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(ABSTRACT) 

Superplasticity and superionic conductivity (SIC), both thermally activated processes, 

have been independently observed in certain materials with a high diffusion coefficient in 

high temperature ranges. Intuitively, this observation leads one to the idea that both types 

of behavior may be inter-related with one another. Therefore, it is the purpose of this 

research to investigate, specifically, the deformation characteristics of two SIC's, Bi,O, 

and YSZ (yttria-stabilized zirconia), and to attempt a correlation of their behavior. 

Compressive deformation of these two materials was conducted over a wide range of 

temperatures and at various strain rates in an effort to characterize the temperature and/or 

strain-rate dependences of any observed superplasticity. Steady-state flow stress values 

were utilized to calculate the strain-rate sensitivity, m, of the materials, as well as the 

activation energies (Q,) of superplasticity. Next, the obtained values of Q. were 

compared to SIC activation energies from the literature. 

Bi,O, exhibited structural superplasticity within the range of test conditions utilized. 

However, published values of SIC activation energy were lower than experimentally 

derived Q, by a factor of four. Therefore, one is not able to state whether or not there is 

any correlation between the two behaviors. Unfortunately, YSZ exhibited brittle behavior 

over the entire temperature and strain-rate ranges, so the same analysis could not be 

performed. Furthermore, SEM micrographs showed that YSZ samples, as processed, did 

not possess the proper microstructure required for superplasticity. Hence, no final 

conclusions on YSZ can be drawn from this study.
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1. INTRODUCTION 

The ability of a material to undergo superplastic deformation offers significant 

opportunities for cost-effective manufacturing, especially for components which combine 

complex geometry and large sizes. The manufacturing advantage is particularly notable in 

instances where a material may be difficult to fabricate by conventional means. An 

example of the successful utilization of superplastic deformation as a viable manufacturing 

method is exemplified by the production of various manifolds, ducts, frames, structural 

geometries, and pans for the aerospace and medical industries fabricated from various high 

strength titanium-based metallic alloys [1]. 

Though evidence has been available for several years, it has just been recognized that 

certain ceramic materials are capable of exhibiting superplastic behavior. This behavior 

suggests an alternative means to manufacture traditionally difficult-to-fabricate ceramic 

components. Indeed, the successful extension of superplastic forming as a manufacturing 

technique to ceramic materials creates the potential for an economically viable method of 

creating ceramics for numerous automotive, aerospace, and hypersonic applications. 

Because the recognition of superplasticity in ceramics is relatively new, a unified theory 

or prediction of superplastic deformation in ceramics does not currently exist. Similarly 

absent are guidelines or correlations to predict such behavior based on certain fundamental 

material properties. 

The present work represents initial efforts towards examining potential correlations 

between the ability of a ceramic to be superplastically formed with a fundamental material 

property, namely the material's ionic conductivity. The materials which have been shown 

to exhibit superplasticity may also exhibit exceptional solid state conductivities, the latter 
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of a magnitude on the order of those expected for a liquid. Such behavior is known as 

super-ionic conductivity. 
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2. LITERATURE BACKGROUND 

2.1. SUPERPLASTICITY 

2.1.1. GENERAL 

The term "superplasticity", which is derived from the Latin prefix "super" meaning 

excess and the Greek word "plastikos" meaning to give form [2], first appeared in 1959 in 

the paper by Lozinsky and Simeonova [3], titled "Superplasticity of commercial iron under 

cyclic fluctuations of temperature". This term characterizes the ability of certain materials 

to undergo extensive uniform plastic deformations that can reach thousands percent (often 

without the formation of a neck in tensile testing) prior to failure at elevated temperatures. 

Although this property is essentially observed in polycrystalline solids, it is interesting that 

hot glass represents the ideal superplastic material with a strain rate sensitivity of unity and 

a potential for virtually infinite deformation in either tension or compression [2]. 

Superplasticity can be classified primarily into two phenomenological-based categories: 

- temperature cycling or internal stress superplasticity 

- structural superplasticity. 

The first kind of superplasticity, which is also the less studied, was first brought to the 

fore in 1924 by Sauveur [4]. He observed an "anomalous" deformation of a considerable 

magnitude during a phase transition (a to y) in a Fe sample. This type of behavior was 

termed "amorphous plasticity" by Koref [5] in 1926 when he studied enhanced plasticity of 

tungsten coils during recrystallization. 
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However, extensive studies on this kind of deformation started only in 1959 following 

the work of Jong and Ratheneau [6] and their development of quantitative relationships 

between stress and strain during thermal cycling of iron. Nevertheless, most of these 

studies were performed on metallic solids. The first proof of this kind of superplasticity in 

ceramics was first made by Johnson et al. in 1975 [7]. They observed an elongation of 

115% in Bi,O, sample at 730°C during the transition from the monoclinic to the cubic 

phase. 

The second type of superplastic behavior, structural superplasticity, which is related to 

the microstructure of the material and obtained at a constant temperature, is thought to 

have been recently discovered. Indeed, the phenomenon was first described by Bengough 

[8] in 1912 in a paper which dealt with an a+ brass that showed an elongation of 163% 

at 700°C. Nevertheless, there is a distinct possibility that some materials used in ancient 

times and having the same structural properties observed later in superplastic samples, 

could have been superplastic. The ancient arsenic bronzes (Cu-As) containing up to 10 

weight per cent of As and used in early Bronze Period, i.e., around 2500 BC, in Turkey, 

and the ancient steel of Damascus (1.6-1.9% C Steel) in use from 300 BC to the late 19th 

century are two typical examples [9]. 

Following Bengough's paper, the main publication in this field was by Pearson [10] 

who detailed an elongation of 1950% in an aged Bi-44% Sn eutectic alloy. As a result of 

this exemplary observation, illustrated in Fig. 2.1, Pearson's article is often credited for the 

first investigation on this subject. 
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Figure 2.1: Classic photograph by Pearson [10] in 1934 of a Bi-Sn alloy. 

Nevertheless, it was only after 1962 that the real interest in structural superplasticity 

appeared with Underwood's report [11] of an elongation of 650% at 250°C for a 20% Al 

and 80% Zn alloy that was quenched from a relatively low temperature (375°C). 

Furthermore, in 1964, Backofen [12] formed a superplastic Zn-Al alloy in an 

hemispherical shape by a simple air pressure forming operation as shown in Fig. 2.2. 

As a result of the two successful investigations, a commercial infatuation was created 

based on: 

- the ability to form superplastic materials in complex shapes easily because of their 

low resistance to plastic flow and their high plasticity. 

- the economical considerations, i.e., the needs for expensive machining and joining 

operations were obviated. 
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Figure 2.2: A superplastic hemispherical shape of a 
Zn-Al alloy from Backofen et al in 1964 [12]. 

Consequently, there was a stronger driving force for understanding superplastic 

behavior. However most of the research was done on metals in the establishment of the 

principles of structural superplasticity and are hence relatively well understood. By 

comparison, the investigations on the other kinds of materials such as ceramics or 

intermetallic alloys were not so numerous and essentially started in the 1980's. In 

particular, the superplastic behavior in ceramics was first proved by Wakai and co-workers 

[13] in 1986 in their study on yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) 

that exhibited an elongation of 120% at a constant temperature of 1723K. 

2.1.2. PRINCIPLES 

In the previous section, superplasticity was distinguished into temperature-cycling 

superplasticity and structural superplasticity. The first kind of behavior, also known as 

internal stress superplasticity, relates to the enhanced ductility generated by internal 

LITERATURE BACKGROUND 6



stresses induced by thermal cycling. Furthermore this appellation includes two different 

phenomena: 

- The first one, of minor importance, is due to internal stresses instigated by 

temperature cycling in a polycrystalline material having anisotropic thermal expansion. 

For example, we can cite the case of a sample of uranium elongated to 300% under 

thermal cycling, whereas its maximum elongation obtained under constant temperature is 

around 50% [14]. However, this phenomenon has not been reported in the literature for 

ceramic materials. 

- The second one is caused by internal stresses induced by a temperature cycling of 

a polymorphic material through a phase change. For example, we can cite the case of a 

sample of 52100 steel elongated to 700% under thermal cycling through an allotropic 

transformation and under a stress of 17 MPa [9]. Several mechanisms that are not 

universally accepted have been proposed to explain the large deformation occurring in 

metals under a small external stress. Lozinsky and Simeonova [3] expressed the idea of a 

momentary loss of coherency at the transition interface. Porter and Rosenthal [15] 

suggested that there exists a high susceptibility to deformation in the new, transformed, 

dislocation-free phase. Clinard and Sherby [16] explained the high deformation by 

diffusion of the excess point defects existing at he transformation interface. Greenwood 

and Johnson [17] estimated the permanent deformation activated by the internal stresses 

created at the transformation interface by the volume variation during the transition. 

Then, any kind of applied stress, however small, only tends to enhance the effect if internal 

stress causing a net macroscopic deformation that appears to originate from the applied 

stress. Nieh and McNally [18] suggested the generation of mobile dislocations induced by 

internal stresses created during the thermal cycling. Finally, Sherby and Wadsworth [9] 
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proposed an explanation more related to a strain hardening effect than to a strain rate 

sensitivity effect. 

The second kind of superplasticity, structural superplasticity, can be defined as a large 

deformation under conditions of constant temperature without any phase transformation. 

Several requirements are necessary to obtain this kind of behavior [19]. In metals, these 

requirements are the following: 

1. a stable uniform, equiaxed, ultra-fine microstructure. In general, the grain size 

has to be smaller than 10 um. 

2. a lack of intergranular brittleness, i.e., the grain boundaries need to be high- 

angled, mobile and must be resistant to tensile separation. 

3. a high temperature (T > 0.5 T,,,, where T,,, is the homologous melting point 

temperature of the material). This requirement is a direct consequence of superplasticity 

being a diffusion-controlled phenomenon. 

The first and the last prerequisites are often difficult to obtain simultaneously. In 

general, there is an increase in the grain size with increasing temperature. This grain 

growth can be avoided or considerably restricted by the presence of a second phase as it is 

for: 

- a two phase eutectic or eutectoid alloy (e.g., Zn-22%Al or Al-33%Cu) 

- a matrix with particles incorporated (e.g., ZrAl3 in Al-6%Cu-0.5%Zr) [14]. 

Both kinds of superplasticity represent a state of dynamic mechanical-microstructural 

equilibrium, as defined by an imposed rate of strain, microstructural recovery, and atomic 

mobilities of a magnitude capable of retaining microstructural volumetric continuity under 

the imposed strain rate. The requirement of atomic mobility can be partially alleviated if 

the grain size of the material is small. In fact, small grain size not only reduces the average 
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required diffusion distance, but also results in a higher fraction of grain boundary area and 

leads to an associated larger potential contribution from grain boundary diffusion. As a 

result, superplasticity is generally described by the following relationships: 

o = Be” (2.1) 

where o is the steady state flow stress 

B is a constant related to the temperature and the microstructure 

& is the strain rate 

  

Or, alternatively, 

where 

  

and m is the strain rate sensitivity (m = Oln ° ). 
dine 

. Q..l ia 
¢ = AD, exp(-—*)(—)’o (2.2) 

RT’ d 

€ is the steady state strain rate 

A is a constant related to the structure of the material 

Do is the diffusivity (diffusion preexponential constant) 

Q, is the activation energy for creep or superplasticity 

R is the gas constant 

T is the absolute temperature 

d is the grain size 

p is the grain size exponent 

o is the stress required to maintain the steady state strain rate 

and n is the stress exponent (n= 1/m). 
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These equations delineate the general requirements for superplasticity, ie., high 

diffusivities, low activation energy for high temperature deformation and fine grain size. 

The general tendency for the stress versus strain rate behavior is shown in Fig. 2.3. 
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Figure 2.3: Schematic illustration of steady-state flow stress o against strain 

rate € for a superplastic metal [14]. 

It is obvious from this figure that three different regions exist. Region I, for which the 

value of the strain rate sensitivity, m, is low (about 0.2 in most of the cases), corresponds 

to the diffusion creep zone wherein an elongation of the grains occurs. Region II with a 

higher value of m (0.2<m<0.5) represents the superplastic zone corresponding to 

maximum contributions from grain boundary sliding, minimal grain elongation, and grain 

rotation. Finally, Region I, for which the value of m once again becomes low, 

corresponds to the traditional mechanism of deformation, 1.e., the dislocation creep [2]. 

The values of the strain rate sensitivity, m, for which a superplastic behavior is 

observed are in the range of 0.3 to 1 [18,19]. For this range of m values, neck formation 

is difficult. Pilling and Norman [2] explained this effect to be the result of strain rate 
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hardening in the neck region. In a material subject to a tensile strain, the presence of a 

neck leads to a high strain-rate locally. If the value of m is high for the material, a sharp 

increase in the flow stress can occur within the necked region and this arrests any further 

development. As a result, a high value of the strain rate sensitivity is indicative of a high 

resistance to neck formation and thus a potential for high deformation. For this reason, 

materials with m values greater than approximately 0.3 are considered to be capable of 

superplasticity. The value of m also helps to define some of the mechanisms occurring 

during the deformation: 

- When m is equal to one, the equation (2.1) corresponds to the equation used for 

the ideal Newtonian viscous fluids for which unlimited elongation is possible [20]. 

- When m is equal to 0.5, the mechanism proposed is the grain boundary sliding 

which is considered throughout the literature as the principal factor responsible for 

superplasticity. This mechanism is illustrated in Fig. 2.4a. 

Another important mechanism that can occur in superplasticity is grain boundary 

sliding accompanied by grain boundary cavitation as illustrated on Fig. 2.4b. Cavitation 

along grain boundaries can lead to extensive grain sliding and rearrangement. However, 

the presence of cavities often limits the macroscopic value of ductility under tensile 

loading, hence masking the presence of this mechanism. Conversely, this mechanism is 

believed responsible for instances where the deformation and strain-rate sensitivity are 

very high in compression (where microscopic sensitivity to cavitation is negligible), but 

show limited ductility in tension. 
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Figure 2.4: a) Unaccomodated grain boundary sliding [2]. b) 
Schematic model of grain boundary sliding accommodated by 

formation of cavities at triple junctions [24]. 

2.1.3. SUPERPLASTICITY IN CERAMICS. 

Ceramic materials are known for their brittle character. While the general shape of the 

stress/strain curves for conventional metals are similar to that obtained for superplastic 

materials (though with less elongation), the shape of this kind of curve for most of 

ceramics is typically largely dissimilar, as shown in Fig. 2.5. 

Furthermore, while ceramics can commonly exhibit fine grained microstructures (grain 

size < 10 um) and good performance at high temperatures (e.g., high Young's modulus, 

high thermal resistance, etc.), their diffusivities and activation energies for atomic motion 

are often of a magnitude too great to ever expect that superplasticity was attainable. 

However, enhanced plasticity in certain ceramics, albeit less spectacular than in metals, 

was discovered 1967 [21]. The implications of this discovery are very important, 

1.e., superplasticity may represent a means to fabricate ceramics which were heretofore 

difficult due to the manufacturing difficulties attributed to their brittleness. 
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Figure 2.5: Stress - Strain curve at room temperature a) for brittle materials (most ceramics), and b) for 

ductile materials (most metals). 

Since its discovery, the two types of superplasticity previously documented for metals 

have been reported for ceramics. However, fundamental understanding of the behavior is 

still in its infancy. Nonetheless, some attempts at the development of theory have been 

provided. 

First, transformation superplasticity, defined as a large deformation which occurs in 

response to stresses generated during thermal cycling through a phase transition of a 

polymorphic material, has been observed in compressive tests and explained by different 

mechanisms. 

The first theory was stated by Johnson et al. [7] in 1975 in their study on Bi,O,. 

Although "anomalous" deflections were observed in a three-point bending specimen of 

unstabilized ZrO, during the monoclinic to cubic transition even earlier (1967) [21], they 

were the first to prove that ceramic superplastic behavior was analogous to metal 

superplasticity. They determined the principal criteria necessary for ceramics to obtain 

high ductility via transformation superplasticity: 

- a fine grain size (which is a common criterion for every type of superplasticity) 
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- a large volume change during the phase transformation 

- a high transition temperature ( if T, is the transition temperature and T,,,, the 

absolute melting temperature, then T, / T,,,, must be greater than 0.75). 

Tests were conducted on samples of Bi,O, that satisfied the criteria for the 

transformation from its monoclinic to its cubic form. The effects of the applied stress, 

grain size, and heating rate on the transformational strain were studied. From an analysis 

of these results, the following conclusions were drawn: 

- The linear relationship between the transformational strain and the stress agreed 

with Greenwood and Johnson 's model [17]: 

  Eas = A(—) (2.3) 

where E trans 18 the transformational strain per temperature cycle, 

A is a constant, 

AV/V is the volumetric change associated with the transformation 

(AV/V = 7% for Bi,O,), 

o is the average stress applied during the transition, 

and S is a parameter indicating deformation by either yielding or creep of 

the weaker of the two phases. 

- The grain size sensitivity and the time dependency (low heating rates permitted 

larger © tans) are related to the grain boundary sliding effect. No transformational strain 

was observed when the grain size was greater than 20 jm. 
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They obtained the same kind of results with samples of Bi,WO,. Nevertheless, no 

value of strain rate sensitivity or stress exponent confirming these hypotheses were given 

in these investigations. 

The same theory was also supported by J.R. Smyth et al in their study of 

transformational superplasticity in the Bi,0,-Sm,O0, system. The highest deformations 

were obtained for eutectoid composition (4 mol% of Sm,O,) [22]. 

Another theory was proposed by P.C. Panda and R. Raj in 1985 [23] in a study on fine- 

grained MgO-2AL0, spinel. They obtained very high ductility (more than 60% of 

deformation) in a compressive test at a temperature close to the solvus and at low strain 

rates. The change in flow stress was measured as a function of grain size and it was found 

that the flow stress tended to increase with a decreasing grain size. This result was 

inconsistent with the model based on diffusional process, and therefore, a dislocation 

creep mechanism, characterized by the development of subgrain boundaries and defined by 

the following relationship, was proposed. 

€ = Ao” exp(-—>) (2.4) 

Where 6¢ is the strain rate, 

A is the pre exponential factor, 

Q is the activation energy, 

n is the stress exponent (n = 2.1£0.4 for this case or m = 0.48), 

and o is the flow stress. 
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The conclusion of their study was that the high ductility was the result of a dynamic 

recrystallization process. 

While the documentation on transformation superplasticity is limited, structural 

superplasticity in ceramics has been the subject of numerous publications since the early 

1980's. Initially, most of the tests were done in compression but, since Wakai et al. [13] 

showed the high tensile ductility of yttria stabilized tetragonal zirconia (Y-TZP) in 1986, 

more and more tests have been made in tension and several ceramic materials have been 

experimentally identified as being capable of exhibiting the same kind of behavior. Typical 

examples include some glass ceramics [14] and some non-oxide ceramics [24] such as 

Si,N, / SiC composites and shown in Fig. 2.6. 

Many investigations have centered on yttria stabilized tetragonal zirconia and zirconia 

composites [25-30]. T.G. Langdon [20] provides a review of the results obtained by the 

several investigators of this material and has attempted to provide a general theory on 

structural superplasticity in ceramics. He states that all the documented results generally 

suggest that a diffusion-controlled process, with or without grain boundary sliding, is 

responsible for the superplastic behavior in these materials. This mechanism can be 

described, as in metals, by the relation (2.2): 

Q. ¢ = AD, exp(-—-—* o exp( RT \)°o" (2.2) 
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Figure 2.6: Undeformed and superplastic elongated Si,N,/SiC composite 
specimens [24]. 

However, whereas the mechanistic description of the deformation seems to be identical 

to that in metals, some differences exist: 

1. The shape of the stress / strain rate curve is not similar. In metals, three regions 

are visible (Fig. 2.3) and, as a consequence, three different values of n (n= 1/m, where m 

is the strain rate sensitivity) result. In ceramics, only one region is often observed. The 

value of m obtained in this region for ceramics is generally higher (0.5 < m < 1 for 

ceramics and m = 0.5 for metals) but is nonetheless still interpreted essentially to be 

indicative of grain boundary sliding. 

2. The necessary grain size is smaller in superplastic ceramics (1 wm) than in 

superplastic metals (5 um) [14]. 

3. In metals, the value of n is independent of the initial grain size, while this is not 

the case in ceramics, i.e., n tends to decrease as the initial grain size is increased. 

LITERATURE BACKGROUND 17



4, There is no unique value of n for a ceramic material. The presence of impurities 

such as Al,O, and SiO, can produce an intergranular glassy phase which can promote 

grain boundary mobility and influence the value of n [18]. n decreases when the area 

fraction of grain boundaries covered by the glassy phase increases [20]. The thickness A of 

this intergranular phase is related to grain size, d, [14] by: 

d, v3 _4),_%v3 A=s-- (2.5) 

Nevertheless, the value of A is reduced because of the non-uniform grain distribution, 

the grain deformation and the enhanced diffusion. 

5. The value of the activation energy for stress flow, Q, decreases with increasing 

grain size. 

In addition to the diffusion controlled process, mechanisms such as concurrent grain 

growth and concurrent grain boundary cavitation (in tensile tests) can also be present. 

Concurrent grain growth is often observed during superplastic deformations and is 

explained by A. Chokshi et al. [30] to be the result of the absence of any intergranular 

glassy phase. 
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2.2. TONIC CONDUCTIVITY AND ~ SUPERIONIC 

CONDUCTIVITY 

2.2.1. DEFINITIONS 

2.2.1.1. IONIC CONDUCTIVITY 

The application of an electric field on a conductor results in the generation of a current 

which can be described as the movement of electrons across the material. This 

phenomenon is characterized by the electrical conductivity o: 

J 
_ 2.6 o E (2.6) 

where E is the electric field strength, 

and J is the electric-current density. 

Conductivity can be classified into two types depending on the band gap of the 

material. If the size of the band gap is small, electrons can move from one atom to 

another through the lattice and electronic conductivity, Og, occurs. On the contrary, if the 

band gap is wide, electrons cannot be detached from the atoms. As a consequence, the 

current results from the movement of the charges along with the nuclei, which become the 

charge carriers, and ionic conductivity 6; occurs. However, the two kinds of conductivity 

can also occur simultaneously and the total electric conductivity then represents their sum: 

O=oetGi (2.7) 

The contribution of each type to the total conductivity is given by the transference 

number, ty, 
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t, = 2% (2.8) 

with 6, = 6, or 6j, 

and DV tke=tett=1. (2.9) 

For a perfect ionic conductor, the conductivity is totally ionic, o = o, and t = t,. 

In order to define more precisely ionic conductivity, some entities require further 

description. For example, in the expression for electrical conductivity (equation (2.6)), the 

current density, J, represents the charge crossing a unit of area in unit time and can be 

expressed as: 

J =nqv (2.10) 

where nis the number of identical charge carriers 

q is the charge on a carrier ( q = Ze where Z is the valence of the ion 

charge carrier and e the elemental charge of the electron, e=1.6x10-!9 Coul) 

and v is the drift velocity of the carrier. 

The current density can also be related to the mobility of the charge carriers, 1, since it 

is the proportionality factor between the drift velocity and the applied field, i.e., 

Vv 
=— 2.11 a) (2.11) 

As a consequence from (2.10) and (2.11), 

J =nquE (2.12) 

And, from (6), | 
o=nqu (2.13) 
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The last relation is very useful in obtaining a general expression for ionic conductivity. 

The mobility of the ions carrying the charge can be related to their diffusion through the 

lattice by the Einstein relation: 

kT 

where D;(T) is the diffusion coefficient of the charge carrier 1 at a temperature T, 

k is the Boltzmann constant (k = 1.381025 JK“), 

and T is the absolute temperature in Kelvin. 

Combining equations (13) and (14), we obtain the Nernst-Einstein prediction of ionic 

conductivity: 

o(T) = CY amp (2.15) 

where n(T) is the number of charge carriers at a temperature T. 

2.2.1.2. SUPERIONIC CONDUCTIVITY 

Superionic conductivity occurs in certain materials as manifested by solid state 

conductivities of a magnitude typical of those found in molten salts. For example, 

whereas "normal" solid state conductivities are of the order of 10°(Qcm)! with a 

discontinuous change at the melting temperature, superionic conductivities are in the range 

of 1(€2cm)-!, a value typical of those found in ionic liquids [31]. Materials exhibiting such 

a behavior are called superionic conductors (SIC's), fast ion conductors (FIC's), or 

optimized ionic conductors. Fig 2.7 lists a few of the typical superionic conductors. 

The expression (2.15) can also be used to describe the transport properties of the SIC's. 

However, the high speed ion transport and the large concentration of charge carriers in the 
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�d�i�s�c�o�n�t�i�n�u�o�u�s� �c�h�a�n�g�e� �o�f� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �t�h�r�o�u�g�h� �a� �f�i�r�s�t� �o�r�d�e�r� �p�h�a�s�e� �t�r�a�n�s�i�t�i�o�n�.� �I�n� �t�h�i�s� 

�k�i�n�d� �o�f� �S�I�C�,� �e�x�e�m�p�l�i�f�i�e�d� �b�y� �A�g�I�,� �B�i�,�0�,� �o�r� �Z�r�O�,�,� �a� �r�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �i�m�m�o�b�i�l�e� �i�o�n� 

�s�u�b�l�a�t�t�i�c�e� �o�c�c�u�r�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �w�i�t�h� �t�h�e� �d�i�s�o�r�d�e�r�i�n�g� �o�f� �t�h�e� �m�o�b�i�l�e� �i�o�n� �s�u�b�l�a�t�t�i�c�e� �a�t� �a� �f�i�x�e�d� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�F�o�r� �t�h�e� �s�e�c�o�n�d� �c�a�t�e�g�o�r�y�,� �i�.�e�.�,� �t�h�e� �S�I�C�'�s� �o�f� �t�y�p�e� �I�I�,� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �t�h�e� �l�o�w� 

�c�o�n�d�u�c�t�i�v�i�t�y� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �t�h�e� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �i�s� �g�r�a�d�u�a�l� �a�n�d� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �s�e�c�o�n�d� �o�r�d�e�r� �p�h�a�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e�r�e� �i�s� �n�o� 

�r�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �i�m�m�o�b�i�l�e� �s�u�b�l�a�t�t�i�c�e� �a�n�d� �t�h�e� �d�i�s�o�r�d�e�r�i�n�g� �o�f� �t�h�e� �s�e�c�o�n�d� �s�u�b�l�a�t�t�i�c�e� 

�o�c�c�u�r�s� �p�r�o�g�r�e�s�s�i�v�e�l�y� �a�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�s�.� �T�h�i�s� �i�s� �t�h�e� �c�a�s�e� �o�f� �P�b�F�,�,� �C�a�F�,� �a�n�d� 

�N�a�,�S�,� �f�o�r� �e�x�a�m�p�l�e�.� 

�T�h�e� �l�a�s�t� �c�a�t�e�g�o�r�y�,� �t�h�e� �S�I�C�'�s� �o�f� �t�y�p�e� �I�,� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a�n� �e�x�p�o�n�e�n�t�i�a�l� �i�n�c�r�e�a�s�e� �o�f� 

�t�h�e�i�r� �i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �p�r�o�g�r�e�s�s�e�s� �w�i�t�h�o�u�t� �a�n�y� �a�p�p�a�r�e�n�t� �p�h�a�s�e� 

�t�r�a�n�s�i�t�i�o�n�.� �T�h�e� �c�o�m�m�o�n� �e�x�a�m�p�l�e�s� �o�f� �t�h�i�s� �k�i�n�d� �o�f� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�,� �N�a�-�B�-�A�I�,�O�,� �a�n�d� 
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�L�i�,�T�i�,�O�,�,� �p�o�s�s�e�s�s� �c�o�m�p�l�e�x� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e�s� �a�n�d� �t�h�e� �m�e�c�h�a�n�i�s�m� �i�n�v�o�l�v�e�d� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� 

�a� �k�i�n�d� �o�f� �s�u�b�l�a�t�t�i�c�e� �"�m�e�l�t�i�n�g�"�.� 
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�1�0�0�0�/�7� �(�K�7�*�)� 

�F�i�g�u�r�e� �2�.�8�:� �C�o�n�d�u�c�t�i�v�i�t�y� �v�s�.� �i�n�v�e�r�s�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e� �t�h�r�e�e� �t�y�p�e�s� 
�o�f� �S�I�C�'�s� �o�f� �B�o�y�c�e�'�s� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �[�3�1�]�.� 

�L� 

� � �1�0�°�6�8� � � � � 
� � 

�H�e�n�c�h� �a�n�d� �W�e�s�t� �[�3�2�]� �a�l�s�o� �d�i�f�f�e�r�e�n�t�i�a�t�e� �t�h�r�e�e� �t�y�p�e�s� �o�f� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r�s�.� �T�h�e� �f�i�r�s�t� 

�g�r�o�u�p� �c�o�n�s�i�s�t�s� �o�f� �h�a�l�i�d�e�s� �a�n�d� �C�h�a�l�c�o�g�e�n�i�d�e�s� �o�f� �s�i�l�v�e�r� �a�n�d� �c�o�p�p�e�r� �w�i�t�h� �r�e�l�a�t�i�v�e� �r�a�n�d�o�m� 

�b�o�n�d�i�n�g� �o�f� �t�h�e� �m�e�t�a�l� �a�t�o�m�s�.� �T�h�e� �s�e�c�o�n�d� �g�r�o�u�p� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �o�x�i�d�e�s� �i�n� �t�h�e� �B�-�a�l�u�m�i�n�a� 

�s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �t�h�i�r�d� �g�r�o�u�p� �b�y� �o�x�i�d�e�s� �i�n� �t�h�e� �f�l�u�o�r�i�t�e� �s�t�r�u�c�t�u�r�e�.� 

�T�h�e� �l�a�s�t� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �h�a�s� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �b�y� �T�u�l�l�e�r� �[�3�3�]� �a�n�d� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �w�a�y� �b�y� 

�w�h�i�c�h� �t�h�e� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �c�h�a�r�g�e� �c�a�r�r�i�e�r�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �h�i�g�h� �i�o�n�i�c� �c�o�n�d�u�c�t�i�o�n�,� �i�s� �r�e�a�c�h�e�d�.� 

�T�h�e� �f�i�r�s�t� �g�r�o�u�p�,� �t�h�e� �"�e�x�t�r�i�n�s�i�c� �c�o�n�d�u�c�t�o�r�s�"�,� �c�o�n�s�i�s�t�s� �o�f� �o�x�i�d�e�s� �i�n� �t�h�e� �f�l�u�o�r�i�t�e� �s�t�r�u�c�t�u�r�e�,� 

�s�u�c�h� �a�s� �s�t�a�b�i�l�i�z�e�d� �Z�r�O�,� �a�n�d� �C�e�O�,�,� �f�o�r� �w�h�i�c�h� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� 

�o�f� �a� �d�o�p�a�n�t� �c�o�n�t�a�i�n�i�n�g� �c�a�t�i�o�n�s� �o�f� �l�o�w�e�r� �v�a�l�e�n�c�e� �t�h�a�n� �t�h�o�s�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �i�n�i�t�i�a�l� �m�a�t�e�r�i�a�l�.� 

�T�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �d�o�p�i�n�g� �i�s� �t�o� �e�n�h�a�n�c�e� �t�h�e� �o�x�y�g�e�n� �v�a�c�a�n�c�y� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d�,� �a�s� �a� 

�L�I�T�E�R�A�T�U�R�E� �B�A�C�K�G�R�O�U�N�D� �2�4



�c�o�n�s�e�q�u�e�n�c�e�,� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �m�o�b�i�l�i�t�y� �o�f� �t�h�e� �c�h�a�r�g�e� �c�a�r�r�i�e�r�s�.� �T�h�e� �s�e�c�o�n�d� �g�r�o�u�p� �o�f� 

�s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r�s�,� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a�-�A�g�l� �a�n�d� �5�-�B�i�,�0�,�,� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �h�i�g�h� �i�n�t�r�i�n�s�i�c� 

�d�i�s�o�r�d�e�r� �w�i�t�h�i�n� �t�h�e� �m�a�t�e�r�i�a�l�:� �t�h�e� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �c�h�a�r�g�e� �c�a�r�r�i�e�r�s� �a�r�e� �e�x�t�r�e�m�e�l�y� �m�o�b�i�l�e� �d�u�e� 

�t�o� �t�h�e� �f�a�c�t� �t�h�e� �n�u�m�b�e�r� �o�f� �v�a�c�a�n�t� �s�i�t�e�s� �i�s� �a� �l�o�t� �g�r�e�a�t�e�r�.� �T�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�i�s� �k�i�n�d� �o�f� 

�S�I�C�'�s� �i�s� �t�h�a�t� �t�h�e�i�r� �c�o�n�d�u�c�t�i�v�i�t�y� �i�s� �n�o�t� �e�n�h�a�n�c�e�d� �b�y� �d�o�p�i�n�g�.� �F�i�n�a�l�l�y�,� �f�o�r� �t�h�e� �t�h�i�r�d� �g�r�o�u�p�,� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�o�l�y�m�e�r� �m�a�t�e�r�i�a�l�s� �a�n�d� �a�l�s�o� �w�i�t�h� �i�n�t�r�i�n�s�i�c� �d�i�s�o�r�d�e�r�,� �h�i�g�h� �v�a�l�u�e� �o�f� 

�c�o�n�d�u�c�t�i�v�i�t�y� �i�s� �a�c�h�i�e�v�e�d� �b�y� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �d�i�s�o�r�d�e�r�e�d� �m�e�t�a�s�t�a�b�l�e� �p�h�a�s�e�.� 

�2�.�2�.�3�.� �A�P�P�L�I�C�A�T�I�O�N�S� �O�F� �S�U�P�E�R�I�O�N�I�C� �C�O�N�D�U�C�T�O�R�S� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�,� �w�h�e�n� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �i�s� �a�p�p�l�i�e�d� �t�o� �a� �f�a�s�t� �i�o�n�i�c� 

�c�o�n�d�u�c�t�o�r�,� �t�h�e�r�e� �i�s� �a� �f�l�o�w� �o�f� �c�h�a�r�g�e� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �i�o�n�s� �(�c�h�a�r�g�e� �c�a�r�r�i�e�r�s�)�.� 

�T�h�e� �r�e�s�u�l�t� �o�f� �t�h�i�s� �f�l�o�w� �i�s� �a� �l�a�r�g�e� �c�o�n�d�u�c�t�i�o�n� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� 

�o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �R�e�v�e�r�s�i�b�l�y�,� �i�f� �a� �g�r�a�d�i�e�n�t� �o�f� �c�h�e�m�i�c�a�l� �p�o�t�e�n�t�i�a�l�,� �i�1�.�e�.�,� �a� �s�p�a�t�i�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �m�o�b�i�l�e� �i�o�n�s� �e�x�i�s�t�s� �i�n� �t�h�e� �m�a�t�e�r�i�a�l�,� �a� �f�l�o�w� �o�f� �c�h�a�r�g�e� �i�s� �i�n�d�u�c�e�d� �a�n�d� �a� 

�c�u�r�r�e�n�t� �i�s� �c�r�e�a�t�e�d�.� �T�h�i�s� �p�r�o�p�e�r�t�y� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �t�h�e� �h�i�g�h� �v�a�l�u�e� �o�f� �c�o�n�d�u�c�t�i�v�i�t�y� �i�s� �u�t�i�l�i�z�e�d� 

�i�n� �a� �n�u�m�b�e�r� �o�f� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�2�.�2�.�3�.�1�.� �F�U�E�L� �C�E�L�L�S� 

�A� �f�u�e�l� �c�e�l�l� �i�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �e�n�e�r�g�y� �a�c�c�o�m�p�a�n�y�i�n�g� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �i�o�n�s� 

�i�n�t�o� �e�l�e�c�t�r�i�c� �p�o�w�e�r�.� �A�s� �a� �c�o�n�s�e�q�u�e�n�c�e�,� �i�t� �c�a�n� �b�e� �d�e�f�i�n�e�d� �a�s� �a�n� �"�e�n�e�r�g�y�-�c�o�n�v�e�r�s�i�o�n� �s�y�s�t�e�m�"� 

�[�3�4�]�.� �T�h�r�e�e� �g�e�n�e�r�a�t�i�o�n�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �f�u�e�l� �c�e�l�l�s� �c�a�n� �b�e� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �d�e�p�e�n�d�i�n�g� �o�n� 

�t�h�e� �t�y�p�e� �o�f� �e�l�e�c�t�r�o�l�y�t�e� �u�s�e�d�:� �t�h�e� �e�a�r�l�i�e�s�t� �o�n�e�s� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n� �o�f� 

�p�h�o�s�p�h�o�r�i�c� �a�c�i�d� �a�s� �t�h�e� �e�l�e�c�t�r�o�l�y�t�e�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �o�n�e�s� �c�o�n�t�a�i�n�e�d� �m�e�l�t�i�n�g� �c�a�r�b�o�n�a�t�e�s� �a�n�d� 

�t�h�e� �r�e�c�e�n�t� �o�n�e�s� �a�r�e� �b�a�s�e�d� �o�n� �o�x�y�g�e�n� �S�I�C�'�s�.� 
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�T�h�e� �t�h�i�r�d� �g�e�n�e�r�a�t�i�o�n� �o�f� �f�u�e�l� �c�e�l�l�s�,� �a�l�s�o� �c�a�l�l�e�d� �S�o�l�i�d�-�S�t�a�t�e� �O�x�y�g�e�n� �F�u�e�l� �C�e�l�l�s� �(�S�O�F�C�)� �,� 

�c�o�n�s�i�s�t�s� �o�f� �t�w�o� �c�h�a�m�b�e�r�s�,� �f�i�l�l�e�d� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �g�a�s�e�s� �a�n�d� �s�e�p�a�r�a�t�e�d� �b�y� �a�n� �o�x�y�g�e�n� �S�I�C� �-� 

�m�o�s�t� �o�f� �t�h�e� �t�i�m�e� �Y�t�t�r�i�a�~� �o�r� �C�a�l�c�i�a�-�S�t�a�b�i�l�i�z�e�d� �Z�i�r�c�o�n�i�a� �(�Y�S�Z� �o�r� �C�S�Z� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �T�h�e� 

�S�I�C� �i�s� �c�o�v�e�r�e�d� �o�n� �b�o�t�h� �s�i�d�e�s� �b�y� �p�o�r�o�u�s� �e�l�e�c�t�r�o�d�e�s� �m�a�d�e� �o�f� �a�n� �e�l�e�c�t�r�o�n�-�i�o�n� �m�i�x�e�d� 

�c�o�n�d�u�c�t�o�r� �(�F�i�g�.� �2�.�9�)�.� �T�h�e� �r�o�l�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�s�,� �w�h�i�c�h� �a�r�e� �o�f�t�e�n� �m�a�d�e� �o�f� �p�l�a�t�i�n�u�m�,� �i�s� �t�o� 

�a�l�l�o�w� �b�o�t�h� �i�o�n�i�c� �a�n�d� �e�l�e�c�t�r�o�n�i�c� �c�o�n�d�u�c�t�i�o�n� �s�o� �t�h�a�t� �t�h�e� �i�o�n�i�c� �c�u�r�r�e�n�t� �i�n�d�u�c�e�d� �i�n� �t�h�e� �S�I�C� �c�a�n� 

�b�e� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �e�l�e�c�t�r�o�n�i�c� �c�u�r�r�e�n�t� �a�t� �t�h�e� �s�u�r�f�a�c�e�.� �T�o� �c�r�e�a�t�e� �t�h�i�s� �c�u�r�r�e�n�t�,� �t�w�o� �d�i�f�f�e�r�e�n�t� 

�o�x�y�g�e�n� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e�s�,� �P�p�,� �a�n�d� �P�,�,�,� �a�r�e� �i�m�p�o�s�e�d� �i�n� �t�h�e� �c�h�a�m�b�e�r�s� �o�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� 

�o�x�y�g�e�n� �S�I�C� �h�e�a�t�e�d� �t�o� �a� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �w�h�i�c�h� �i�t� �i�s� �a� �c�o�n�d�u�c�t�o�r� �(�1�0�0�0�°�C� �f�o�r� �Y�S�Z�)�.� �F�o�r� �a�n� 

�i�d�e�a�l� �m�a�t�e�r�i�a�l� �o�f� �t�h�i�s� �k�i�n�d�,� �t�h�e� �e�l�e�c�t�r�o�m�o�t�i�v�e� �f�o�r�c�e� �E� �(�a�l�s�o� �c�a�l�l�e�d� �N�e�r�n�s�t� �e�.�m�.�f�.�)� �i�s� �g�i�v�e�n� �b�y� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �r�e�l�a�t�i�o�n�s�h�i�p�:� 

�p�k� �=�=� �I�n�(�P�o�,�/�P�o�,�)� �2�.�1�6�)� �4�e� 

�w�h�e�r�e� �e� �i�s� �t�h�e� �e�l�e�m�e�n�t�a�l� �c�h�a�r�g�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�n�.� 

�T�h�i�s� �e�q�u�a�t�i�o�n� �c�l�e�a�r�l�y� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a� �l�a�r�g�e�r� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �t�w�o� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e�s� 

�p�r�o�v�i�d�e�s� �a� �h�i�g�h�e�r� �e�.�m�.�f�.�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �g�a�s�e�s� �f�i�l�l�i�n�g� �t�h�e� �t�w�o� �r�o�o�m�s� �h�a�v�e� �t�o� �b�e� 

�c�a�r�e�f�u�l�l�y� �c�h�o�s�e�n�.� �I�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a�n� �e�l�e�c�t�r�o�m�o�t�i�v�e� �f�o�r�c�e� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�V�,� �o�n�e� �o�f� �t�h�e� 

�c�h�a�m�b�e�r� �n�e�e�d�s� �t�o� �b�e� �o�c�c�u�p�i�e�d� �b�y� �p�u�r�e� �o�x�y�g�e�n� �a�n�d� �t�h�e� �o�t�h�e�r� �o�n�e� �b�y� �t�h�e� �f�u�e�l�,� �a� �h�i�g�h�l�y� 

�r�e�d�u�c�i�n�g� �g�a�s� �s�u�c�h� �a�s� �h�y�d�r�o�g�e�n� �o�r� �m�e�t�h�a�n�e� �[� �3�3�]�.� 

�T�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �e�l�e�c�t�r�i�c�i�t�y� �b�y� �f�u�e�l� �c�e�l�l�s� �i�s� �a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �c�l�e�a�n� �p�r�o�c�e�s�s�.� �I�n�d�e�e�d�,� 

�w�h�e�n� �h�y�d�r�o�g�e�n� �i�s� �u�s�e�d� �a�s� �t�h�e� �r�e�d�u�c�i�n�g� �g�a�s�,� �t�h�e� �p�o�w�e�r� �g�e�n�e�r�a�t�e�d� �i�n�d�u�c�e�s� �a� �s�i�n�g�l�e� �c�h�e�m�i�c�a�l� 

�r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �o�x�y�g�e�n� �a�n�d� �h�y�d�r�o�g�e�n� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �o�n�l�y� �w�a�t�e�r�.� 

�N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� �S�I�C�'�s� �u�s�e�d� �i�n� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n� �h�a�v�e� �t�o� �f�u�l�f�i�l�l� �s�e�v�e�r�a�l� �r�e�q�u�i�r�e�m�e�n�t�s�.� �A�n� 

�o�b�v�i�o�u�s� �r�e�q�u�i�r�e�m�e�n�t� �i�s� �h�i�g�h� �i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �a�n�d� �l�o�w� �e�l�e�c�t�r�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�.� 
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�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �S�I�C�'�s� �n�e�e�d� �t�o� �p�o�s�s�e�s�s� �h�i�g�h� �m�e�c�h�a�n�i�c�a�l� �s�t�r�e�n�g�t�h� �a�n�d� �h�i�g�h� �t�h�e�r�m�a�l� �s�h�o�c�k� 

�r�e�s�i�s�t�a�n�c�e�.� �F�i�n�a�l�l�y�,� �t�h�e�y� �n�e�e�d� �t�o� �b�e� �c�h�e�m�i�c�a�l�l�y� �c�o�m�p�a�t�i�b�l�e� �w�i�t�h� �t�h�e� �e�l�e�c�t�r�o�d�e�s�.� 
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�F�i�g�u�r�e� �2�.�9�:� �C�o�n�c�e�p�t� �o�f� �t�h�e� �s�o�l�i�d�-�s�t�a�t�e� �f�u�e�l� �a�n�d� �s�e�n�s�o�r�s� �[�3�4�]�.� 

�2�.�2�.�3�.�2�.� �S�E�N�S�O�R�S� 

�G�a�s� �s�e�n�s�o�r�s� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� �u�s�e�d� �a�s� �a� �m�e�a�n� �t�o� �p�r�o�b�e� �t�h�e� �w�a�s�t�e� �g�a�s� �o�f� �a�u�t�o�m�o�b�i�l�e�s� �a�n�d� 

�c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e�i�r� �c�o�n�t�e�n�t� �i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �l�i�m�i�t� �t�h�e�i�r� �e�m�i�s�s�i�o�n� �o�f� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e� �a�n�d� 

�n�i�t�r�o�u�s� �o�x�i�d�e� �[�3�3�]�.� �T�h�e�i�r� �p�r�i�n�c�i�p�l�e� �o�f� �o�p�e�r�a�t�i�o�n� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �o�n�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �l�a�s�t� 

�s�e�c�t�i�o�n� �f�o�r� �t�h�e� �f�u�e�l� �c�e�l�l�s� �a�n�d� �a�r�e� �a�l�s�o� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �F�i�g�.� �2�.�9�.� 

�A� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r� �(�w�h�i�c�h� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�l�y� �a�n� �o�x�y�g�e�n� �S�I�C�)� �i�s� �c�o�a�t�e�d� �w�i�t�h� �p�o�r�o�u�s� 

�e�l�e�c�t�r�o�d�e�s� �a�n�d� �s�u�r�r�o�u�n�d�e�d� �b�y� �t�w�o� �g�a�s� �c�h�a�m�b�e�r�s�.� �H�o�w�e�v�e�r�,� �o�n�l�y� �o�n�e� �o�f� �t�h�e�m� �i�s� �f�i�l�l�e�d� �w�i�t�h� 

�a� �w�e�l�l� �c�h�a�r�a�c�t�e�r�i�z�e�d� �g�a�s� �i�n� �t�e�r�m�s� �o�f� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� �p�r�e�s�s�u�r�e�.� �T�h�e� �o�t�h�e�r� �c�h�a�m�b�e�r� 
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�c�o�n�t�a�i�n�s� �t�h�e� �g�a�s� �t�o� �b�e� �t�e�s�t�e�d�.� �I�f� �a� �d�i�f�f�e�r�e�n�c�e� �o�f� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �g�a�s� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �m�o�b�i�l�e� �i�o�n�s� �o�f� �t�h�e� �S�I�C� �u�s�e�d� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�h�a�m�b�e�r�s�,� �a�n� 

�e�l�e�c�t�r�o�m�o�t�i�v�e� �f�o�r�c�e� �i�s� �c�r�e�a�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r�.� �T�h�e� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e� �o�f� 

�t�h�e� �g�a�s� �c�a�n� �t�h�e�n� �b�e� �d�e�d�u�c�e�d� �u�s�i�n�g� �t�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n� �(�2�.�1�6�)�.� 

�2�.�2�.�3�.�3�.� �B�A�T�T�E�R�I�E�S� 

�H�i�g�h� �e�n�e�r�g�y� �b�a�t�t�e�r�i�e�s�,� �e�x�t�e�n�s�i�v�e�l�y� �d�e�v�e�l�o�p�p�e�d� �f�o�r� �p�o�w�e�r� �s�t�o�r�a�g�e� �i�n� �e�l�e�c�t�r�i�c�a�l� �g�e�n�e�r�a�t�i�n�g� 

�p�l�a�n�t�s� �[�3�3�]�,� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �p�r�i�n�c�i�p�l�e� �o�f� �c�r�e�a�t�i�o�n� �o�f� �h�i�g�h� �v�o�l�t�a�g�e�s� �b�y� �t�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 

�r�e�a�c�t�a�n�t�s� �w�i�t�h� �l�a�r�g�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� �r�e�a�c�t�i�o�n�.� �T�h�e�y� �i�n�i�t�i�a�l�l�y� �c�o�n�s�i�s�t�e�d� �o�f� �l�i�q�u�i�d� �e�l�e�c�t�r�o�l�y�t�e�s� 

�w�h�i�c�h� �a�r�e� �m�o�r�e� �a�n�d� �m�o�r�e� �s�u�b�s�t�i�t�u�t�e�d� �b�y� �c�h�e�m�i�c�a�l�y� �s�t�a�b�l�e� �s�o�l�i�d� �e�l�e�c�t�r�o�l�y�t�e�s� �i�n� �a�n� �e�f�f�o�r�t� �t�o� 

�a�v�o�i�d� �p�r�o�b�l�e�m�s� �o�f� �c�o�n�t�a�i�n�m�e�n�t� �a�n�d� �s�t�a�b�i�l�i�t�y�.� �T�h�e� �s�o�l�i�d� �e�l�e�c�t�r�o�l�y�t�e�s� �u�s�e�d� �i�n� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n� 

�a�r�e� �c�a�t�i�o�n�i�c� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r�s� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �a�b�l�i�l�i�t�y� �t�o� �a�c�h�i�e�v�e� �e�x�c�e�p�t�i�o�n�a�l�y� �h�i�g�h� 

�c�o�n�d�u�c�t�i�v�i�t�i�e�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �3�0�0�°�C�.� 

�2�.�2�.�3�.�4�,� �O�X�Y�G�E�N� �I�O�N�I�C� �P�U�M�P�S� 

�A�n�o�t�h�e�r� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �o�x�y�g�e�n� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r�s� �i�s� �t�o� �r�e�g�u�l�a�t�e� �t�h�e� �o�x�y�g�e�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �o�x�i�d�e� �s�u�p�e�r�c�o�n�d�u�c�t�o�r�s� �w�h�i�c�h� �a�r�e� �e�l�e�c�t�r�o�n�-�i�o�n� �m�i�x�e�d� �c�o�n�d�u�c�t�i�n�g� �m�a�t�e�r�i�a�l�s� 

�[�3�4�]�.� �I�n� �t�h�i�s� �k�i�n�d� �o�f� �a�p�p�l�i�c�a�t�i�o�n�,� �t�h�e�y� �a�c�t� �a�s� �o�x�y�g�e�n� �i�o�n�i�c� �p�u�m�p�s� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�a�p�p�a�r�a�t�u�s�:� �t�h�e� �s�u�p�e�r�c�o�n�d�u�c�t�o�r� �i�s� �c�o�v�e�r�e�d� �o�n� �o�n�e� �s�i�d�e� �b�y� �a�n� �i�o�n� �b�l�o�c�k�i�n�g� �e�l�e�c�t�r�o�d�e� �(�F�o�u�r�-� 

�p�r�o�b�e� �n�o�n�-�p�o�r�o�u�s� �e�l�e�c�t�r�o�d�e�)� �a�n�d� �o�n� �t�h�e� �o�t�h�e�r� �s�i�d�e� �b�y� �a�n� �o�x�y�g�e�n� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r� 

�c�o�a�t�e�d� �o�n� �i�t�s� �f�r�e�e� �s�i�d�e� �b�y� �a� �p�o�r�o�u�s� �e�l�e�c�t�r�o�d�e�.� �W�h�e�n� �a� �d�c� �c�u�r�r�e�n�t� �i�s� �a�p�p�l�i�e�d� �f�r�o�m� �t�h�e� �n�o�n�-� 

�p�o�r�o�u�s� �e�l�e�c�t�r�o�d�e� �t�o� �t�h�e� �p�o�r�o�u�s� �e�l�e�c�t�r�o�d�e�,� �i�t� �g�e�n�e�r�a�t�e�s� �a� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �o�x�y�g�e�n� �i�o�n�s� 

�f�r�o�m� �t�h�e� �S�I�C� �t�o� �t�h�e� �s�u�p�e�r�c�o�n�d�u�c�t�o�r� �w�h�i�c�h� �i�s� �s�t�o�p�p�e�d� �b�y� �t�h�e� �i�o�n� �b�l�o�c�k�i�n�g� �e�l�e�c�t�r�o�d�e�.� �A�s� �a� 

�c�o�n�s�e�q�u�e�n�c�e�,� �t�h�e� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �i�s� �i�n�c�r�e�a�s�e�d�.� �T�h�e� �p�r�o�c�e�s�s� �c�a�n� �b�e� 

�r�e�v�e�r�s�e�d� �b�y� �t�h�e� �i�n�v�e�r�s�i�o�n� �o�f� �t�h�e� �c�u�r�r�e�n�t� �d�i�r�e�c�t�i�o�n� �a�n�d� �t�h�e� �c�h�a�n�g�e� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�n� �b�e� 

�d�e�d�u�c�e�d� �f�r�o�m� �t�h�e� �F�a�r�a�d�a�y� �e�q�u�a�t�i�o�n�:� 
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�I�t� �M�= �� �2�.�1�7� �n�F� �(�2�.�1�7�)� 

�w�h�e�r�e� �M� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�o�l� �o�f� �m�a�t�e�r�i�a�l� �t�r�a�n�s�p�o�r�t�e�d�,� 

�I� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �c�u�r�r�e�n�t�,� 

�t� �t�h�e� �d�u�r�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�c�e�s�s�,� 

�n� �t�h�e� �n�u�m�b�e�r� �o�f� �c�h�a�r�g�e�s� �p�a�s�s�e�d� �p�e�r� �a�t�o�m�,� 

�a�n�d� �F� �t�h�e� �F�a�r�a�d�a�y� �c�o�n�s�t�a�n�t�.� 

�2�.�3�.� �G�U�I�D�E�L�I�N�E�S� �O�F� �T�H�E� �R�E�S�E�A�R�C�H� 

�S�i�n�c�e� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y� �a�n�d� �i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �h�a�v�e� �b�o�t�h� �b�e�e�n� �d�e�f�i�n�e�d� �a�s� �t�h�e�r�m�a�l�l�y� 

�a�c�t�i�v�a�t�e�d� �p�r�o�p�e�r�t�i�e�s� �e�x�h�i�b�i�t�e�d� �b�y� �s�o�m�e� �c�e�r�a�m�i�c� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �a� �h�i�g�h� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� 

�a� �p�o�s�s�i�b�l�e� �r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e�m� �s�e�e�m�s� �c�o�n�c�e�i�v�a�b�l�e�.� 

�T�o� �a�s�s�e�s�s� �t�h�e� �p�o�t�e�n�t�i�a�l� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y� �a�n�d� �s�u�p�e�r�i�o�n�i�c� 

�c�o�n�d�u�c�t�i�v�i�t�y�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �f�i�r�s�t� �c�h�o�o�s�e� �a� �m�a�t�e�r�i�a�l� �t�h�a�t� �h�a�d� �b�e�e�n� �d�o�c�u�m�e�n�t�e�d� �t�o� 

�e�x�h�i�b�i�t� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y� �a�n�d� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�.� �S�a�m�p�l�e�s� �o�f� �t�h�i�s� �m�a�t�e�r�i�a�l� �n�e�e�d�e�d� �t�o� �b�e� 

�m�a�d�e� �a�n�d� �t�h�e�i�r� �s�u�p�e�r�p�l�a�s�t�i�c� �d�e�f�o�r�m�a�b�i�l�i�t�y� �b�e� �c�o�n�f�i�r�m�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �f�l�o�w� �s�t�r�e�s�s� 

�v�e�r�s�u�s� �s�t�r�a�i�n� �r�a�t�e� �b�e�h�a�v�i�o�r� �o�v�e�r� �a� �r�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�i�s� �c�o�u�l�d� �b�e� �d�o�n�e� �b�y� �n�o�t�i�n�g� �t�h�e� 

�o�v�e�r�a�l�l� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �s�t�r�a�i�n�-�r�a�t�e� �s�e�n�s�i�t�i�v�i�t�y� �c�o�n�s�t�a�n�t�,� �m�,� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�e� �s�a�m�e� �p�r�o�c�e�d�u�r�e� �n�e�e�d�e�d� �t�o� �b�e� �r�e�p�e�a�t�e�d� �w�i�t�h� �a� �m�a�t�e�r�i�a�l� �t�h�a�t� �h�a�d� �b�e�e�n� �d�o�c�u�m�e�n�t�e�d� 

�t�o� �e�x�h�i�b�i�t� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�,� �b�u�t� �n�o� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y�.� 
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�3�.� �P�R�E�P�A�R�A�T�I�O�N� �O�F� �T�H�E� �S�A�M�P�L�E�S�.� 

�3�.�1�.� �C�H�O�I�C�E� �O�F� �T�H�E� �M�A�T�E�R�I�A�L�S� 

�I�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r�,� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y� �a�n�d� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �h�a�v�e� �b�e�e�n� �d�e�f�i�n�e�d�,� 

�a�l�o�n�g� �w�i�t�h� �t�h�e� �p�r�i�n�c�i�p�a�l� �m�e�c�h�a�n�i�s�m�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �b�e�h�a�v�i�o�r�.� �I�n� �a�d�d�i�t�i�o�n�,� �s�e�v�e�r�a�l� 

�c�e�r�a�m�i�c�s� �e�x�h�i�b�i�t�i�n�g� �o�n�e� �o�r� �b�o�t�h� �o�f� �t�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �h�a�v�e� �b�e�e�n� �m�e�n�t�i�o�n�e�d�.� �T�a�b�l�e�s� �I� �a�n�d� �I�I� 

�s�u�m�m�a�r�i�z�e� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�e�r�a�m�i�c� �m�a�t�e�r�i�a�l�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �d�o�c�u�m�e�n�t�e�d� �a�s� �e�x�h�i�b�i�t�i�n�g�,� 

�i�n�d�i�v�i�d�u�a�l�l�y�,� �c�i�t�e�d� �b�e�h�a�v�i�o�r�s�.� �T�w�o� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �c�h�o�s�e�n� �f�r�o�m� �t�h�e�s�e� �t�w�o� �t�a�b�l�e�s�.� �T�h�e� 

�f�i�r�s�t� �o�n�e� �n�e�e�d�e�d� �t�o� �b�e� �b�o�t�h� �a� �s�u�p�e�r�p�l�a�s�t�i�c� �a�n�d� �a� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r�.� �T�h�e� �o�n�l�y� �c�e�r�a�m�i�c� 

�s�a�t�i�s�f�y�i�n�g� �t�h�i�s� �d�e�m�a�n�d� �w�a�s� �b�i�s�m�u�t�h� �o�x�i�d�e� �(�B�i�,�O�,�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a� �s�u�p�e�r�i�o�n�i�c� �m�a�t�e�r�i�a�l�,� �n�o�t� 

�k�n�o�w�n� �f�o�r� �i�t�s� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y�,� �w�a�s� �s�e�l�e�c�t�e�d�.� �A�n� �o�x�y�g�e�n� �s�u�p�e�r�i�o�n�i�c� �c�o�n�d�u�c�t�o�r� �o�f� �t�y�p�e� �I� �w�a�s� 

�p�r�e�f�e�r�a�b�l�e� �f�o�r� �c�o�m�p�a�r�i�s�o�n� �o�f� �i�t�s� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �w�i�t�h� �t�h�o�s�e� �o�f� �B�i�,�O�,�.� �T�h�i�s� �c�r�i�t�e�r�i�o�n� 

�l�e�d� �t�o� �y�t�t�r�i�a� �f�u�l�l�y�-�s�t�a�b�i�l�i�z�e�d� �z�i�r�c�o�n�i�a� �(�Y�S�Z�)�.� 

�T�A�B�L�E� �I�:� �E�x�a�m�p�l�e�s� �o�f� �c�e�r�a�m�i�c�s� �t�h�a�t� �h�a�v�e� �e�x�h�i�b�i�t�e�d� �s�u�p�e�r�p�l�a�s�t�i�c�i�t�y� �[�1�4�]�.� 
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�B�i�,�O�,� �T�r�a�n�s�f�o�r�m�a�t�i�o�n� �7�3�0� �-�6�8� 

�M�g�0�O�.�2�A�l�L�0�,� �T�r�a�n�s�f�o�r�m�a�t�i�o�n� �1�5�5�0� �-�6�3� 

�M�g�O� �S�t�r�u�c�t�u�r�a�l� �1�3�2�7� �>� �|�-�8�0�|� 
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