration

Li metal was added to the WE by coulometric titration. By applying a small potential 

(100-500 mV), Li ions were transported across the LiYO2 membrane from the CE into the 

WE and since the transport number is essentially unity, one Faraday of charge (96484.6 

Coulombs ) was necessary to transfer one mole of Li metal. The circuit allowed current to be 

passed between the CE and WE, whereas in the open circuit position, the EMF between RE 

and WE was monitored on a digital voltmeter. The voltmeter was calibrated against a stan-
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dard output voltage cell. The circuit had an internal resistance of 1014 Q. Readings of RE 

versus WE and thermocouple EMF were continuously recorded on an ABB GOERZ SE430 

chart recorder and simultaneously the analog signal was converted to a digital signal and 

recorded by a computer. The EMF versus temperature plot could be viewed on the screen 

directly. Thus both temperature and chemical potential could be tracked with considerable 

precision to ensure equilibrium. EMF data were checked for reproducibility by reversing the 

direction of titration or by thermal cycling.

The experiments were done with following sequence:

First, Li was titrated into the WE to a pre-set composition.

Next, the temperature was cycled several times at fixed composition to measure 

dE/dT.

Then the WE was titrated to another composition, and the measurements repeated.

3.2.3. Reading Data by Multimeter

EMF data were monitored by a HP34401A digital multimeter which is a high perfor­

mance instrument capable of measuring resistance, DC and AC voltage and current, as well 

as frequency. In addition, it can be remotely programmed using the SCPI (Standard Com­

mands for Programmable Instruments) language and read by computer via a General Pur­

pose Interface Board port.

EMF is measured in volts by using a voltage amplifier and an analog-to-digital con-
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verter as schematically shown in Figure 3-7. A microprocessor further manipulates the data 

before displaying the results.

An ideal voltmeter has an infinite input resistance so that it will not draw any current 

from the circuit under testing. However, in reality, there is always a finite input resistance 

as shown in Figure 3-7. As a result, one has a voltage divider that will cause the voltage Vm 

one sees at the input of the voltmeter to be slightly different from the actual voltage Vs one 

wants to measure. The HP34401A has a relatively large input resistance of at least 10 MQ 

(depending on the selected voltage range) so that the error will be small as long as R,« Rj.

3.2.4. Data Transfer to Computer and Data Processing

The data acquired were transferred to a computer by the GPIB (General Purpose 

Interface Bus), also known as IEEE-488 or HPJB. It is defined completely in the IEEE 

standard 488.1-1987.

A computer program was redesigned from original software to record the data and 

to plot the graph of EMF versus temperature. The data recorded can then be processed by 

EXCEL or ORIGIN word processing software.

Circut undertest

voltage amplifier

to Analog-to-digital 
converter and 
microprocessor

Riis very large
= lOMn-WGA

Measured voltage Vm: 
Ri

Ym=Vs x RiiRs

Errors - ^ x100

Figure 3-7. Schematic of the DMM as a DC voltage meter.



Chapter 4. RESULTS AND DISCUSSION

This thesis resulted in two major achievements. First, the mechanism of joining the 

LiYO2 tube to the Y2O3-12.5% MgO lid was studied. The role of Li2CO3 in the sintering of 

LiYO2 was revealed. Secondly, the thermodynamic properties of the Li-rich portion ofLi-Al 

phase diagram, including the liquid phase, the a-solution region and the a+P two-phase 

region were investigated in the temperature range 370 to 790°C. The liquidus curve was 

determined from points on the EMF versus temperature plot.

4.1. Fabrication of Cells

LiYO2 was used as the electrolyte in this study. Earlier work in this lab had tested 

sealants such as LiYO2, Li^SiO.^ LiF and Li2CO3 to join fully sintered lids and tubes [YamOO]. 

This approach met with persistent failure either because of incomplete sealing of the joint or 

because of an unexplained phenomenon of spontaneous cracking of the tube tip upon re­

moving the cell from the furnace after joining.

4.1.1. Sintering and Joining Processing

The sintering process in this study was separated into two steps: presintering and 

final sintering with joining.

Figure 4-1 shows the microstructure of the green tube in which the particle sizes of

70
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Figure 4-1. SEM image of the surface of a green tube shows the 
microstructure of UYOZ

LiYO2 crystal range from 1 to 6 pm. Green tubes were very fragile and for further processing, 

they were presintered at 1250°C. The microstructure of the presintered tube (Figure 4-2) 

showed evidence of liquid phase sintering. LiYO2 grains were wetted by the liquid phase 

which was believed to be a Li2CO3 melt. A rearrangement of particles,, but little densification 

occurred and pores developed at this time.

The presintered tube was cut to length, placed on the lid and set in the furnace for

joining and final sintering. (The detailedprocess was described in chapter 3).
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Figure 4-2. SEM image of the surface of the presintered tube 
shows wetting of the solid- by the liquid phase but little 
densification.

Figure 4-3. Shrinkage started at the bottom of the tube and prop­
agated to the top when temperature reached 132&C.
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Figure 4-4. Microstructure of a fracture section of the LiYOzsin- 
tered tube showing high density

The furnace temperature was approximately 1325°C when joining occurred. No 

visible shrinkage of the tube occurred below 1200°C. Near 1325°C, shrinkage easily visible 

to the eye started at the bottom of the tube and propagated as a wave to the top in a span of 

30 - 60 s (Figure 4-3). This procedure effectively densified the tube and joined it to the lid. 

The final microstructure of the tube showed full densification (Figure 4-4);

Infiltration was observed in the joint Figure 4-5 shows the liquid spreadaway from 

the tube and penetrated the grant boundary of the YjO^ lid,, which: led; to: the joining. The 

joint was normally found to be impervious by helium leak testing.
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Figure 4-5. SEM image shows the infiltration on the sur­
face of the Y2O3 lid near the Joint

4.1.2. Tbe Role of L^COj in Joining and Sintering

The function of Li2CO3 in the sintering process was tested as follows. Tubes fabricat­

ed with different amounts of Li2CO3 from 0 to 10 wt.% were sintered and joined to the lids. 

The tube containing 3 wt.% Li2CO3 yielded a good seal and full densification under the 

process conditions described earlier. A larger amount of Li2CO3 resulted in cracking of the 

cell upon cooling, and less L^CC^ did not yield a good seal.

LiYO2 tubes with no Li2CO3 additive could not be used to make a cell. No significant 

strength was observed in the joint, although some reaction was evident. Densification oc-
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Figure 4-6, The sintered tube with no U2CO3 additive spontane­
ously cracked within minutes when cooled and exposed to air

curred only when the tube was heated above 1500°C, and showed only incomplete solid 

phase sintering behavior. The tube spontaneously cracked within minutes of being exposed 

to air after cooling (Figure 4-6).

The presence of Li2CO3 is not detrimental for our application. Li2CO3 is known to 

have good electrolytic properties. Pure Li2CO3 melts at 723°C and decomposes at 1310°C. 

The mechanism of joining and sintering will be discussed in detail in section 4.1.3.

The optimum procedure was to add Li2CO3 to the LiYO2 powder before slip casting.

The furnace temperature and heating time were critical. Overheating resulted in collapse of
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Figure 4-7. Overheating above 132&C resulted in collapse of the tube 
but the joint remind intact

the tube (Figure 4-7), although it may be noted that the tube-lid joint remained intact. Also, 

if the heating rate was too slow, we could not obtain a good seal since the L^COj decom­

posed before bonding.

A second heating of the tube above 1300°C generally caused degradation. Figure 4-8 

shows surface defects of a reheated tube, including bloating and cracking caused by decom­

position of Li2CO3 at high temperature.
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Figure 4-3. Bloating and cracking of tube surface after reheat­
ing tubes to 1300PC, caused by the decomposition of U2CO3

4.1.3. Mechanism of the Joining and Sintering Process

Although the sintering processing employed in this study is different from that treat­

ed by the classical theory of liquid phase sintering, the fundamental considerations involved 

are similar.

From the Y2O3-rich portion of the phase diagram and crystallography data, we know 

that LiYO2 is the only intermediate compound formed between Li2O and Y2O3 (Figure 4-9). 

No phase equilibria are available for the Li2O - LiYO2 part of the diagram.

Based on DTA/TGA measurements of the powder used for slip casting, and by com­

parison with data from the Li2O-Al2O3-CO2 phase diagram, we may formulate a hypothesis

on the reaction mechanism.
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DTA of presintered tubes showed three peaks during heating from room temperature 

to 1500°C. In order to obtain clarification of the peaks, a control DTA experiment was 

performed, using a l:l:0.2 mixture of LiYO2 , Y2O3 and Li2CO3.

The control sample was thermally cycled twice from room temperature to 1500°C. 

The DTA curve showed two endothermic peaks during the first heating (Figure 4-10), match­

ing the analysis from the tube. No peaks appeared in the second run. The first peak corre­

sponded to the melting of Li2CO3 at 733°C. A second event in the analysis began at 750°C 

and lasted until 950°C. It was accompanied by a large decrease in sample weight, as seen by 

TGA. This can be explained by the calcination of lithium carbonate (accompanied by loss of 

CO^, followed by reaction of the liberated Li2O with free Y2O3 to form LiYO2. DTA shows 

that the latter exothermic reaction began near 920°C. The lack of peaks in the second run is 

attributed to the disappearance of Li2CO3 during the first DTA cycle.

The lid material has a large Y2O3 content. The tube is nominally LiY02 with 3 wt% 

Li2CO3 although we have observed that some of the LiYO2 is converted to Li2CO3 or LiOH 

during preparation of the slip and presintering. The calcination temperature of Li2CO3 is 

very sensitive to the CO2 pressure. Thus, at the usual pressure of 10‘3-4 atm CO2 in the 

atmosphere, decomposition begins shortly above the melting point (Figure 4-11). On the 

other hand, at a pressure of 0.5 atm, Li2CO3 remains a stable hquid above the usual ceramic 

processing temperatures used in this study. The slow heating of a DTA experiment repre­

sents the former condition; rapid firing as in the case of our sintering cycle parallels the latter,
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Figure 4-9. Phase diagram ofU2CO3-U2O and LiYO2-Y2O3 system

Figure 4-10. DTA and TG of mixing UYO2t U2CO3 and Y203 shows 
two peaks.
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Figure 4-11. U2O-AI2O3-CO2 phase diagram: upper at a C02pressureof400ppm> 
lower Li2C03 is stable over the temperature range of the diagram ata CO2 pressure 
of0.5atm[Ba!01],
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Figure 4-12. Sketch of interface of the tube and the lid be­
fore joint formation

i.e., a CO2-rich atmosphere envelopes the sample during heating.

Based on process kinetics, the shrinkage which takes place is determined by the 

approach between particle centers and is

Ar _ 3AI _ 9/
r0 - 4 Eq. 4-1

that is, the initial rate of shrinkage is directly proportional to the surface tension, y and time, 

t, inversely proportional to the viscosity, t| and inversely proportional to the particle size, r.

Consider the LiYO2 particle coated with Li2CO3 initially in contact with either another

LiYO2 particle inside the tube or the Y2O3 particle at the interface between the tube and the
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lid (Figure 4-12).

A theoretical analysis of the influence of the liquid phase on the densification process 

can be made by considering a simple grain-liquid-pore model [Nan98] schematically shown 

in Figure 4-13. One of the most important manifestations of surface energy is that it gives 

rise to a pressure difference across the liquid-pore menisci. This pressure is exerted on every 

part of the solid liquid interface, and is given by equation

- / 1 1 A
“ ^(— —) Eq. 4-2

'pc

where o is the stress, yLV is the surface tension of the liquid-vapor interface (the pore), r^ is 

the radius of the cylindrical pore, and Tj is the radius of the contact region.

Figure 4-13. 4 model of the grain-pore-liquid system during densification
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In the present sintering and joining procedure, the lid was already folly sintered 

Y2O3-12.5 wt.% MgO. If we compare the microstructure of the presintered tube with the lid 

we will find that the pores are smaller in the lid than in the tube. This means that a wetting 

liquid will preferentially flow into the lid by capillary attraction.

On the other hand, the chemical driving force for the reaction can be much larger

than the driving force from surface energy [Ger85]. Swelling by interdiffosion prior to melt

Figure 4-14. Micrograph of cross-section of joint shows a string 
of pores along the interface of the lid and the tube

formation (Kirkendall porosity) may occur for LiYO2 formed by reaction of Li2CO3 and

Y2O3. This also leads to pore formation at prior Li2CO3 sites. During further heating, the 

liquid will be driven away from pore site due to capillarity. The pores can not be filled by
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rearrangement so in most cases, a string of pores along the boundary were observed (Figure 4-14).

The reaction of Li2CO3 with Y2O3 at the tube-lid interface triggered the further sin­

tering of the tube from the bottom to the top.

Transient liquid phase sintering is highly sensitive to processing conditions. Any pro­

cess variable change will influence the whole operation. It was very difficult to obtain uni­

formity among the finished tubes.

Figure 4-15. XRD of UYO2 powder, a) fresh powder, b) 
before slip casting, c) before presintering
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4.1.4. Stability of LiYO2

The sintering of LiYO2 tubes as described above resulted in a product with very good 

stability. It maintained structural integrity in air for more than 2 years, as well as in contact 

with molten Li for several months. However, this does not imply phase purity of the LiYO2 

tube.

The thermodynamic properties of LiYO2 are not available. XRD analysis showed 

the pure LiYO2 pattern only for the fresh powder formed by reaction of Li2CO3 and Y2O3. 

After any further treatments, e.g., reheating the powder in air or recovering powder from 

dried ethanol slip or from presintered tubes, XRD analysis revealed the presence of Y2O3 

formed by decomposition of LiYO2 (Figure 4-15). No Li2O, Li2CO3 or LiOH were detected 

by XRD, probably due to their amorphous nature.

However, DTA gave evidence for the existence of LiOH and Li2CO3 by way of en­

dothermic peaks near400 and 710°C, corresponding to the melting points of these compounds. 

Hence, we may conclude that LiYO2 is not stable in air. Others have observed that LiYO2 

decomposed in air below 300°C [Roz76]. The thermodynamic data also show that LiA102 is 

unstable at low temperatures, reacting with CO2 in air to form Li2CO3.

Since the sintering process occurred very quickly, the final structure of the tube 

would be a non-equilibrated Li2CO3-LiYO2 mixture. This material showed very good stabil­

ity for months with molten Li to 800°C or to air without degrading or decomposing. It 

remains an interesting material for further study.
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4.2. Measurement of the thermodynamic properties of the Li-AI system

4.2.1. Reference electrode

The reference electrode used to study the Li-AI system was Sn with approximately 1 

at. % Li. The calibration curves of several reference electrodes versus pure Li against tem­

perature is shown in Figure 4-16.

The calibration against pure Li versus T between 350 and 700°C can be represented

Figure 4-16. The reference electrode calibration with 
respect to pure molten lithium.
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by the following equations :

Li at% Expression Correlation coefficient

0.635 EMF(mV) = 0.5198 T(°C) + 645.88 R2 = 0.9942

1.19 EMF(mV) = 0.4244 T(°C) + 754.06 R2 = 0.9997

1.383 EMF(mV) = 0.2550 T(°C) + 669.66 R2 = 0.9956

4.2.2. EMF Data

Three WE cells were used in the investigation. The first cell was filled with a Li-Al 

alloy provided by Lockheed Missiles and Aerospace whose composition was known to be 

14.5 at.% Li. The measurement started with this composition and temperature was cycled. 

Li was titrated into the cell to the next desired composition and the emf measurements were * 

repeated. This cell worked for one month up to the maximum composition of 33.8% at. Li.

The starting composition of the second cell was pure Al. Li was titrated into the cell 

as before and 10 composition points was taken until the cell failed by cracking.

The third cell was started from 15.8 at.% Li by carefully weighing the desired amounts 

of Al and Li in the glovebox. The operation was as before but the Li was titrated out of the 

cell.

Figure 4-17 shows the variation of EMF with temperature of the Al-Li system for all 

three cells. As can be seen from Figure 4-17, the EMF of the liquid is a function of both 

temperature and composition.
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The emf was obtained not only for the liquid phase but also in the a phase and the 

a+P two phase region, which were not obtained by the emf technique before.

All the measured curves can be classified into 5 groups:

1. The measurements at compositions less than 5 at.% show only one transition, 

because the liquidus and solidus are too close to resolve.

2. The traces from 7 at.% to 12.37 at. % Li show two transition points. These two 

transitions denote the start and end of solidification (liquidus and solidus points).

3. For the lines between 12.37% and 23.33 at.% Li, we find a discontinuity in the 

slope of E vs. T as the temperature drops below the liquidus line into two phase 

region. This occurs at a unique point for all compositions, normally the eutectic 

point.

4. The line at 23.32 at.% shows only one transition and indicates the eutectic point of 

Li-Al system. The EMF below the eutectic represents a solid-solid equilibrium between 

the a phase and the p phase. We can find the eutectic point by interpolation of all the 

solid-liquid data.

5. When the composition of Li was larger than 23.32 at.% Li, the emf points between 

the two transitions trace out the hyper-eutectic liquidus line. The points below the 

eutectic temperature coincide with the a - p solid equilibrium mentioned previously.

Since the EMF is measured at thermodynamic equilibrium and is free from kinetic

c
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effects, the invariant points are determined with high precision. From the plot ofEMF versus 

temperature in Figure 4-17, the good consistency is seen in the data. The higher Li 

concentration shows better reproducibility than at low Li compositions.

The measured phase diagram of Li-Al is shown in Figure 4-18. The eutectic point is 

23.3 at.% Li at 600°C and the maximum solubility of Li in AI is 13.84 at.%. The a/a+p phase 

boundary can be derived by calculation of the intersection point ffomEMF versus temperature 

curves. Table 4-1 gives the solidus and liquidus points measured. Least square fitting gave 

the following equation for relation of composition with temperature:

Liquidus: T°C = 0.0027x3 - 0.2068x2 + 0.8003x + 659.17, R2 = 0.9944, x<23.3 at.% Li

Liquidus: T°C = 411.59+8.039x, R2 =0.9957, 23.3<x<33.87 at.% Li

Solidus: T°C = -0.4012x2+ 1.2964x +658.68, R2 = 0.9931, x<13.84 at.% Li

a/a+P boundary T°C = -49.58+47.44x, R2 =0.9806, x<13.84 at.% Li

The EMF was measured as a function of temperature between 350~790°C. The data 

were least squares fitted to an equation of the form.

E = A + BT + CT UiT E<1-4-1

The third term of the expression takes into account the curvature of E vs T and represents 

the partial excess heat capacity. The data were separated into two parts: liquid solutions and 

solid solutions. The results are listed in Table 4-2. The partial values of the four thermodynamic 

functions, G, H, and S, are derived as follows:
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Table 4-1. Measured liquidus and solidus

X(Liat.%) Liquidus Solidus X(Liat.%) Liquidus Eutectic

0 660.0 660.0 13.64 637.7 602.7

0.12 660.6 659.4 14.50 636.5 600.0

1.16 658.7 657.5 15.80 630.3 600.6

2.45 659.4 658.7 16.81 626.5 599.0

3.49 658.1 658.1 20.26 611.1 599.7

5.01 658.1 654.9 23.32 601.4 600.7

7.36 653.0 650.5 26.88 624.3 601.2

9.10 653.0 635.9 32.12 669.4 603.3

10.75 649.8 624.4 33.87 685.4 599.2

12.37 643.5 612.4

Figure 4-18. Phase diagram ofU-Al binary alloy from this study
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&GU = -FE = -F(A+BT+CT\nT)
Eq.4-2

ASLi = F— = F(B + C+ClnT)
Eq.4-3

dT

Eq. 4-4
A# = &GLi + TMLi = F(-A + CT)

4.2.3. Liquid Phase

The liquid region had more reproducible results, especially near eutectic compositions. 

From the Table 4-2, the isothermal EMF data was calculated at 660°C. The polynomial 

regression for EMF versus composition gave the equation:

EMF=0,51128-0.0344X+0.00156X2 RM).982

The relation of emf versus composition of Li is plotted in Figure 4-19, from which 

the activity of Al and Li were calculated. All these results are shown in Figure 4-20 and 4-21.

The total excess Gibbs energy of mixing was then directly calculated from the mea­

sured activity coefficients of Li and the results are shown in Figure 4-22.

Measurements of dE/dT were used to obtain the partial entropy. The variations with 

composition of SELiare plotted in Figure 4-23. Partial excess entropies and enthalpies of Al 

were calculated by Gibbs-Duhem integration

The total entropy and enthalpy of mixing was plotted in Figure 4-24. The total entro­

py of mixing has a maximum at about 0.6 J/mol K at 10 at.% Li, and decreases thereafter.
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Table 4-2. EMF vs. temperature for liquid phase data of the Li- 

Al system, EMF=A+B+CTlnT (T:K)

Xuat.% A B C

0.12 0.599096 -0.00252 0.00036

1.16 0.680711 -0.00256 0.000338

2.45 0.637481 -0.00258 0.000345

3.33 0.546728 -0.00257 0.000354

3.49 0.636259 -0.0026 0.000344

5.01 0.699558 -0.00268 0.000339

7.36 0.443032 -0.00127 0.000167

9.1 0.430489 -0.00112 0.000144

10.75 -1.58229 0.015359 -0.00195

12.37 0.366787 -0.00062 0.000078

12.89 -0.84784 0.009905 -0.00127

13.64 0.035526 0.002175 -0.00028

14.5 -1.28994 0.013168 -0.00168

15.8 -0.12959 0.003442 -0.00044

16.81 0.615597 -0.00227 0.000276

20.26 0.639574 -0.00257 0.000312

23.32 0.840739 -0.004 0.000487

26.88 0.899482 -0.00479 0.000591

32.12 0.900273 -0.00505 0.000625

33.87 1.599948 -0.01091 0.001367
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Table 4-3. EMF vs. temperature for a solid solution and a+p two 

phase region of the Li-Al system, EMF=A+B+CTlnT (T:K)

Xu A B c

0.120 16.701 -0.141 0.018

1.160 60.318 -0.517 0.066

2.450 -12.574 0.110 -O.014

3.330 4.084 -0.031 0.004

3.490 -4.543 0.040 -0.005

5.010 15.036 -0.128 0.016

7.360 2.319 -0.017 0.002

9.100 1.500 -0.010 0.001

10.750 0.421 0.000 0.000

12.370 1.096 -0.004 0.000

12,890 1.373 -0.009 0.001

13.280 10.133 -0.089 0.011

14.500 0.671 -0.001 0.000

15.800 0.505 0.000 0.000

16.810 0.799 -0.003 0.000

20.260 0.493 0.002 0.000

23.320 3.647 -0.026 0.003

26.880 1.518 -0.009 0.001

32.120 -1.552 0.020 -0.003

33.870 0.451 0.000 0.000
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Figure 4-19. EMF vs. composition of Liquid at 660°C

XLf at.%

Figure 4-20. Activity coefficient of Li in Al at 660°C
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Figure 4-21. Activity of Al and Li at 660°C

Figure 4-22. The partial excess Gibbs 
energy vs. composition at 660°C
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XL( at.%

Figure 4-23. Variations of the partial 
entropy of Li and Al at 660°C

Figure 4-24. The total entropy and enthalpy 
of mixing vs. composition of Li at 660°C
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The total Gibbs energy of mixing is shown in Figure 4-25. The excess Gibbs energy of 

mixing of the liquid was modeled as a regular solution, a subregular solution and as a 3-term 

expression including temperature (Figure 4-26).

G* = -1361 ^XuXAl J/mol (regular solution)

G^ = (-11574 -10212XLi )XAlXLj J/mol (subregular solution)

G^ = (-37088 -10043JfLf + 27T)XAlXLi J/mol (with temperature term)

Figure 4-25. The total Gibbs energy of mixing and the 
total excess Gibbs energy of mixing vs. composition at 
660°C
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Figure 4-26. The excess Gibbs energy of mixing of the 
liquid was modeled as a regular solution, a subregular 
solution and as a 3-term expression including temperature.

4.2.4. Solid Phase and a+p Two-Phase Region

Although the data acquired from the a solid solution phase became more ambiguous 

when temperature was below 500°C, the data above 500°C in Figure 4-17 appear to be 

consistent. When we curve-fitted the data by the least square method and combined them 

with the data from the a+p two phase region, we may obtain the thermodynamic properties 

of the a phase and a+p two phase region.

For the a+p two phase region, there is still uncertainty about the a’ phase. A number 

of investigations, both theoretical and experimental [Kha88, Nob98], have failed to arrive at

a consistent result.
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It is generally recognized that the a’ phase precipitates when a homogeneous a 

solution is cooled into the metastable two phase field. This precipitate has the Ll2 structure 

[Nob71, W1175]. The stoichiometry of the ordered phase is uncertain because of the difficul­

ty of extracting the precipitate or analyzing the lithium content in situ.

By means of FACT [BalOl] we combined the present data and data from the litera­

ture [Che89] to model the phase equilibria between the liquid, a, a’ and p phases (Figure 4- 

27). The Gibbs energy of the solid phases is shown in Figure 4-28 at different temperatures.

Since no thermodynamic data are available for the a’ phase, it was modelled on the 

assumption of a 400°C peritectic temperature, which is an approximate value among the 

scatter in the literature. An explanation for the scatter among numerous studies using different 

techniques is illustrated by the tangent to the Gibbs energy. At 400°C, for example, the 

tangent line is almost coincident with the a Gibbs energy curve from 0 to 10% Li. Hence the 

relatively tiny driving force is unable to overcome the barrier for nucleation of the a’ phase. 

As a result, nucleation becomes possible only at large concentration of Li. However, our 

phase diagram calculations show a very low solubility (~1%) of Li in the presence of the a’ 

phase.

On this basis the following hypothesis is proposed for the Al-Li system. The a’ phase 

is stable but hard to nucleate. It may be formed from the a phase by appropriate heat treatment. 

It is unlikely to nucleate from a stable a+p two phase composition, because of the low 

difference in Gibbs energy. The low temperature, implying slow kinetics, is a further barrier
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Figure 4-27. The phase diagram modeled by 
FACT[Bal01]
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Figure 4-28. The Gibbs energies of 
a, a’ and p phases computed from 
thermodynamic data at a) 600°C, 
b)400°C andc)200°C.
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Figure 4-29, Comparison of phase diagram at Al rich portion

to nucleation of a’. Therefore, the aluminum-rich portion of the phase diagram consists of 

an a-Al solid solution, a p-LiAl compound, a stable a+p two phase region at high tempera­

tures (400~600°C), and an equilibrium a’-Al3Li phase or a metastable a+p two phase equi­

librium at lower temperature when a* does not form. Previous phase diagram that omitted 

the a’ phase or labelled it as a metastable phase are incorrect.

4.2.5. Comparison with the Literature

By comparing the results of this study and the literature (Figure 4-29 and 4-30), it 

can be seen that the liquid phase boundary, eutectic point, and the activities of liquid and a
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phases are in reasonable agreement. This demonstrates the accuracy of the apparatus and the

usefulness of the new Li solid electrolyte.
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Figure 4-30. Comparison of activity in this study with 
that in the literature: upper 714°C, lower 684°C.



Chapter 5. CONCLUSIONS

This study achieved two goals:

First, the role of Li2CO3 in fabrication of the solid electrolyte cell was revealed. 

The tube and lid were joined by reaction bonding in which Li2CO3 served as the bonding 

agent and a sintering additive. The cell fabricated in this way worked steadily for several 

months in contact with liquid lithium.

Secondly, the thermodynamic properties of Li-Al alloys, including the liquid phase, 

the a-solution region, and the a+p two-phase region were investigated in the temperature 

range 370 to 790°C. The liquidus line could be directly observed from the curves on the 

EMF versus temperature plot. The solid-liquid phase boundary was consistent with data 

from the literature. The probe measurements showed high reproducibility from cell to cell. 

It can be concluded that LiY02 is a proper Li electrolyte, and that the reaction bonding 

technique is appropriate for constructing the emf cell.

A more detailed list of conclusions is given below:

1. The joining of the LiYO2 tube to the Y2O3-MgO lid was aided by the reaction of 

L^COj with Y2O3. The joining process was followed by a rapid sintering of the

105
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tube, aided by the presence of liquid Li2CO3. The optimum amount of Li2CO3 was 

found as 3 wt.%.

2. The method depends on a rapid firing process to avoid decomposition of the 

carbonate and subsequent loss of the liquid phase. It may be possible to replace the 

rapid firing process by use of a controlled CO2 atmosphere in order to maintain the 

L^COj phase to high temperatures.

3. Overheating of the sample results in excessive liquid phase formation and 

collapse of the tube.

4. Y2O3-MgO lids showed excellent chemical resistance to molten lithium as well 

as good mechanical properties.

5. The stability of LiYO2was studied by XRD and DTA. The LiYO2 will decompose 

during fabrication of the tube at temperatures below 300°C. Free Y2O3 can be detected 

during subsequent processing steps with LiYO2.

6. Thermodynamic properties of Al-Li alloys were measured or derived in the 

range of0-33.87 at.%Li. This included the liquid phase, a-solution region and a+p 

two phase region. The eutectic point in this study was found at 23.3 at.% Li at 600°C 

(873 K); the maximum solubility of Li in Al is 13.84 at.% at the eutectic temperature.

7. The a solidus measured here can supplement the measuring data from the 

literature and the measured a/a+p boundary shows good agreement with the

literature.
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8. The rest of the thermodynamic data were calculated from the EMF at different 

temperatures or different compositions, including the partial entropy, partial enthalpy, 

and partial Gibbs energy.

9. The activity of Li in the liquid phase in this study is consistent with those in the 

literature.
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