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Natural glass

Volcanic, e.g. Obsidian

Lightning, Fulguritesg g, g
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History

According to the ancient-Roman historian Pliny (AD 23-79), Phoenician merchants 
transporting stone actually discovered glass (or rather became aware of its existence 

id ll ) i h i f S i d 000 Caccidentally) in the region of Syria around 5000 BC. 
The earliest man-made glass objects, mainly non-transparent glass beads, are thought to 
date back to around 3500 BC, with finds in Egypt and Eastern Mesopotamia. In the third 

ill i i t l M t i th b i t i l f l b i dmillennium, in central Mesopotamia, the basic raw materials of glass were being used 
principally to produce glazes on pots and vases. The discovery may have been coincidental, 
with calciferous sand finding its way into an overheated kiln and combining with soda to 
form a coloured glaze on the ceramicsform a coloured glaze on the ceramics. 
After 1500 BC, Egyptian craftsmen are known to have begun developing a method for 
producing glass pots by dipping a core mould of compacted sand into molten glass and 
then turning the mould so that molten glass adhered to itthen turning the mould so that molten glass adhered to it. 
A major breakthrough in glassmaking was the discovery of glassblowing some time 
between 27 BC and AD 14, attributed to Syrian craftsmen from the Sidon-Babylon area. 
The long thin metal tube used in the blowing process has changed very little since then. InThe long thin metal tube used in the blowing process has changed very little since then. In 
the last century BC, the ancient Romans then began blowing glass inside moulds, greatly 
increasing the variety of shapes possible for hollow glass items.
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History

It was the Romans who began to use glass for architectural purposes, with the discovery of 
clear glass (through the introduction of manganese oxide) in Alexandria around AD 100. 
Cast glass windows, albeit with poor optical qualities, thus began to appear in the most 
i b ildi i R d h l i ill f H l d P iiimportant buildings in Rome and the most luxurious villas of Herculaneum and Pompeii.
Towards the year 1000, a significant change in European glassmaking techniques took 
place. Given the difficulties in importing raw materials, soda glass was gradually replaced 
b l d i th t h bt i d f th b i f tby glass made using the potash obtained from the burning of trees.
The 11th century also saw the development by German glass craftsmen of a technique -
then further developed by Venetian craftsmen in the 13th century - for the production of 
glass sheetsglass sheets. 

By blowing a hollow glass sphere and swinging it 
vertically, gravity would pull the glass into a cylindrical 

Crown Movie

"pod" measuring as much as 3 metres long, with a width 
of up to 45 cm. While still hot, the ends of the pod were 
cut off and the resulting cylinder cut lengthways and laid 
fl O h f h l i l d d lflat. Other types of sheet glass included crown glass 
(also known as "bullions"), relatively common across 
western Europe. With this technique, a glass ball was 
blo n and then opened o t ards on the opposite side to
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blown and then opened outwards on the opposite side to 
the pipe.



History

In the production of flat glass (where, as explained earlier, 
molten glass had previously been poured onto large tables 
h ll d fl i " l " l d d d li h dthen rolled flat into "plates", cooled, ground and polished 

before being turned over and given the same treatment on the 
other surface), the first real innovation came in 1905 when a 
B l i d F lt d t ti ll dBelgian named Fourcault managed to vertically draw a 
continuous sheet of glass of a consistent width from the 
tank. Commercial production of sheet glass using the 
Fourcault process eventually got under way in 1914Fourcault process eventually got under way in 1914.

The float process developed after the Second World War by 
Britain's Pilkington Brothers Ltd and introduced in 1959

The Pennvernon Drawing 
Britain s Pilkington Brothers Ltd., and introduced in 1959, 
combined the brilliant finish of sheet glass with the optical 
qualities of plate glass. Molten glass, when poured across the 
surface of a bath of molten tin, spreads and flattens before

Machine, 1925

surface of a bath of molten tin, spreads and flattens before 
being drawn horizontally in a continuous ribbon into the 
annealing lehr.
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Antique engraved Czechoslovakian 
glass colored yellow with silver and 
red with gold (colloidal particles).red with gold (colloidal particles).
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What is a glass?

1. Prepared by cooling from a liquid state without crystallization

Glass may be thought of as a product of kinetics.

2. A glass is an amorphous solid without long range order or periodicity in 
the atomic arrangement

Many different (low temperature) ways of making glasses

Are all amorphous solids glasses?Are all amorphous solids glasses?

Non-crystalline solids: Glass is one category
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Oxide glasses

Main glass forming oxides:
SiO2

B2O3B2O3

GeO2

P2O5

Intermediate electronegativity
Do not form ionic bonds as in MgO, NaCl

Three dimensional polymeric structures.

Other glass forming oxides:
If cooled rapidly: As2O3, Sb2O3

C di i l l fConditional glass formers:
Al2O3, Ga2O3, Bi2O3, SeO2, TeO2

(Al2O3 – CaO)
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In silicate glasses:

B3+, Ge4+, Al3+, Be2+, P5+: Network formers
Triangular or tetragonal coordination

K+, Na+, Mg2+, Ca2+: Network modifiers
Large cations, reduces crystallization tendencies

The SiO4
4- tetrahedron
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Random network of SiO4-groups (and 
other 4- or 3- coordinated elements.

Suppress nucleation.

Supercooled liquid?Supercooled liquid?
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Viscosity

The viscosity of liquids above the melting pointThe viscosity of liquids above the melting point.
Silica 1710ºC (just above melting: 107 poise (106 Pa s)
(H2O (0ºC) or LiCl (613ºC): 2x10-2 poise (2x10-3 Pa s)

W ki f l ll b t 103 106 6 PWorking range for glass normally between 103-106.6 Pa s

Viscosity is related to bonds present. (breaking and forming strong bonds)

(B t Z Cl( ) d lt LiNO C (NO ) f l h l d)(But e.g. ZnCl(aq) and molten LiNO3-Ca(NO3)2 may form glass when cooled)

1 Pa s = 10 Poise
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Zachariasen’s rules

From observation of glass forming abilities of oxides, Zachariasen concluded 
that formation of three-dimensional extended networks was important.p

Zachariasens rules pertain to glasses, but are applied to the oxides in their 
crystalline state.

1. An oxygen atom is linked to, at most, two other atoms
2 The coordination number of the other atom is small2. The coordination number of the other atom is small
3. The coordination polyhedra, formed by oxygen around the 

other atoms, share corners and not edges or faces
4. The polyhedra link up to form three-dimensional networks
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Rules 1 and 3 makes it possible to construct a three-dimensional network without 
long range order.
Corner linking of SiO4 tetrahedra results in a flexible structure where the Si-O-Si 
angle may vary without distorting the O-Si-O angle, which defines the tetrahedron.

Si4+

Na+

O2-

Crystalline SiO2 (quartz, 
cristobalite, tridymite… Random arrangement 

Soda glass

1. An oxygen atom is linked to, at most, two other atoms

, y
in SiO2 glass

Soda glass

yg , ,
2. The coordination number of the other atom is small
3. The coordination polyhedra, formed by oxygen around the other atoms, share 

corners and not edges or faces
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4. The polyhedra link up to form three-dimensional networks

Rule 3: 
When sharing edges or faces the flexibility of the framework, without deforming the 
polyhedra is limited.

Rule 2:
Related to rule 1; when the coordination number of the center atom is small, the 
coordination of oxygen is small. (Depends on oxidation state)

In SiO2: Si is 4 coordinated, i.e. oxygen is 2-coordinated.

1. An oxygen atom is linked to, at most, two other atomsyg , ,
2. The coordination number of the other atom is small
3. The coordination polyhedra, formed by oxygen around the other atoms, share 

corners and not edges or faces
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4. The polyhedra link up to form three-dimensional networks



Alkali and alkaline earth:Alkali and alkaline earth:
Low oxidation state, high coordination number

Na2O: NaO4-polyhedra, (ONa8)2 4 p y , ( 8)
MgO: MgO6-polyhedra (OMg6)

Share edges.g

Group 3 (13): M2O3:

If O should be 2 coordinated, then M must be three-
coordinateed

B2O3: Boron is three coordinated (O two-coordinated)

Al2O3: Al is six-coordinated. (O four-coordinated)
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2 3 ( )

Group 4 and 5 (14 and 15)

If M is tetrahedrally coordinated: 
O is two-coordinated (group 14) e.g. MO2

or a bit less than two (group 15) e g M Oor a bit less than two (group 15) e.g. M2O5

e.g. P2O5: three oxygen are 2-coordinated and 
one 1-coordinated)one 1-coordinated)

P di tiPredictions:
V2O5, Nb2O5, Ta2O5, Sb2O5, P2O3, Sb2O3

But also exceptions. B2O3 does not easily form glass
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But also exceptions. B2O3 does not easily form glass



Thermodynamics

Tg, Glass transition temperature

Liquid

Cooling

g, p

g

Crystallization Supercoolingy p g
undercooling

Slower cooling
Glass formation

Slower cooling
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Angell (1970): T0: Ideal glass transition temperature
Related to entropy considerations:Related to entropy considerations:
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Between Tm and Tg the heat capacity of the 
undercooled liquid is higher than that of theundercooled liquid is higher than that of the 
crystals.

At T the shaded area corresponds to the net lossAt Tg the shaded area corresponds to the net loss 
of entropy compared to the loss for the crystals.
This area is still smaller than ΔS(melting)

At T0 the area is equal to ΔS(melting)

Below T0 the amorphous glass phase would have 0 p g p
a lower entropy than the crystalline phase!
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Kinetics

For glass formation the rate of crystallization in an 
undercooled liquid must be slow enough to 
suppress crystallizationsuppress crystallization.

Crystal  formation involves
a) Nucleationa) Nucleation
b) Crystal growth

Nucleation:Nucleation:
• Homogeneous
• Heterogeneous (foreign particles, 

container surface etc.))

When nucleation is fast, crystal growth is the rate 
limiting step

Experimentally observed dependence of 
crystallization rate with temperature

KJM3100 V2008



Heterogeneous nucleation

The driving force for crystallization is the 
difference in free energy

Close to Tm crystals and liquid have similar free 
energy
Below Tm the free energy of the crystals is lower 
th f th li idthan of the liquid.

If the entropy of fusion (melting) is independent 
of temperature:of temperature:

ΔG = ΔH – TΔS
At T :At Tm:
ΔG = ΔHm – TmΔSm = 0,     ΔHm = TmΔSm

ΔG = ΔS (T -T) for T < TΔG  ΔSm(Tm T)     for   T < Tm

At lower temperatures the increase in viscosity 
decreases the diffusion rates
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Homogeneous nucleation

E.g. very clean water may supercool significantly.
There is a limit: At -40˚C water will always crystallize

For homogeneous nucleation the crystallization curve is similar to the one 
for heterogeneous nucleation, but shifted to lower temperatures.:

The activation energy for nucleation is higher than for growth.
The surface energy of small nuclei is large.
This increase in free energy must be weighed towards the decrease in freeThis increase in free energy must be weighed towards the decrease in free 
energy on crystallization.

Nucleation is a dynamic process, and nuclei are formed and dissolved Nucleation is a dynamic process, and nuclei are formed and dissolved 
continuously.
The critical size for a nucleus is determined by the size of the surface 
energy relative to the decrease in free energy upon crystallization.gy gy p y

The critical size is temperature dependent, decreasing with decreasing 
temperature.
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Glass structure

Bond type Examples

C l t O id (Sili t t )Covalent Oxides (Silicates etc.), 
chalchegonides, organic high 
polymers

Ionic Halides, Nitrates etc.

Hydrated ionic Aqueous salt solutions

Molecular Organic liquids

Metallic Splat-cooled alloysMetallic Splat-cooled alloys
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Glass structure
Vitreous silicaVitreous silica

SiO2 built from corner sharing tetrahedra in a three dimensional 
infinite network. 

d diff i diff b d “ k ” l dPowder diffraction: diffuse, broad “peaks”, no long range order.

Reflects the typical distances in the glass, i.e. short range order.
R di l di t ib ti i l ti f tiRadial distribution curve, pair correlation function

Si-O O-O Si-Si

KJM3100 V2008 Random or microcrystallite model?



Silicate glasses

Binary silicate glasses:
• Network modifying oxides: alkali, alkaline earth
The network is broken up (non-bridging bonds) resultsThe network is broken up (non bridging bonds), results 
e.g. in lower viscosity in liquid state
E.g. alkali oxide/SiO2 ratio  1:2:
Na2O ·2SiO2 (Na2Si2O5) Si/O = 1:2.52O S O2 ( 2S 2O5) S /O : .
I.e. Si is surrounded by 3 bridging and one non-bridging 
oxygen (on average)
Devitrification is increased

• Glass forming or conditional glass forming oxides:
Substitution in silicate network; the network is 
maintained. Devitrification (crystallization) is difficult.

E.g. SiO2/PbO up to 80% PbO
SiO2/B2O3: solid solution over the entire range
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Vitreous B2O3 and borate glasses

Structure from X-ray diffraction and spectroscopy (11B NMR, Raman…)

Structural groupings present in alkali borate 
glasses as proposed by Krogh-Moe: 
a) boroxol b) pentaborate c) triborate and

Raman spectrum of pure vitreous boric oxide 
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a) boroxol, b) pentaborate, c) triborate and 
d) diborate groupings. 



Alkali borate glasses

Addi lk li Th “b id l ”Adding alkali: The “boron oxide anomaly”
Na2O-B2O3: the viscosity increases with increasing alkali content (max at ca. 16 mol%)
Increasing the coordination of boron?

(Non-bridging oxygen)

Structural model of alkali borate glasses as a function of the modifier content. Dashed 
lines correspond to Krogh-Moes' prediction solid lines to experimental results The
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lines correspond to Krogh-Moes  prediction, solid lines to experimental results. The 
tetraborate groupings are combinations of tri- and pentaborate groupings. 

Liquid immiscibility

Not all glasses and glass-melts are homogeneous and single phase.

E.g. 20% CaO, 80% SiO2 Immiscibility from ca. 1700-2000˚C

Often metastable immiscibility; the immiscibility dome in CaO-SiO2 is only the upper 
part of a larger metastable immiscibility dome.

Li2O-SiO2 and Na2O-SiO2: Only metastable immiscibility.

In glasses, metastable immiscibility is especially important as we are operating in a 
metastable regime.
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Liquid immiscibility in glasses

The appearance of a glass containing a immiscibility texture depends on composition 
and temperature:

If h i hi h i f d Th d d h lIf the temperature is high, a coarse texture is formed. The texture depends on the volume 
fraction: 
At lower volume fractions it may be droplets in a (liquid) matrix while it may form 
i t t d t k h th l f ti f i il iinterconnected networks when the volume fractions are of similar size.

If the temperature is low, diffusion limitation results in much finer texture.

The optical appearance of a glass with immiscibility texture depends on the scale of the 
texture, compared to the wavelength of light. It also depends on the difference in 
refractive index of the two phasesrefractive index of the two phases.

Coarse texture (> wavelengths of light) and large differences in refractive index may 
give opaque glasses.give opaque glasses.
Texture on a scale similar to the wavelengths of light and with a small difference in 
refractive index may be opalescent; e.g. blue in reflected and orange in transmitted light.
Very fine texture may give very little reflections from the internal boundaries and the 
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y y g y
glass may appear very clear.



spinodal 
decomposition indecomposition in 
polymer systems
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Structural theory

Liquid immiscibility occurs typically in silica-rich glasses.

The immiscibility dome is present with e.g. MgO, CaO, SrO
The immiscibility dome is metastable with BaO and alkali oxides.

A correlation between the tendency of immiscibility and the bond strength was proposed.
I.e. the z/r ratio (charge over radius) greatest for Mg, smallest for cesium. The formation 
of immiscibility regions increases with z/r.

May also be seen as a competition between the modifier atom and silicon.
Modifier cations prefer non-bridging oxygen atoms; i.e. Si-O bonds will be broken, and 
h b d f ili i h d ili d ithere may be a tendency to form silica-rich and silica poor domains.

Exceptions: e.g. due to coordination of the cation; substitution effects. (BeO, Al2O3, 
G O P O ) N t k f i tiGeO2, P2O5) Network forming cations.
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Coordination 

Apply Paulings rules to glasses: silicon and borate glasses

E.b.s. = z/CN (Charge/coordination number)

Small values of e.b.s.: only metastable immiscibilitySmall values of e.b.s.: only metastable immiscibility
K+: 1/8, Na+, Li+: 1/6

Intermediate values; change from stable to metastable immiscibility domes; g y
1/4: Sr2+, Ba2+, CN=8

Large values: stable immiscibility domes:
1/3: Fe2+, Zn2+, CN=6
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Thermodynamics, immiscibility

Do the two phase mixture have lower free energy that the mixture of two phases?

ΔG = ΔH – TΔS

Mixing two liquids to a single phase increases the entropy, ΔS > 0

The enthalpy of mixing determines the formation of immiscibility regions.

If the A-B (attractive) interaction is stronger than the A-A and B-B interaction, 
ΔH<0, ΔS>0 i.e. ΔG<0, i.e. full miscibility

If h h l f i i i i i ( d h i ) h i l i fIf the net enthalpy of mixing is positive (endothermic) there is a larger attraction for 
like atoms to cluster.
The positive ΔH must be balanced toward -TΔS (temperature dependent)

This results in a tendency for immiscibility at low temperature, but miscibility at 
high temperature.
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Mechanism T1: homogeneous 
mixture

Phase separation:

mixture

T2: immiscibility

•Nucleation and growth
•Spinodal decomposition

T1 fl i di l ( )T1: fluctuations re-dissolve (concave)

T2:
B t d ( d d d b) t blBetween a and c (and d and b): concave, stable 
toward small fluctuations, but unstable to larger 
fluctuations:
Nucleation and growth mechanism i eNucleation and growth mechanism, i.e. 
activation energy.

Between g and d: convex any small fluctuationBetween g and d: convex, any small fluctuation 
will result in a demixing and a lowering of free 
energy.; Spinodal decomposition
This happens without energy barriers!
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This happens without energy barriers!
(I.e. very difficult to avoid even in glass)

Viscosity
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Conductivity of glass

Borate and silicate glass: low electrical conductivity 
(10-10 – 10-20 ohm-1cm-1), i.e. electrical insulators

M h hi h i i d i i Th d i h il d i dMay have high ionic conductivity.  The conduction pathways are not as easily derived as 
in crystalline solids. The energy landscape is more complex.

The conductivity is composition dependent: y p p
e.g. Na2O-SiO2 glass at 400˚C.

Large dependency of ionic conductivity on 
Na O contentNa2O content. 
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Mixed alkali effect

Increases with difference in ionic radii
Increases with decreasing temperature
Affects both cations.

Large effect with small amounts of substitution
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Large effect with small amounts of substitution

Still poorly understood!



Modeling of mixed alkali effect using Reverse Monte Carlo and bond valence (2003)
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Vycor© (Corning)High silica glass (~96% SiO2)
Prepared from low-melting sodium boratePrepared from low melting sodium borate 
glass, utilizing the immiscibility effect:

Prepared from Na2O-B2O3-SiO2 mixt.
Pyrex is made in similar way, but with 
non-interconnected texture.p 2 2 3 2

(immiscibility, interconnected texture)

Leach sodium borate rich phase
(porous matrix remains)

Heat to 1000ºC (densify)

Softening Point 1530° C

Annealing Point 1020° C

Strain Point 890° C

Thermal Expansion (0-300° C) 7.5 x 10-7/° CThermal Expansion (0 300 C) 7.5 x 10 / C

Density 2.18 g/cm3

Knoop Hardness 487

Refractive Index (589 3 nm) 1 458
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Refractive Index (589.3 nm) 1.458

Continuous Operating Temp 900° C



Chalcogenides

Viscous melts (S and Se)
Selenium: 
Long chain spirals

Sulphur: 

Viscous melts (S and Se) Long chain spirals.
Viscous melt, decreasing with 
increasing temperature
Forms glass T ~31ºCp

Complex melt and solid. A number of 
crystalline polymorphs.
Viscosity goes through a maximum 

Forms glass, TG ~31 C

Tellurium: Does not form glass 
readily. Melts at 453ºC

upon heating

S

readily. Melts at 453 C

S8

Polymerization, Sn,n=105-106

Decreasing chain length

Plastic sulphur: undercooled liquid
Devitrify at room temperature
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Forms a glass below RT, TG ~-27ºC

Semiconducting glasses

Chalcogenide-based glasses may be semiconducting, e.g. S-As

O ide based: incl des transition metalsOxide based: includes transition metals

Differences between amorphous and crystalline semiconductors:

• Amorphous SC over a wide 
compositional range allows systematic p g y
variations (tailoring) to be made.

• Amorphous SC may be prepared in 
any shape e g thin filmsany shape, e.g. thin films.

• Amorphous SC are more insensitive 
to doping. 
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Photocopy

The drum is coated with amorphous Se (or another 
semiconductor) which is semiconducting and 
photoconductingphotoconducting

Charge drum (positively)

Expose to light (generate electron-hole pairs in Se)

Neutralize charge, where exposedg , p

The image on the drum is now positively charged 
(black)

Negatively charged black ink is deposited on the 
drum.

Transferred to paper by discharge corona

Fi d b h ti
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Fixed by heating.

Glass ceramics

Crystalline substances made from glasses.
Devitrification usually destroys the mechanical properties of the glass.y y p p g

Controlled devitrification to give a fine-grained ceramic. 
Induced by forming a large number of nuclei:

1. Colloidal metals
2. Adding oxides, which are soluble at high temperature, but which precipitates at 

l ( i )lower temperatures (e.g. TiO2, ZrO2)
3. Homogeneous nucleation by annealing

Interfacial tension between the nuclei and the crystallizing phase should be low.

Th t l t t f th l i d th t i l t b d it ifi d h ld hThe crystal structure of the nuclei and the material to be devitrified should have 
common structural features.
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Nucleation temperature lower than crystallization temperature.

Crystal sizes typically 100 nm – 1 μm
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Macor® 
Macor® machinable glass ceramic withstands highMacor® machinable glass ceramic withstands high 
temperature while providing tight tolerance capability. 
Special Features

1.Excellent physical properties 
2.High dielectric strength 
3.Electrical resistivity 
4.Non-porous and non-shrinking 
5 Machined into complicated shapes and precision5.Machined into complicated shapes and precision 
parts using ordinary metal working tools 

Properties SI/MetricProperties SI/Metric

Temperature Limit 1000° C

Dielectric Constant,1Khz at 25° C 6.03

Di l t i St th AC DCDielectric Strength. AC or DC
(at .01” thickness, 25° C)

40KV/mm

DC Volume Resistivity at 25° C >1016 ohm-cm

Thermal Conductivity at 25° C 1.46 W/m° C Silicon SiO 46%y

Coefficient of Expansion 25-300° C 93 x 10-7/° C

Density, g/cm3 2.52

Modulus of Elasticity at 25° C 64 GPa

Silicon - SiO2 46%
Magnesium - MgO 17%
Aluminum - Al2O3 16%
Potassium - K2O 10%
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y

Porosity 0

Potassium K2O 10%
Boron - B2O3 7%
Fluorine - F 4%

Macor® 
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Randomly oriented mica flakes in the microstructure of MACOR MGC 
are the key to its machinability.


