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Table 8§ Effect of porosity on the
bend strength of polycrystalline
alumina at 25°C from [2]

Porosity (%) Strength (MPa)

0 269
10 172
20 110
30 76
40 35
50 47

5.3 Fatigue

The strengths of crystalline and glassy oxides decrease with time under a constant
applied load. This static fatigue is usually modeled with a power law equation between
times to failure f when a sample is subjected to an applied stress s:

logr = ¢ ~ nlogs (5)

in which ¢ is a constant and the stress exponent # is a measure of the susceptibility
of the material to fatigue. The larger the n value the more resistant the material is to
fatigue. Typical values of a for silicate glasses are 13 or lower [21]: for alumina an n
value of about 35 was found [21], showing that alumina has much better fatigue
resistance than most other oxides under ambient conditions.

This fatigue in oxides results from reaction with water, which can break the cation—
oxygen bonds in the material; for example in alumina:

Al= 0O~ Al + H.O = AIOH + HOAI 6)

Thus, when the ambient atmosphere is dry the fatigue failure time is long, and as the
humidity increases the fatigue time decreases.

5.4 Hardness

The hardness of a material is measured by pressing a rod tip into a material and find-
ing the amount of deformation from the dimensions of the resulting indentation.
Hardness measurements are easy to make but hard to interpret. The stress distribution
under the indenter is complex, and cracking, elastic and anelastic deformation, fault-
ing, and plastic deformation are all possible around the indentation. Alumina is one
of the hardest oxides. On the nonlinear Mohs scale of one to ten, alumina is nine and
diamond is ten, but diamond is about a factor of three harder than alumina. Some
approximate Knoop hardness (elongated pyramidal diamond indenter) values for
alumina are given as a function of temperature in Table 9, and in Table 10 for some
hard ceramics [22, 23]. It is curious that the hardness of alumina decreases much
more than the strength as the temperature is increased.

-16- Masimo Ex. 1042
IPR Petition - USP 10,627,783

MASIMO 1054

Masimo v. Apple

IPR2023-00734



10 R.H. Dorem

Table 9 Knoop hardness of alumina
as a function of temperature

T (K) Hardness (kg mm™)
400 1,950

600 1,510

800 1,120

1,000 680

1,200 430

1,400 260

1,600 160

Table 10 Knoop hardness values of some
ceramics at 25°C from [2, 22]

Material Hardness (kg mm2)
Diamond 8,500

Alumina 3,000

Boron carbide 2,760

Silicon carbide 2,480

Topaz (Al,SiF, 0,) 1,340

Quartz (Si0,) 820

5.5 Creep

Creep is the high-temperature deformation of a material as a function of time. Othe
high-temperature properties related to creep are stress and modulus relaxation, inte;
nal friction, and grain boundary relaxation. The creep rate increases strongly wit
temperature, and is often proportional to the applied stress. Microstructure (grai
size and porosity) influences the creep rate; other influences are lattice defect:
stoichiometry, and environment. Thus, creep rates are strongly dependent on sampl
history and the specific experimental method used to measure them, so the onl
meaningful quantitative comparison of creep rates can be made for samples with th
same histories and measurement method. Some torsional creep rates of differer
oxides are given in Table 11 to show the wide variability of creep values. Compare
with some other high temperature materials such as mullite (3A1203'28i02), alumin
has a higher creep rate, which sometimes limits its application at high temperature
(above about 1,500°C). See [24] for a review of creep in ceramics and [25] for

review of creep in ceramic—matrix composites.

5.6  Plastic Deformation

At high temperatures (above about 1,200°C) alumina can deform by dislocatios
motion. The important paper by Merritt Kronberg [26], see also [1], p. 32, an
[27], showed the details of dislocation motion in alumina. Basal slip on the close
packed oxygen planes is most common in alumina, with additional slip system:
on prism planes.
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Table 11 Torsional creep rates of some polycrystalline oxides
at 1,300°C and 124 MPa applied stress (from [23], p. 755)

Material Creep rate (x10°h™")
ALO, 0.13

BeO 30

MgO (slip cast) 33

MgO (pressed) 3.3

MgALO,, spinel (2-5pum grains) 26

MgALO, (1-3um grains) 0.1

ThO, 100

ZrO, 3

5.7 Fracture Toughness

The fracture toughness K. of a brittle material is defined as
K= YSve @)

in which § is the applied stress required to propagate a crack of depth ¢, and Yis a
geometrical parameter. Values of K, are ofien measured for ceramics from the lengths
of cracks around a hardness indent. K| is not material parameter; it depends on sam-
ple history and many uncontrolled factors. It is based on the Griffith equation, which
gives a necessary but not sufficient criterion for crack propagation [18]. Thus K is
not a very useful quantity for defining mechanical properties of brittle material.
A value of about 3.0 MPam'”? is often found for alumina [1].

6 Thermal and Thermodynamic Properties

6.1 Density and Thermal Expansion

The density of alpha alumina at 25°C is 3.96 g cm™, which gives a specific volume of
25.8cm*mol™" or 0.0438nm* per ALO, molecule. Densities of other aluminas are
given in Table 12.

The coefficient of thermal expansion ¢ of alumina at different temperatures is
given in Table 13. Often an average value of ¢ is given over a range of temperatures,
but the slope of a length vs. temperature plot at different temperatures is a more accu-
rate way of describing o.

6.2 Heat Capacity (Specific Heat) and Thermodynamic Quantities

The specific heat, entropy, heat and Gibbs free energies of formation of alumina are
given in Table 14, from [28]. Above 2,790°K, the boiling point of aluminum, there is
a discontinuous change in the heat of formation of alumina.
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Table 14 Specific heat and thermodynamic properties of ot~

Table 12 Densities of anhydrous and

hydrated aluminas

Material

Density (g cm=2)

Sapphire (0-A,0)) 3.96
Y-ALO, 32
8~Al,03 3.2
x-ALO, 33
8-A,,0, 3.56
Al(OH), gibbsite ~ 2.42
AIOOH diaspore 3.4
AIOOH boehmite  3.01

From [1]

Table 13 The coefficient of linear
thermal expansion of a—alumina as a
function of temperature

Temp. (°C)  da/dT (x10° per °C)
1,000 12.0

800 11.6

600 11,1

400 104

200 9.1

100 7.7

50 6.5

From [23]

R.H. Doremus

alumina as a function of temperature

Specific heat Entropy Heat of formation Free energy of formation
T () J mol~! K- kJ mol!
0 0 0 -1663.608 -1663.608
100 12.855 4.295 -1668.606 —1641.692
200 51.120 24.880 —-1673.388 -1612.636
298.15 79.015 50.950 -1675.692 -1582.275
400 96.086 76.779 -1676.342 -1550.226
600 112.545 119.345 -1675.300 -1487.319
800 120.135 152.873 -1673.498 ~1424.931
1,000 124.771 180.210 —-1693.394 ~-1361.437
1,200 128.252 203.277 -1691.366 -1295.228
1,400 131.081 223.267 -1686.128 -1229.393
1,600 133.361 240.925 —1686.128 -1163.934
1,800 135.143 256.740 -1683.082 —-1098.841
2,000 136.608 271.056 -1679.858 -1034.096
2,200 138.030 284.143 —-1676.485 -969.681
2,327 138.934 291.914 Melting temperature
2,400 139.453 296.214 -1672.963 -905.582
2,600 140.959 307.435 -1669.279 -841.781
2,800 142.591 317.980 -2253.212 -776.335
3,000 144.474 327.841 —2244.729 -671.139
From [28]
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1 Alumina 13

6.3 Vaporization of Alumina

There is a detailed discussion of the vaporization behavior of alumina and other
oxides in [29]. The main vapor species over alumina are Al, AlO, Al ,O, and AlO,,
depending on the temperature and oxidizing or reducing conditions in the surrounding
atmosphere. Under reducing conditions Al and Al ,0 are predominant; in 0.2 bar 0,
both AlO and AlQ, are the main species [30].

Two examples of quantitative data of vapor pressure as a function of temperature
are given in Table 15.

The boiling temperature of alumina at one atm pressure is about 3,530°C with a heat
of vaporization of about 1,900kJ mol™ at 25°C [2], when compared with the melting
temperature of 2,054°C, and a heat of fusion of about 109kJ mol™! at 25°C [31].

6.4 Thermal Conductivity

The thermal conductivity of o-alumina single crystals as a function of temperature is
given in Table 16 (from [2, 23]). Heat is conducted through a nonmetallic solid by lat-
tice vibrations or phonons. The mean free path of the phonons determines the thermal
conductivity and depends on the temperature, phonon—phonon interactions, and scat-
tering from lattice defects in the solid. At temperatures below the low temperature
maximum (below about 40°K), the mean free path is mainly determined by the sample
size because of phonon scattering from the sample surfaces. Above the maximum, the

Table 15 The pressure of AIO vapor and
total vapor pressure in equilibrium with
0-AlLO, as a function of temperature, for
reducing and neutral conditions

Log vapor pressure of
Temp. (K) AlQ, P (bar) [29]

1,520 -15
1.630 -13
1,750 ~11
1,900 -9
2,020 -7
2,290 -5
Temp. (K) Log total vapor pres-
sure, P (atm.) [2, 31]
2,309 -5.06
2,325 -4.99
2,370 -4.78
2,393 -4.77
2,399 -4.66
2,459 -4.42
2,478 -4.24
2,487 -4.04
2,545 -3.70
2,565 -3.89
2,605 -3.72
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Table 16 Thermal conductivity of single crystal 0(~A!203

Conductivity Conductivity
Temp. (K) (J s~ mK-) — Temp. (°C) (J s 'mK-)
0 0 25 36
10 1,200 100 29
20 3,800 300 16
40 5,900 500 10
50 5,000 700 15
60 2,300 900 6.3
80 790 1,100 59
100 400 1,300 59
200 100 1,500 54
1,700 5.9
1,900 6.3

From [2, 23]

conductivity decays approximately exponentially because of phonon—phonon inte;
tions. At high temperatures (above about 800°C), the phonon mean free path is of
order of a lattice distance, and becomes constant with temperature. There is a m
more detailed discussion of phonon behavior in ceramics and glasses in [23, 32].°
velocity v of a phonon or sound wave in a solid can be found from the formula

v =Elp (

in which E is Young’s modulus and p is the density, so this velocity in alumin:
10.1(10)*m s™! at 25°C. This result is close to the measured value of 10.845m s-!,

7 Electrical Properties
7.1 Electrical Conductivity

There have been a large number of studies of electrical conductivity of alumina, w
widely different values being reported. Papers before 1961 are listed in [33] and thc
from 1961 to 1992 in [34].

Anyone interested in the electrical conductivity of alumina should read carefy;
the papers of Will et al. [34]. These authors measured the electrical conductivity
highly pure and dry sapphire from 400°C to 1,300°C: the elemental analysis of th
sapphire samples is given in Table 17, and showed less than 35 ppm total impuritic
Particularly significant is the low level of alkali metal impurities, which often provis
ionic conduction in oxides,

The measurements in [34] were made with niobium foil electrodes with a guard ris
configuration on disc samples, and in a vacuum of 107~10¢ Torr. A nonsteady-sta
voltage sweep technique was used for the measurements. The results are in Table 18 ar
Fig. 3 for conductivity along the x-axis. Between 700°C and 1,300°C, the activatic
energy was about 460kJ mol-' (4.8 eV) and between 400 and 700°C jt was 39kJ mol
(0.4eV). The great care taken with these measurements and the high purity of tt
sapphire make them definitive for the electrical conductivity for pure, dry alumina.
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Table 17 Chemical analysis of sapphire for electrical conductivity
measurements, from [34]

Element Conc. (ppm) Element Conc. (ppm)
Iron 8 Potassium <5
Silicon 6 Sodium <3
Calcium 3 Nickel <3
Magnesium 0.6 Chromium <3
Beryllium 0.1 Lithium <2

Table 18 Electrical conductivity of pure, dry sapphire

Temp. (°C) Log conductivity (ohm™ cm™)
1,300 7.46
1,200 8.48
1,100 9.70
1,000 11.14
900 12.88
800 14.24
700 15.20
600 1532
500 15.70
400 16.08
From [34]

After 650h electrolysis at 1,200°C, the conductivity remained constant, showing it
was electronic and nonionic [34]. The authors [34] interpreted their results in terms of
electrical conductivity of a wide-band semiconductor. The high-temperature portion
resulted from intrinsic conductivity with equal numbers of holes and electrons as carriers;
twice the activation energy gives the band gap of about 920kJ mol-, or 9.6¢V, which
is close to the band gap of 8.8¢V calculated from the optical absorption edge in the
ultra-violet spectral range (see Sect. 9.2 on optical absorption). The low activation
energy portion at low temperatures was attributed to extrinsic electronic conductivity
from ionization of impurities. The authors suggested that silicon as a donor atom was
the most likely impurity resulting in the low temperature conductivity. The interpretation
of extrinsic conduction in the low activation range agrees well with the results of several
other studies of the electrical conductivity of alumina [35-38], which showed close to
the same conductivity and activation energy at high temperatures, but a transition
to the low activation energy regime at higher temperatures than 700°C, presumably
because of more impurities in the samples in those studies.

The electrical conductivity of alumina parallel to the c-axis was found to be a factor
of 3.3 higher than perpendicular to this axis [34].

Of special interest are some experimental results for the conductivity at tempera-
tures from about 1,800°C to near the melting temperature of 2,054°C of alumina [39],
which fall very close to an extrapolation of the data from [34] up to 1,300°C, with the
same activation energy. Thus the intrinsic electrical conductivity ¢ infohm cm from
700°C to the melting point follows the equation:

log 0=7.92-24200/T ©

where T is in Kelvin.
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TEMPERATURE [ °C]

1300120011001000 900 800 700 600 500 400
10_7 T T T T T T T T T

1078

107°

10710

-

o
L
=

1 o~12

10—13

CONDUCTIVITY [@-3cm™]

10714

10715

10-1€

10-17 L 1 L I 1 I 1 1 i
6 7 8 9 10 11 12 13 14 15

RECIPROCAL TEMPERATURE (10*/T°K)

Fig. 3 The electrical conductivity of pure, dry sapphire along the c-axis. Points, measured values.
From [34]

The electrolysis experiments of Ramirez et al. [40] show that when alumina con-
tains some water (OH groups), the electrical conductivity results from the transport of
hydrogen ions (actually hydronium ions, H,0"; see [41] for discussion).

The diffusion coefficient of H,O* ions at 1,300°C calculated [41] from the experi-
ments in [40] is 2.3(10)°cm?s™. This value is close to measured values of the diffu-
sion coefficients of water in alumina [42]. Thus the mechanism of the diffusion of
water in alumina is the transport of H,O" ions, and these ions control the electrical
conductivity when the water concentration is high enough.

To calculate the minimum concentration C of water in alumina that can contribute
to the electrical conductivity, one can use the Einstein equation:

C=RTc/Z*F*D (10)
in which R is the gas constant, Z the ionic charge (valence), F the Faraday, and D the

diffusion coefficient. The electrical conductivity at 1,300°C from [34] was 2.29
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x 10~"ohm cm. Thus with D = 2.29(10)?cm?s ™!, a concentration of 1.13(10)*mol
cm™ of carriers results if one assumes that the conductivity in the samples in [34]
results from H,O* wansport (which, of course, it does not); this concentration is
1.45(10)7 carriers per Al atom in alumina. The concentration of H* in the alumina
samples of [40] can be calculated from their highly sensitive infrared absorption
measurements to be about 4.7(10)~ per Al atom. Thus one can conclude that for H,0*
concentrations above about 10-mol em= (3 x 1077 ions per Al atom), there will be a
contribution of these ions to the conductivity, whereas for lower H,0* concentrations
the conductivity will be mainly electronic.

The activation energy for water diffusion in alumina is about 220kJ mol-! (2.3eV)
from [42], so that many of the earlier results on electrical conductivity of alumina, for
example, those summarized in [33], probably result from water transport at lower
temperature; at higher temperatures, electronic conductivity will predominate,
because of the high activation energy of intrinsic electronic conductivity, If the
alumina is “dry” (H,0* concentration below 10®mol ¢cm) low activation energy
extrinsic electronic conduction will be dominant at lower temperatures, resulting from
donor and receptor impurities in the alumina.

7.2 Dielectric Properties

The dielectric constant of aluniina is given in Table 19 as a function of temperature
and crystal orientation. The dielectric constant increases slightly up to 500°C, and is
quite dependent on orientation. Very low dielectric loss values for sapphire have been
reported [2], but are questionable. With reasonable purity, loss tangents below 0.001
are likely. Actual values probably depend strongly on crystal purity.

7.3 Magnetic Properties

Alumina is diamagnetic with a susceptibility less than 1076 [2].

8 Diffusion in Alumina

Experimental volume diffusion coefficients of substances in alumina are summarized in ref,
41. Values for the parameters D, and Q (activation energy) from the Arrhenius equation:

D=D” exp(—Q/RT) (1D
Table 19 Dielectric constant of sapphire as a func-

tion of temperature at frequencies from 10° to 10° Hz
(from [2]). Orientation to ¢ axis

Temp. (°C) 1 11

25 9.3 115
300 9.6 12.1
500 9.9 12.5
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The fastest diffusing substance in alumina is hydrogen (H,). Fast-diffusing catior
sodium, copper, silver, with hydroniums (H,0%) the fastest of these monovalent
ons. Many other di- and trivalent cations have diffusion coefficients interme
between these fast-diffusing ions and the slowest diffusers, the lattice elements al
num and oxygen, which have about the same diffusion coefficients,

A number of experimenters have calculated diffusion coefficients D from “tajl;
diffusion profiles in alumina, and attributed these D values to diffusion along dislocat

as discussed in [41]. In only two studies [43, 44] is it likely true diffusion along g
boundaries or dislocations was measured [41]. Mechanisms of diffusion in alu
are uncertain; a variety of charged defects have been suggested to control diffusic
alumina, but no interpretation is widely accepted because of discrepancies

experimental results, T have suggested that oxygen and aluminum diffusion in alur
results from transport of aluminum monoxide (AlQO), and that AlO defects in

alumina structure are important in diffusion. These speculations have some support,
need more work to confirm them.

9 Chemical Properties

The decomposition of alumina at high temperatures can be deduced from its va
pressure; see Sect. 6.3 and Table 15,

-4 T T

log D, cm2/s

-18 |~ 0 -
-20 ] ] ! I L 1
54 5.6 5.8 6.0 6.2 6.4 6.6 6.8
104
T

Fig. 4 Log diffusion coefficients vs. 104T for selected substances diffusing in alumina. From [41°
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9.1 Reactions with Metals

The chemical reactions of alumina with other substances can best be explored from
the thermodynamic properties of these reactions. If the Gibbs free energy AG of the
reaction at a particular temperature is negative, the reaction tends to take place, and if
AG this energy is positive the reaction tends not to oceur. These considerations are
modified by concentrations (more properly, thermodynamic activities) of the compo-
nents as expressed in an equilibrium constant of the reaction. See books on thermody-
namics for more details, for example [45].

The relative Gibbs free energies of the reactions of metals with oxygen tell whether
or not a particular metal will displace the aluminum in alumina, The reaction of
aluminum with oxygen is

4 2
;A1+Oz =;A]203 (12)

All of the oxidation reactions with metals are written with one mole of O, reacting for
consistent comparison. This is the format for reactions plotted in an E]fingham dia-
gram (see [46]). The Gibbs free energies of some of these oxidation reactions are
given in Table 20, taken from [28, 29, 46-48]. If the Gibbs free energy of the reaction
is higher than that of aluminum (-845.6kJ mol-' for reaction (12)), then this metal
will react with alumina, displacing all the aluminum in any alumina in contact with
the metal, either solid, liquid, or vapor. For example for yttrium:

f‘.Y.;.oq_—_Lz.Y’o1 (13)
3 3 0

the Gibbs free energy is —1017kJ mol™!, so yttrium will displace aluminum from
alumina:

2Y +ALO, = 2A1+Y,0, (14)

The free energy change of reaction 14 can be deduced from the values for Eqgs. (12) and (13)
from Table 20 to be =256 kJ mol-', showing the tendency for yttrium to displace
aluminum. If the free energy shown in Table 20 is less than that for oxidation of
aluminum, the metal will not react with alumina. Thus at 1.000°C, sodium and potassium
vapors (1atm) do not react with alumina, but 1 atm. of lithium vapor does. Liquid
alkaline earths metals such as Mg, Ca, Sr, and Ba react with alumina at 1,000°C and
displace aluminum metal. The relative tendency of reactions of solid and liquid metals
with alumina does not change much with temperature. Of course at low temperatures (below
about 500°C), the rates of reactions can be slow, even if the thermodynamics show a
tendency to react. Gibbs free energies for other temperatures can be calculated from
data in the thermodynamic tables in [28, 29, 46-43).

9.2 Reactions with Nonmetals

The halides Cl,, Br,, and 1, do not react with alumina, but fluorine (F,) does:
2AL,0, +6F, = 4ATF, +30, (15)

—
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Table 20 Gibbs Free energies of reactions of metals with 1 atm,
of oxygen at 1,000°C from [28, 29, 46-48]

Solid metals =AG (kJ mol-) Liquid metals -AG
Y - 1,017
Zr 849 Ca 1,013
Ti 678 CE 962
Si 644 Mg 937
v 619 Ba 879
Mn 586 Li 870
Cr 544 Al 845.6
One atm. T -AG (kJ/mol)

of metal vapor
Na 444
Zn 418
K 326

Metal + O, = oxide

At 1,000°C the Gibbs free energy for this reaction is about ~2133 kJ mol™, showing
a strong tendency to react.

Reactions of the gases H,, H,0, CO, and CO, with alumina can be deduced from
the reactions: ) )

AlLO, +3H, = 2A1 +3H,0 (16)

AL, +3C0O =2A1+3C0, (17)

Atequilibrium at 1,000°C the ratio of H,/H,0 is about 10" and CO/CO, about 2(10),
It is impossible to reduce the water or carbon dioxide levels so low in any practical
reaction process, so effectively H, and CO do not reduce ALO,. Even at 2,000°C
these ratios are about 3(10)* and 2(10)%, which are difficult levels to maintain in prac-
tice. A possible reaction of alumina with carbon is

2A1,0, +6C = Al1,C, +3CO0, (18)

However, the Gibbs free energy of this reaction is +1131kJ mol- at 1,000°C and
+504.6kJ mol~! at 2,000°C, so it will take place only at very low carbon dioxide
concentrations.

Other chemical reactions of alumina can be examined with the thermodynamic
data in [28-30, 47-48].

9.3 Reactions of Aluming in Aqueous Solutions

Alumina is amphoteric, which means that it dissolves in acidic and basic solutions,
but not in neutral aqueous solutions. The solubility of alumina in solutions of pH from
about 4-9 is low; at 25°C it is less than 10~ mol 1! at pH6[1]. Alternatively, alumina
dissolves readily in strong acids (HCJ, HNO,, H,S0,) and strong bases (NaOH, KOH)
at temperatures well above ambient (e.g., 90°C).
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10 Optical Properties

10.1 Refractive Index

The optical properties of solids can be studied with the complex refractive index n™:
n*=n+ik (19)

in which n is the real part of the refractive index and £ is the imaginary part or
absorption index. Values of 11 and & from 0.008731 um to 600 im (142.000-0.00207 e V)
are given to high accuracy and many wavelengths for alumina in [49]. In the wave-
length range from 0.1454pm to 4.000pm (8.529-0.31¢V), the value of k for
highly pure alumina is less than 107 [49, 50], so the alumina is effectively trans-
parent. Values of n for this wavelength range are given to four significant figures
in Table 21. Values of n in the fifth or sixth significant figure are different
for different investigations, probably because of different purities of samples and
different measuring techniques and errors. A two-term equation for n (ordinary
ray) in this wavelength range is [2]

0.0101 (20)

n=1744534+ ———
A—0.1598

with A the wavelength in micrometers. This equation gives n accurately to about four
significant figures (Table 21). A more accurate three-term Sellmeier equation is

S L L. @
A=A A=A A=A

with the constants A, and A, given in Table 22.

10.2  Optical Absorption

The absorption limit of 8.73¢V in Table 23 is close to the band gap of 8.8V for alu-
mina. At energies lower than 8.73 €V, trace impurities and defects in the alumina lead
to absorption tails as described in [49]. Values of n and k at higher energies than
8.73¢V are given in Table 23 to three or four significant figures. Values from different
research groups can vary substantially [49]; those in Table 23 are from [50]. See [49)
for n and k values at many more energies (wavelengths).

The values of & in Table 23 show a maximum at about 13 eV, which can be attributed
to exitonic absorption [49]; other electronic processes in the ultra-violet spectral range
are also described in [49].

Appreciable absorption begins in the infrared spectral range above a wavelength of
4.0um, as shown in Table 24; there are absorption peaks at 17.24 pum (580cm™) and
22.73um (440cm™), which result from lattice vibrations. For more details see [49].

The optical anisotropy of alumina results in slightly different n and £ values for the
ordinary and extraordinary ray, as shown in detail in [49] (see Table 22). This anisot-
ropy is related to the hexagonal (rhombohedral) structure of the alumina.
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Table 21 Refractive Index of sapphire at 25°C in the spectral range where k < 10, from ;

Wavelength, A, (um) Refractive index, n Wavelength, A (um) Refractive
0.1464 2.23] 1.367 1.749
0.1603 2.070 1.530 1.747
0.1802 1.947 1.709 1.743
0.200 1.913 1.960 1.738
0.220 1.878 2.153 1.734
0.240 1.854 2.325 1,731
0.260 1.838 3.244 1.704
0.280 1.824 3.507 1.695
0.300 1.815 3.707 1.687
0.330 1.804 4.000 1.675
0.361 1.794

0.405 1.786

0.436 1.781

0.486 1.775

0.546 1.771

0.579 1.769

0.644 1.765

0.707 1.763

0.852 1.759

0.894 1.758

1014 1.755

Table 22 Refractive index [16], constants at 20°C from 0.2 to
5.5mm, from [49, 50] :

Term Ordinary ray Extraordinary ray
A, 0.0726631 0.0740298
4, 0.1193242 0.1216529
3.3 18.028251 20.072248
A, 1.4313493 1.5039759
A, 0.65054713 0.5506141
A, 5.3414021 6.5927379

The refractive index of alumina increases slightly with increasing temperature
the visible and near-visible spectral range. The value of the temperature coefficien
dT of the refractive index from wavelengths 0.4-0.8 Km is about 13(10)-6°K-! [49

10.3  Color of Aluming

Without impurities alumina is colorless. However, addition of transition metal ion
alumina leads to Spectacular colors, gem stones, and practical applications sucl
ruby lasers. Many aspects of color are discussed in detail in [51].

With the addition of aboyt 1% of Cr,0, to ALDO, (replacement of one out of
hundred of the aluminum ions with chromium ions), alumina acquires a beautiful
color and is known as ruby, one of the most prized gem stones. The red color res:
from transitions of electrons between energy levels in the ruby, as described in [
p. 8Iff. Ruby also shows a bright red fluorescence when it is illuminated with ul;
violet light (energy of 4-5 eV). Ruby also shows pleochoism (multicolors); in pol
ized light the color changes as the ruby crystal is rotated [51].
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Table 23 Refractive index, n, and absorption index, £, of the ordinary
ray for sapphire in the ultra-violet spectral range, at 25°C, from [49, 50]

Energy (eV)

Wavelength, A, (um)

n

k

142.000
120.000
100.206
79.996
60.001
42.000
30
27.013
24.113
19.992
18.008
15.475
13.582
12972
12.361
11.263
10.292
9.523
8.852

0.008731
0.010330
0.01237
0.01550
0.02066
0.02952
0.04133
0.04590
0.05142
0.06202
0.06885
0.08012
0.09129
0.09558
0.1003
0.1101
0.1205
0.1302
0.1401
0.1410
0.1415
0.1420

0.975
0.972
0.892
0.929
0911
0.859
0.841
0.605
0.524
0.800
1.028
1.142
1.375
2.581
1.981
2.400
2.441
2.559
2912
2.841
2.797
2:753

0.0130
0.0177
0.088
0.130
0.136
0.098
0.367
0.317
0.542
0.983
1.093
1125
1.434
1.573
1.476
1.131
0.831
0.686
0.125
0.037
0.011
0

Table 24 Refractive index, n, and absorption index, k, of the ordinary ray for

sapphire in the infrared spectral range, at 25°C, from [49]

Wavelength, A, (um) n k
4.000 1.675 1.30 (10)°
5.000 1.624 3.76 (10)*
7.143 1.459 3.60 (10)7
10.00 0.88 0.053
10.99 0.27 0.224
12.05 0.08 1.04
12.99 0.07 1.57
14.93 0.10 2.96
16.13 0.47 3.56
16.95 0.75 6.30
17.24 1.69 11.28
17.86 9.10 1.53
19.23 3.82 0.115
20.00 2.64 0.106
22.73 10.08 14.01
25.00 4.64 0.156
30.30 3.95 0.0145
33.33 3.69 0.00668
50.00 3.26 0.0117
60.13 3.19 0.0130
82.71 3.13 0.0085
100.0 312 0.0070
200.0 3.08 0.0035
3333 3.07 0.0027
600.0 3.05 0.0015

R L B e T e e ™
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24 R.H. Doremus

The deep blue color or sapphire gems results from the addition of a few hundredths
of one percent of iron and titanium impurities to alumina. The Fe?* and Ti* ions sub-
stitute for aluminum in the sapphire, and when light of energy of 2.11eV is shone on
the sapphire, it is absorbed by the charge transfer reaction:

Fe?* + Ti** = Fe™ + Tj** (22)

See [51], p. 140ff for a complete description of this process.

A variety of other colors are found in natural and synthetic alumina crystals [2, 51].
For example, an orange-brown color is produced by Cr* (padparadscha sapphire)
[51]; different transition metal ions in different concentrations and oxidation states
produce many colors.

11 Conclusion and Future Uses of Alumina

The properties of alumina listed in Sects. 410 show the unusual performance of pure
alumina, leading to the variety of applications given in Table 1. Practical aluminas
with impurities and defects have somewhat degraded properties, but often are superior
to many other materials, and have a variety of specialized applications such as
refractories, electronic components, and catalyst substrates. In [1] there are articles
discussing the future of alumina. There will continue to be incremental improvements in
processing methods and properties, leading to expansion of present applications.
What really new areas of application of alumina are likely? These predictions are
speculative, but the most promising new applications of alumina will probably be in
electronic circuits, optical components, and biomaterials. Alumina fibers for compos-
ites and optics are attractive if they can be made pure, defect-free, and cheap. Because
of its excellent properties other unsuspected applications of alumina will undoubtedly
be developed.
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Preface

As we all know, ceramic materials are inorganic, non-metallic, solid, and inert
materials. Things are made from them by the action of heat and subsequent cooling,
which may be crystalline or partly crystalline. The definition of ceramic is often
restricted to inorganic crystalline materials, as opposed to the noncrystalline glasses,
which involve several steps of the ceramic process, and their mechanical properties
behave similarly to ceramic materials.

The history of ceramics is as old as civilization, and our use of ceramics is a measure of
the technological progress of a civilization. Ceramics have important effects on human
history and human civilization. Farlier transitional ceramics, several thousand years
ago, were made by clay minerals such as kaolinite. Modern ceramics are classified as
advanced and fine ceramics. Both include three distinct material categories: oxides
such as alumina and zirconia, nonoxides such as carbide, boride, nitride, and silicide,
as well as composite materials such as particulate reinforced and fiber reinforced
combinations of oxides and nonoxides. These advanced ceramics, made by modern
chemical compounds, can be used in the fields of mechanics, metallurgy, chemistry,
medicine, optical, thermal, magnetic, electrical and electronics industries, because of
the suitable chemical and physical properties. In particular, photoelectron and
microelectronics devices, which are the basis of the modern information era, are
fabricated by diferent kinds of optical and electronic ceramics. In other words, optical
and electronic ceramics are the base materials of the modern information era.

Bulk ceramics are made into the desired shape by reaction in situ, or by "forming"
powders into the desired shape, and then sintering to form a solid body. However,
ceramic thin films can be made by chemical or physical deposition. Grains, secondary
phases, grain boundaries, pores, micro-cracks, structural defects, and hardness
microindentions consist of the microstructure of the ceramics, which are generally
indicated by the fabrication method and process conditions.

To explain more about advanced ceramics, this book (organized by InTech — Open
Access Publisher) has been written by different authors, who focus on modern
ceramics. A feature of this text is that we keep in mind that many of today’s high-tech
ceramic materials and processing routes have their origin in the potter’s craft,
microstructures, and properties. Throughout the text we make connections to these
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Preface

related fields. The text covers ceramic materials, from the fundamentals to industrial
applications, including a consideration of safety and their impact on the modern
technologies, including nano-ceramic, ceramic matrix composites, nanostructured
ceramic membranes, porous ceramics, and sintering theory models of modern
ceramics.

We thank all the authors and all the editors who contributed greatly to this book, and
we hope that readers find it interesting.

Dr. Feng Shi
Shandong Normal University
China
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Preface to Series

This Materials Characterization Series attempts to address the needs of the practical
materials user, with an emphasis on the newer areas of surface, interface, and thin
film microcharacterization. The Series is composed of the leading volume, Encyclo-
pedia of Materials Characterization, and a set of about 10 subsequent volumes con-
centrating on characterization of individual materials classes.

In the Encyclopedia, 50 brief articles (each 10 to 18 pages in length) are presented
in a standard formar designed for ease of reader access, with straightforward tech-
nique descriptions and examples of their practical use. In addition to the articles,
there are one-page summaries for every technique, introductory summaries to
groupings of related techniques, a complete glossary of acronyms, and a tabular
comparison of the major features of all 50 techniques.

The 10 volumes in the Series on characterization of particular materials classes
include volumes on silicon processing, metals and alloys, catalytic materials, inte-
grated circuit packaging, etc. Characterization is approached from the materials
user’s point of view. Thus, in general, the format is based on properties, processing
steps, materials classification, etc., rather than on a technique. The emphasis of all
volumes is on surfaces, interfaces, and thin films, but the emphasis varies depending
on the relative importance of these areas for the materials class concerned. Appen-
dixes in each volume reproduce the relevant oné-page summaries from the Encyclo-
pedia and provide longer summaries for any techniques referred to that are not
covered in the Encyclopedia.

The concept for the Series came from discussion with Marjan Bace of Manning
Publications Company. A gap exists between the way materials characterization is
often presented and the needs of a large segment of the audience—the materials
user, process engineer, manager, or student. In our experience, when, at the end of
talks or courses on analytical techniques, a question is asked on how a particular
material (or processing) characterization problem can be addressed the answer often
is that the speaker is “an expert on the technique, not the materials aspects, and
does not have experience with that particular situation.” This Series is an attempt
to bridge this gap by approaching characterization problems from the side of the
materials user rather than from that of the analytical techniques expert.

We would like to thank Marjan Bace for putting forward the original concept,
Shaun Wilson of Charles Evans and Associates and Yale Strausser of Surface Science
Laboratories for help in further defining the Series, and the Editors of all the indi-
vidual volumes for their efforts to produce practical, materials user based volumes.

C. R Brundle C. A. Evans, Jr.
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Preface

Most ceramics are ionically bonded compounds found in complex crystal structures
that are strong, stiff, lightweight, hard, and corrosion-resistant. Typically, they
maintain their properties to high temperatures. In a broad sense, a ceramic is any
man-made, inorganic, nonmetallic, solid material. Glass, usually considered a sub-
set of ceramics, is any solid that lacks crystalline order. Traditionally, ceramics have
been considered polycrystalline, although most ceramists today do not accept that
restriction. Also traditional is the idea that high temperatures are required for the
synthesis or processing of ceramics and glasses; but that limitation is no longer
valid—new materials such as aerogels and tin fluorophosphate glasses are synthe-
sized at room temperature or at a few hundred degrees above ambient.

Raw materials for ceramic and glass manufacture traditionally are earthy, oxide
materials that are mined in high volume at low cost and are subjected to relatively
little processing. The products made from them are commodity items such as brick,
tile, bottles, and windows. Modern technical or engineering ceramics are higher-
value materials that have superior properties as a result of more sophisticated pro-
cessing and tighter control over raw materials. These advanced ceramics are much
more varied in composition than simple oxides and include, for example, carbides,
nitrides, and borides. The development of ceramic composites that are heterogene-
ous on the micrometer or nanometer scale is a rapidly expanding area of materials
science and engineering. The need for better control of final properties requires
increased use of modern characterization techniques at all stages of ceramic synthe-
sis and processing. This volume describes characterization techniques and how they
can be used to obtain that greater control. :

This book is written in a time of changing priorities in materials science and
engineering. Responding to a perception that research results in the United States
were not being reliably translated into marketable products, the U.S. National
Academy of Sciences conducted an influential study—the results of which were
reported in a widely read book, Materials Science in the 1990s: Maintaining Com-
petitiveness in the Age of Materials, National Academy Press, Washington, D.C.,
1989—that recommended increased emphasis on materials synthesis and process-
ing. These recommendations include

* interactive research on new materials synthesis that is linked with charac-
terization and analysis of the product

* basic research on synthetic solid-state inorganic chemistry to produce new com-
pounds

xii
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« synthesis of ultra pure materials, for example, fibers with low oxygen or carbon
impurity levels

* research on techniques for synthesis to net-shape; that is, learning how to do
synthesis, processing, and forming in a single step

* research on methods for processing ceramic materials far from equilibrium

* research on processing artificially structured or, as they are sometimes called,
functionally gradient materials.

Characterization of Ceramics addresses these concerns and recommendations in
two ways. First, the book stresses advanced synthesis and processing. Second, the
central theme of the book, the application of characterization techniques, is a spe-
cific recommendation of the NAS study. The 13 chapters of this volume present a
broad overview of ceramics and glasses. Each of the topics provides enough infor-
mation for the reader to make intelligent choices among the myriad available char-
acterization and analysis techniques. Many of the chapters are organized as case
studies taken from the authors’ own research, which help to illustrate how different
methods can be integrated to give a more complete picture of a given process or
phenomenon.

The first part of the book deals with the techniques of ceramic synthesis. Increas-
ingly, advanced ceramics are being produced from highly processed powders made
by methods collectively known as chemical preparation. Some of the more prom-
ising routes to the production of advanced ceramic powders are sol—gel processing,
precipitation from solution, gas-phase synthesis, and powder-surface modification.
J. A. Voigt discusses recent trends in the use of near—room temperature solution
techniques to make ceramic precursors. An example of this is the sol-gel method,
in which organometallic reagents in solution are hydrolyzed and condensed to form
an inorganic polymeric gel that, when dried and fired, gives the desired ceramic
composition. These chemical methods can generate controlled-size distributions,
extremely reactive precursors, unusually shaped particles, and gels. Solution meth-
ods permit the intimate mixing of components, easy dispersion of second phases,
and surface modification of precursor particles. Liquid precursor solutions also can
be used to make thin films by dipping or spinning; because of the high reactivity
of the precursor particles, film consolidation occurs at moderate temperatures. The
chapter by R. W. Schwartz on electronic ceramics shows how analytical methods
such as NMR are used to guide the solution synthesis of electronic ceramic films
such as PZT (lead zirconate-lead titanate). Voigt's chapter illustrates the impor-
tance of thorough characterization in the development of better synthesis methods.

Ceramic powders and films made by gas-phase techniques and their charac-
terization are discussed by C. L. J. Adkins and D. E. Peebles. Ultrafine ceramic
particles with enhanced surface reactivity, such as SiO,, can be synthesized through
nucleation or condensation reactions in gas-phase acrosols. Ceramic films and

Preface xiii
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coatings, such as diamond and diamond-like materials, are synthesized by a variety
of vapor deposition techniques.

Ceramic processing methods are extremely diverse, with new ones being con-
stantly developed. The technique with widest application is sintering bulk ceramics,
in which a powder preform is typically converted to a dense, consolidated object
through solid or liquid-phase diffusion. The driving force for diffusion is the low-
ering of the Gibb’s energy by minimizing surface area and, possibly, by reaction to
more stable products. K. G. Ewsuk discusses the essential features of bulk sintering
and the analytical methods used to characterize the process. By contrast, T. J.
Garino’s chapter is concerned with the densification of ceramic thick films and the
phenomena distinctive to them. For example, ceramic films usually are deposited
on substrates, and differential shrinkage in drying or firing leads to stresses and
possibly warping. Garino’s discussion emphasizes characterization methods appli-
cable to those ceramic films.

Much current ceramic processing research for both bulk materials and films is
directed toward eliminating flaws, thereby increasing strength and fracture tough-
ness. L. Neergaard’s chapter on nondestructive evaluation shows how to detect flaws
that are frequently generated in a ceramic despite the best of processing efforts.

Other types of ceramic processing discussed in this volume are inorganic glasses
and glass-ceramics by R. K. Brow, ceramic composites by S. J. Glass, and ceramic
joining by A. P. Tomsia. This selection of processing methods is not exhaustive, but
is broad enough for most of the applicable characterization techniques to be pre-
sented. These three chapters share a common concern with interfaces and how to
characterize their reactivities, compositions, and microstructures.

Because ceramics are brittle, they are susceptible to catastrophic failure under
mechanical load. The useful strength of a ceramic is determined by the flaw popu-
lation: stresses are concentrated at flaws, which cause cracks to propagate to failure.
The critical property for ceramics in load-bearing uses is not the strength, but the
fracture toughness—the resistance of the ceramic to crack propagation. The frac-
ture surface of a ceramic bears the evidence of its failure. One must read the features
in a fracture surface to understand the origin and path of the fracture. The case
study by E. K. Beauchamp shows how much practical information can be obtained
from ceramic fracture analysis.

The other two chapters are basic to much of ceramics. In ceramics, microstruc-
ture determines properties; the study of that relationship has been a main theme
for decades. A. H. Carim’s chapter illustrates the range of microscopic and micro-
analytic techniques used to determine the structures and composition of ceramic
microstructures. Another foundation of ceramics is reactivity and phase behavior.
Knowledge of these topics is basic to understanding all forms of thermal processing
of ceramics. P. K. Gallagher’s chapter on reactivity and thermal analysis is an
authoritative account by one of the experts of the field.

Ronald E. Loehman
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Preface

Chemical and physical basics paired with engineering “black box” concepts as well as
practical and theoretical experience in conventional and advanced ceramics paired with
unorthodox ideas for future materials are the humus of the book in hand. On the one
hand, it is a guideline for students, scientists, and engineers, and on the other hand, it
presents ideas for visionaries. It is the alliance of a view into the past, the present, and
the future. Not more, not less. May the readers have exactly the same pleasure with
the book in hand as we have had with its creation.

The book is based upon lectures/papers/posters that are held/published/presented
at/from the Department Aldinger of the Max-Planck-Institut fiir Metallforschung
(Germany) and the Chair Aldinger on Nichtmetallische-Anorganische Materialien of
the Universitat Stuttgart (Germany) during the past decades — joint institutions which
became also known as “Pulvermetallurgisches Laboratorium (PML)”. A selection of
these works is accumulated in (76]-[189]. Some of the knowledge of [76]-[189] is used as
“case studies” in the book. We truly regret that it was not possible to include all works
that were done at the “Pulvermetallurgisches Laboratorium (PML)” during that time.
Nevertheless, we hope that most of the readers consider the selection of works presented
in this book satisfactory. Furthermore, we hope that most of the readers consider our
decision to discuss ceramic materials within an extended frame of reference, which also
incorporates metallic materials and organic materials, satisfactory. Moreover, we hope
that at least some of our readers agree with us that it is a good time to carry out
first steps towards future materials paving the way to artifical gravitation technologies
and energy production technologies that go beyond chemical and nuclear reactions —
exactly this is what we want to do in the final chapter of the book.

We wish to thank Dorothee Klink for the proofreading, Bernd Heinze for supplying
us with nice photographs, CeramTec [71] for the abandonment of product images,
microstructure images, and pictures of technical facilities, and SGL Brakes GmbH [72]
for the release of images of ceramic (carbon) brake discs. Furthermore, we would like
to thank Joachim Bill and Jerzy Golczewski for their valuable help. Moreover, the
coauthor would like to thank Arndt Simon and Jiirgen Kohler for the stimulating time
at the Department Simon of the Max-Planck-Institut fiir Festkorperforschung.

Fritz Aldinger und Volker A. Weberrufs,
Stuttgart, January 2010.
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Defining Ceramics
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1. Advanced Ceramics

‘What would the ancient China have been without chine? Imperfect! What would be
tho life of today without dental prostheses? Painfull What would be the space shuttle
without thermal tiles? Disastrous! What would be the daily communication without
mobile phones? Unimaginablet Is it thus carrying things too far that ceramic materials
are objects of technologies of the past, the present, and the futurc? No way! But what
are ceramic materials actually? Which structure do they have? How are their properties
relatod to their structure? How are these manufacturcd? How are these modeled? Going
somewhat beyond the conventional textbooks and the conventional monographs on
modern ceramics, in the chepters that follow, an elaborate picture of modern ceramics
is developed.

Going beyond the hellenic word kerames (“fired s0il”}, on the one haad, ceramics
is defined a5 a name for products made out of non-metallic inorgavic substances, and
on the other hand, ceramics is definod ax the art and science of making materials and
products of tallic i ic sub [28). N: lly, following the standards
of modern physics and modern chemistry, we want to iate the notion non-metallic
with non-metallic energy band structures and their dependence on further constraints
such as temperature and pressure, and we want to associate the notion inorganic with
substances not showing the chemical structures of hydrocarbons. Certainly, we want
to i tional ics, but we want to focus on advanced ceramics. We
here compare with Figurc 1.1, which shows the classifications, the definitions, and the
terminology used in this book, and we here compare with Figures 1.2-1.13, which show
some selocted starting materials as well as some selected products of various branches
of the ceramic industry.

‘We should already here appreciate that advanced ceramics meots the highest
d ds of present technologies. For instance, many ceramic materials are extremly
resistant against abrasion! For instance, many ceramic materials are extremly resistant
against heat! For instance, depending on further constraints such as temperature and
Ppressure, ceramic materials can be insulators, ceramic materials can be conductors,
and ceramic materials can be semi-conductors. Dear reader, ceramic matcrials even can
be ferroelectrics without which the performance of present cormmunication technology
would be more than poor. Dear reader, the hip joint endoprostheses that are shown in
Figure 1.10 are implants meanwhile doing their job in hundreds of millions of human
bodies worldwide! Isn’t this a feat?
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12 1. Advanced Ceramics

Going beyond advanced ceramics, in the final Chapter 5, first steps towards new
fields of materials research are carried out. The following first introductory remarks
already here should be useful. On the one hand, a branch of research is started up
dealing with the question “How must materials be structured and how must their
technical environment be structured that these can be used as the material basis for an
oscillatory system generating a measurable oscillatory gravitational field, so to speak, as
the material basis for a gravitational laser?” On the other hand, a branch of research is
started up dealing with the question “How must materials be structured and how must
their technical environment be structured that these — fundamentally going beyond
nuclear techniques and matter-anti destruction - can be disaggregated into
radiation, which in turn can be used as starting point for new types of energy plants,
new types of spacecraft propulsions, and new types of matter conversion techniques?”
For this purpose, a self-consistent network of model conceptions is launched, which
some coll may ider as a direct extension of the Ginzburg—Landau theory of

uperconds ity [20] or as a semi-classical approach to quantum systems comparable
to the Wunner-Main approach to quantum systems {34, 35, 64], however, which could
turn out to be the true nonli tension of ional quantum mechanics {63}, on
all accounts, which works without any known restrictions, and which firstly can supply
us with much more information about the principles that govern the constitution, the
stabilities, and the instabilities of materials than the methods of thermodynamics and
the methods of quantum mechanics can do, and whicb secondly can supply us with
paths to these new fields of materials research. Certainly, it goes far beyond the scope of
this book to develop these new fields of research in great detail already here. However,
the first steps towards this goal indeed are taken here.

Why do we think that a book about advanced ceramics is the adequate place for
such first steps? Well, on the one hand, in the framework of advanced fuels such as
nuclear,_fuel rods, ceramic materials play an important role so that we expect that
ceramic materials will also play an important role in our more advanced context. Well,
on the other hand, wanting to gain an access to artifical gravitation, it should not be
the worst choice to depart from materials with a relatively high mass density and a
relatively low free charge carrier density, promising us high gravitational radiation and
low electromagnetic radiation, as it is the case for a lot of ceramic materials. Anyway,
departing from advanced ceramics of the past and the present, let us also point into
the future of materials.

.
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