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An Introduction to Glass Science

DEFINITION

Glass is an amorphous material, and the most important
properties can be counted as;

- it is transparent,
- it is inert to reactions with most of the chemicals; and
— it is strong and rigid.

L{' 1S el al -13131'":}1..?3

The worst property of glass is its fragility.

The most accepted definition of glass is the one suggested
by ASTM at 1945:

“Glass- an inorganic product of fusion that has cooled to a
rigid condition without crystallization.”



Crystalline Silica

If silica (SiO,) which is a highly viscous liquid, is cooled
very slowly, it can form a crystalline solid material called
quartz.

In crystalline silica, Silicon ion |
(Si**) forms a constraction unit, |
together with 4 oxygen ions (02") |
around it.

In this construction unit, silicon
takes place in the center of the
unit and it is surrounded by
oxygens to form a tetrahedron.







Vitreous Silica

When a rapid cooling is applied, silica tetrahedra can not
arrange themselves accordingly. In this way, the glass
state will develop.

In two dimensional scheme

Crystalline silica

Vitreous silica
(quartz)



Although there are irregular holes between the

structural units of vitreous silica, Si-O-Si bonds are
very strong bonds.

These oxygens, taking place in the network, are
called bridging oxygens.

O O O
NSNS /N
S1 S1 Si
/N A N/ \ #

O O O

Bridging oxygens



Alkali Metals (Li, Na, K)

(Network Modifiers)

They are at the first column (IA) of periodic table.

They have one single electron at their last orbit. So
they can easily give this electron and form an ionic
bond with the oxygen in the network.

They break the strong covalent bonds of the
network, Si-O-Si (Bridging property) and form weak
ionic bonds. Oxygen ions which take place in these
ionic bonds called non-bridging oxygens.

They called as modifiers.



O O 0 O
NN N TN \_/\_/O“‘\Si
S1 S1 S1 Si S1
SN / N/ N /7 A T .
O O O O O  Na®
Bridging oxygen Non-bridging oxygen

(bonded to alkali ion)

Alkali ions (Li, Na, K )

Attraction force

Li* < Na* <K*

Ionic radius



Alkaline Earth Metals ( Mg, Ca, Sr, Ba )
(Network Modifiers)

eThey are at the second column (IIA) of periodic table.

eThey have two electrons at their last orbit, so they can
give these electrons (gain +2 charge) and form two ionic

bonds with two oxygens in the network. They are
modifiers as well.

e They break the strong covalent bonds of the network
like alkali metals, and they form two ionic bonds. Since
they are bonded to two non-bridging oxygens, they hang
on the network more strongly than alkali ions.

e Like the alkali ions, they break the network continuity.



O 0 O 0 o

NN N TN N SN N s
S1 S1 S1 Si Si Si Ca*™
O O O 0 O O-
Bridging oxygen Non-bridging oxygen

(bonded to alkaline earth ion)

Alkaline earth ions ( Mg?+, Ca?*, Sr¢+, Ba?+ )

Attraction force

Mg < Ca < Sr<Ba

Ionic radius



-lime-silicate glass

Structure of soda



Aluminum

(Intermediate)
« It stays on the third column (IIIA) of the periodic table.

e It shows both covalent and ionic character (amphoteric).
As a result of having small ionic radius and high electronic
charge (3+), it forms strong bonds with oxygen.

e Since it is amphotheric it can form AlIO, tetrahedron at
the similar size of the tetrahedron of SiO,%. So it can
show similar properties to silica but Al can not form
construction units itself.

e It is not a network former but can take place a former
role in the silica network. So it is an intermediate.



O 0 O 0 ¢

NN N TN N SN N
S1 Si Si Si Al Si
£ &£ NF N Z 7 N 2 N P
O O O 0O 0O 0
Tetrahedral structure The position of alumina
of silica (AlO,7) in the silica

network



Boron
(network former)

« It stays at the third column (IIIA) of the periodic table like
Al.

¢ It is both a network former like silica and can take place in
the silica network as well.

e The coordination humber can be three or six fold depending
on the network modifiers in the structure whereas silica has a
fourfold coordination.

e It has a high attraction force on oxygen in both
coordinations resulting a strong B-O bond.

e On the other hand, B-O-B construction units are weaker at
higher temperatures. This property brings easier melting and
lower viscosity. B keeps this property on both borate glasses

(as network former itself) and silicate glasses (as an
intermediate).



/TN O O
O O N ./ N P R s
| | S1 B S1
B B Fz N NN
BO; network The position of boron in

(trigonal structure) the silica network
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Intensity (cps)

DETERMINATION OF GLASS FORMING ABILITY
Formation of a glass 1s a rather simple process. The appropriate batch
1s prepared, placed in a crucible, heated to form a crystal-free melt, and
cooled to room temperature. The sample is examined to determine if it
contains crystals, using methods ranging from casual visual examina-
tion, to X-ray or electron diffraction. If no crystals are detected, the
sample is deemed to be a glass; if crystals are detected, it is described
as either partially- or fully- crystallized, depending upon the extent of
crystallization,

ment ﬂiIh a series Qf decrgagmg coe]mg rates. Coollng rdtes below the

1 wi n har d by an exothermic peak in the thermal
spectrum, due to the release Df the heat of crystallization. Absence of
such a peak in a thermal spectrum is often taken as evidence of a lack of
crystal formation, i.e.. glass formation. This technique is best suited for

Quartz: Si0,
—— Anorthite: CaAl;Si;0q %% 1008 ?
IU
|33]HE E
Q
300 - || £
e
Amorphous silica I I -~ =
bulge | 31962 %
I =
200 Il g
\ g
o
N
a g
0Ny, g
+ | ] ] | ] |
400 500 600 700
0 . : . , . . : J Temperature (°C)
5 10 15 20 25 30 35 40 45 50 55
20 CuK, A typical differential scanning calorimeter curve for a glass which forms a

single crystalline phase on reheating



RAW MATERIALS

Table 3.1 Raw Materials for Glassmaking

Common Name

Nominal Compaosition

Gravimetric Factor®

Albite feldspar

Alumina
Alumina hydrate
Anorthite feldspar

Aplite

Aragonite

Bone ash

Barite (barytes)
(Heavy spar)

Borax

Anhydrous borax

Boric acid

Burnt dolomite

Caustic potash

Na,0-Al,0,-6Si0,

Al O,
4‘\ i 301 "3 HEG
Ca0-AlLO,-2510,

Alkali lime feldspar

CaCQ,
3Ca0-P,0; or Ca,(PO,),

BaSO,

NE}_D—'EBED:I.' I. DH;D

Na,0-2B,0,

BQO] * 3 H';D
CaO-MgO

KOH

Na,0 = 8.46
ALO, = 5.14
Si0, = 1.45
ALO, = 1.00
ALO, = 1.53
CaO = 4.96
ALO, = 2.73
8i0, = 2.32

Varies with exact
composition

CaO = 1.78
Ca0O = 1.84
P.O. = 2.19
BaQ = 1.52
Na,O = 6.14
B,O, =274
Na,O = 3.25
B.,O, = 1.45
B.O,=1.78
Ca0 =1.72
MgO = 2.39
K,O0=1.19



Caustic soda

Cryolite
Cullet
Dolomite

Fluorspar
Gypsum
Kyanite

Lime (quick lime)
(Burnt lime)

Limestone (calcite)

Litharge (yellow lead)

NaOH
3INaF-AlF,

Scrap Glass

CaCO,-MgCO,

CaF,
CaS0,-2H,0
AlO,-810,

Ca0

CaCoO,
PbO

Na.,O = 1.29

NaF = 1.67
AlF, = 2.50

Varies with exact
composition

CaQ = 3.29
MgO = 4.58

CaF, = 1.00
CaO = 3.07

Varies with exact
composition

CaO = 1.00

CaO = 1.78
PbO = 1.00




Microcline

Nepheline

Nepheline syenite

Miter (saltpeter)
Potash

Red lead
Salt cake
Sand

(Glassmaker’s sand)

{Potter’s flint)
Slag

Slaked hime
Soda ash

Soda niter
(Chile saltpeter)

Spodumene

Whiting

K,0-ALO,-6Si0,

Na,0-ALO,2Si0,

Mixture of nepheline
and feldspars

KNO,
KO or K.CO,

Pb.0,
Na,S0,
Si0,

Blast furnace waste glass

Ca0-H,O or Ca(OH),
Na,CO,
NaNO,

Li,0-Al,O;-4810,

CaCoO,

K,O = 591
AlLO, = 546
Si10, = 1.54
Na,O = 2.34
AlLO, = 1.73
Si0, = 1.47
Varies with exact
composition
K.0 =215
K,O = 1.00
K"]U =147
PbO = 1.02
Na,O = 2.29
S10, = 1.00

Varies with exact
compaosition

CaQ =1.32
Na., 0 = 1.71
MNa, 0 =274
Li,O = 1246
AlO, = 3.65
§i0, = 1.55
Ca(=1.79

*Quantity required to yield one weight unit of the glass component.



COMPOSITIONAL NOMENCLATURE

Historically, oxide glass compositions were expressed in terms of
weight percentages of the oxide components, in what is known as oxide
Sformulations. A composition for a soda—lime-silicate glass might thus be
given as 15% soda, 10% lime, and 75% silica. The reader is assumed to
know that the percentages are based on weights of each component,

Use of the stoichiometry approach for oxide glasses, however, can
be much more confusing. Consider, for example, the general formula
xL1,0-(100-x)810,, where glasses can be made with x having any value
between (0 and 40. If we use the atom’ approach, this series of glasses
would be described by the general formula Li,, Sijj00.O 00, Certain
specific compositions, e.g., x=33.33, can be expressed as either
33.33L1,0-66.67510, or as Lig-S1,4-0,4, 1 or, with reduction to simpli-



BATCH CALCULATIONS

Glass composition: 20Na,0-5A1,0,-75810,
Molecular weights of components (in g mol™'):

Na,O = 61.98 ALO, = 101.96 SiO, = 60.09
Molecular wt of glass:

(0.20 x 61.98) + (0.05 x 101.96) + (0.75 x 60.09) = 62.56 g mol™
Weight fraction of each component:

Na,0 = (0.20 x 61.98) = 62.56 = 0.198

ALO; = (0.05 x 101.96) = 62.56 = 0.0815

Si0, = (0.75 x 60.09) ~ 62.56 = 0.720
For 100 grams of glass: Na,O = 0.198 x 100 = 198 g

AlLO,=0.0815x 100 =8.15¢g
Si0, = 0.720 x 100 = 72.0 g

[f we use albite feldspar as the source of alumina, we also obtain some of the soda
and silica needed for the batch. Using the gravimetric factors for albite in Table 3.1,
we find that we that 41.89 g of albite will yield the required 8.15 g of alumina. This
amount of albite also yields 4.95 g of soda and 28.89 g of silica (divide the weight of
albite by the gravimetric factor to find the yield for a given amount of albite). After
subtracting these quantities from the required amounts of soda and sand, we find
that we must add 14.85 g of soda and 43.11 g of sand. If we use Na,CO, as the
source of the additional soda, we will require 14.85 x 1.7]1 = 25.39 g of Na,CO..
Final Batch: Na,CO, = 25.39 ¢

Albite = 41.89¢g
Sand = 43.11 ¢



Structures of Glasses
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random network theory,

The structural model offered by Zachariasen provides an approach
for describing network structures, whether or not they are glasses.

ZACHARIASEN'S RULES FOR GLASS FORMATION IN SIMPLE OXIDES
(1} Each oxygen atom is linked to no more than two cations.
(2) The oxygen coordination number of the network cation is small.
(3) Oxvgen polvhedra share only corners and not edges or faces.
(4} At least 3 corners of cach oxygen polyhedron must be shared mm order to
form a 3-dimensional network.



STRUCTURAL MODELS FOR SILICATE GLASSES
Vitreous Silica

The structure of vitreous silica is readily described by the network struc-
ral rules of Z i il

with a coordination number of 4, serves as the basic building block for

the network, as required by the second of Zachariasen’s rules. Since

order of the
corners (rules 3 and 4) to form a continuous., 3-dimensional network.
Each oxygen atom is shared between two silicon atoms, which occupy

by allowing variability in the Si-O-Si angle connecting adjacent
tetrahedra.

Figure 5.1 Schemaric drawing of a 2-dimensional structure for a pure glassformer,
A fourth oxygen would be located above each cation in vitreous silica



Alkali Silicate Glasses

Alkali silicate glasses. containing large concentrations of alkali oxides,
can be easily produced by melting silica with alkali carbonates or
mitrates. Glasses containing less than = 10 mol% alkali oxide are consid-

erably more difficult to melt due to their high viscosities.

O Oxygen

® Silicon

® sodium

@' Calcium

Figure 5.2  Schematic drawing of a 2-dimensional structure for a soda — lime - silicate
glass. A fourth oxygen would be located above each silicon in the 3-dimensional
Sfruciure



STRUCTURAL MODELS FOR BORATE GLASSES
Yitreous Boric Oxide

The current model for the structure of wvitreous boric oxide differs
significantly from that for vitreous silica. Although boron occurs in
both triangular and tetrahedral coordination in crystalline compounds,
it is believed to occur only in the triangular staie in vitreous boric oxide.
All such triangles are connected by BO at all three corners to form a
completely linked network. However, since the basic building block of
this network i1s planar rather than 3-dimensional, the 3-dimensional
linkage which occurs in a network of tetrahedra does not exist for vitre-
ous boric oxide. A 3-dimensional structure is developed by “crumpling”
of the network, in much the same way that a two dimensional drawing
on_a sheet of paper develops a third dimension when the paper is
crumpled into a ball. Since the primary bonds exist only within the
plane of the paper, bonds in a third dimension (van der Waals bonds
in this case) are very weak and the structure is easily disrupted. One
result of this structure, for example, can be found in the glass transfor-
mation temperature of vitreous boric oxide, which 1s only = 260 °C, as
opposed to the T, of vitreous silica, which is = 1100 °C.,

7\ A

-



Alkali Borate Glasses

Addition of alkali oxides to vitreous silica result in the formation of
NBO. Examination of property trends for alkali silicate versus alkali
borate glasses, however, suggests that this is not the case for alkali
borate glasses. Small additions of alkali oxides to silica cause a decrease
in T,, while similar additions to boric oxide cause an increase in T,
Conversely, small additions of alkali oxides to silica cause an increase in
the thermal expansion coefficient, while similar additions to boric oxide
cause a decrease in the thermal expansion coefficient. Any potential
structural model for alkali borate glasses must directly address this
extreme difference in behavior.

If the effect of alkali oxide additions to boric oxide cannot be
explained on the basis of NBO formation, how can they be explained?
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Figure 5.4 Boroxol ring structures in vitreous horic oxide and alkali borate glasses



As noted earlier, boron is found in both 3- and 4-fold coordination in
oxide crystals. Perhaps the addition of alkali oxide forces some of the
boron to change from triangular to tetrahedral coordination, with no
NBO formation. Such a change would actually increase the connectivity
of the network, increasing T, and decreasing the thermal expansion
coefficient of the glass, which i1s consistent with experimental observa-
tions. Formation of two boron—oxygen tetrahedra would consume the
one additional oxygen provided by the R.O. Since each tetrahedron
would be charge deficient by —1 umit, the two alkali oxides would
provide sufficient charge compensation for both tetrahedra, in much the
same manner as discussed earlier for alkali aluminosilicate glasses. The
large (BO,,) units now act as anions with a loosely associated alkali
cation. A continued increase in the alkah oxide concentration would
result in further shift of borons from 3- to 4-fold coordination.

Since such behavior was not observed for the alkali silicate glasses
which had been the subject of earlier studies, this behavior was consid-
ered to be anomalous for glasses, and hence termed the borate anomaly.




Viscosity of Glass Forming Melts

1 INTRODUCTION

The kinetic model of glass formation indicates that the temperature
dependence of the viscosity plays a major role in determining the ease of
glass formation for any melt. Glasses are most easily formed if either (a)
the viscosity is very high at the melting temperature of the crystalline
phase which would form from the melt, or (b} if the viscosity increases
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very rapidly with decreasin

from a high viscosity.

In addition to controlling the ease of glass formation, viscosity is also
very important in determining the melting conditions necessary to form
a bubble-free, homogeneous melt, the temperature of annealing to
remove internal stresses, and the temperature range used to form
commercial products. The viscosity also determines the upper use
temperature of any glass object and the conditions under which devitri-
fication (crystallization) may occur. The very high viscosity encountered
in the glass transformation range leads to viscoelastic behavior, and to
time dependence in many of the properties of the melt.




VISCOSITY DEFINITIONS AND TERMINOLOGY

Viscosity is a measure of the resistance of a liquid to shear deformation,
i.e., a measure of the ratio between the applied shearing force and the
rate of flow of the liquid. If a tangential force difference, F, i1s apphed to
two parallel planes of area, A, which are separated by a distance, d. the
viscosity, 1. 1s given by the expression:

. Fd

?I—E (6.1)

where v is the relative velocity of the two planes.

viscosity is given in N s m~, or, since a Pascal is a N m. is reported in
Pas. Since 1 Pas=10P The viscosity ol water at room temperature
is = 0.01 P, or 0.001 Pas.



Figure 6.1

Log Viscosity (Pa-s)

A number of specific viscosities have been designated as reference
points on the viscosity/temperature curve for melts. These particular
viscosities have been chosen because of their importance in various
aspects of commercial or laboratory processing of glass forming melts.
Several other reference temperatures which occur at approximate
viscosities are also routinely used by glass technologists. These reference
points are summarized in Table 6.1, and are shown on a typical curve of
viscosity versus temperature for a soda—lime-silica melt in Figure 6.1.
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Viscosity Reference Temperatures
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Typical curve for viscosity as a funciion of temperature for a soda—lime—silica
melt { NIST Standard No. 710). Defined viscosity points are indicated on the

Sfigure



Fluidity is the reciprocal of the viscosity. A melt with a large fluidity
will flow readily, whereas a melt with a large viscosity has a large
resistance to flow. While fluidity is often used in dealing with ordinary
liquids, virtually all literature dealing with glass forming melts discusses
flow behavior in terms of the viscosity.

A number of specific viscosities have been designated as reference
points on the viscosity/temperature curve for melts. These particular
viscosities have been chosen because of their importance in various
aspects of commercial or laboratory processing of glass forming melts.
Several other reference temperatures which occur at approximate
viscosities are also routinely used by glass technologists. These reference
points are summarized in Table 6.1, and are shown on a typical curve of
viscosity versus temperature for a soda—lime-silica melt in Figure 6.1.

The viscosity of a typical melt under conditions where fining and
homogeneity can be obtained in a reasonable time is termed as the
melting temperature. Melting usually occurs at a viscosity of <10 Pa s

Table 6.1 Viscosity Reference Temperatures

Name of Reference Temperature Viscosity { Pas)
Practical Melting Temperature =] to 10
Working Point 0¥

Littleton Softening Point Hes
Dilatometric Softening Temperature HF 1o 1O¢
Glass Transformation Temperature =]
Anneahng Point 100 or 1024

Strain Point 10>




Formation of a glass object from a melt requires shaping a viscous
mass of liquid, termed a gob, by some process involving deformation of
the material. The melt must be fluid enough to allow flow under reason-
able stresses. but viscous enough to retain its shape after forming.
Commercial forming methods require very precise control of the viscos-
ity throughout the forming process, in order to achieve high throughput
and high yield of acceptable products. Melt is typically delivered to
a processing device at a viscosity of 10° Pa s, which is known as the
working point. Once formed, an object must be supported until the
viscosity reaches a value sufficiently high to prevent deformation under
its own weight, which ceases at a viscosity of 10%¢ Pa s, which is termed
the softening point. The temperature range between the working and
softening points is known as the working range. Melts which have a
large working range are often referred to as fong glasses, while those
with a small working range are called short glasses. If the working range
occurs at high temperatures relative to the working range of typical
soda-lime-silica melts, the composition is termed a hard glass. On the
other hand, if the working range is below that of soda-lime—silica melts,
the composition is termed a soft glass. This particular terminology is
often confusing since the terms hard and soft in this context do not refer
to the resistance to scratching usually designated by these same terms.

The softening point is more properly termed the Littleton softening
peint, after the specific test used to define this reference pomnt. The
viscosity of 10°¢ Pas does not represent the deformation temperature|
for all objects. This particular reference point is defined in terms of a
well-specified test involving a fiber = 0.7 mm in diameter, with a length
of 24 ¢m. The softening point is defined as the temperature at which this
fiber elongates at a rate of 1 mm min' when the top 10 cm of the fiber
is heated at a rate of 5 K min'. In fact, if the density of the fiber 1s sig-
nificantly different from that of a typical soda—lime-silica composition,
the viscosity will not be exactly 10°® Pa s at this temperature.



Once an object is formed, the internal siresses which result from
cooling are usually reduced by annealing. The annealing point (cited in
various sources as either 10 or 104 Pa s), which is also determined
using a fiber elongation test, is defined as the temperature where
the stress is substantially relicved in a few minutes. The strain point
(10'* Pa s) is defined as the temperature where stress is substantially
relieved in several hours. The strain point is determined by extrapola-
tion of data from annealing point studies. Other tests are also used for
these two reference points, with slightly different results.

Two other reference temperatures are often quoted for glass forming
melts. While neither of these temperatures represent exact viscosities,
they are convenient for relative comparison of the viscosity of different
compositions. The glass transformation temperature, T,, can be deter-
mined from measurements of the temperature dependence of either the
heat capacity or the thermal expansion coefficient during reheating of
a glass. This temperature is somewhat dependent upon the property
measured, and on the heating rate and sample size used in the measure-
ment. As a result, different studies will report slightly different values
for T, for supposedly identical glasses. Moynihan has shown that the
viscosity corresponding to T, for common glasses has an average value
of 101 Pa s. This value appears to decrease for glasses with very low
glass transformation temperatures.

Another viscosity point can be obtained from thermal expansion
curves. The dilatometric softening temperature, T, is usually defined
as the temperature where the sample reaches a maximum length in
a length wversus temperature curve during heating of a glass. This
temperature, which will be discussed in more detail in a later chapter,
varies slightly with the load applied to the sample by the dilatometer
mechanism and the sample size. The viscosity corresponding to T, lies
in the range 10* to 10° Pas.



3 VISCOELASTICITY

At low viscosities, glass forming melts usually behave as Newtonian
liquids whlch 1mmed1dter relax to reheve an apphed stress. At

ond to the rapid
lastic materials. It

hetwcen the behavior of a pure liquid and that Df an alastlc solid. Smi:e

Vi vl flow and el response, it 1
known as viscoelasticity, or viscoelastic behavior.
Since the response of a liquid to application of an external stress is
dependent upon the rate of application of that stress, viscoelasticity can

occur over 2 w1df: range of viscosities. For commﬁn rates of stress

ities lie 1 ion of th s transformation

gc,_paﬂmulaxly_m_lhe_nange from 10" to HZIzi Pas. The most

common basic model for viscoelasticity, known as the Maxwell model,

is shown in Figure 6.2. The sample is considered to consist of an elastic

Figure 6.2 The Maxwell model for relaxation of a viscoelastic material



5 TEMPERATURE DEPENDENCE OF VISCOSITY

Two mathematical expressions, the Arrhenian equation and the
Vogel-Fulcher-Tamman equation, are commonly used to express the
temperature dependence of the viscosity of glass forming melts. At one
extreme, we find that the viscosity can often be fitted, at least over
limited temperature ranges, by an Arrhenian expression of the form:

n = Retin (6.8)

where 1, 1s a constant, AH, is the activation energy for viscous flow, R
15 the gas constant, and T is the temperature in K. In general, Arrhenian
behavior is observed within the glass transformation range (10" to
10° Pa s) and at high temperatures where melts are very fluid. The acti-
vatlon energy for viscous flow is much lower for the fluid melt than for
the high viscosity of the transformation region. The temperature depen-
dence between these limiting regions is decidedly non-Arrhenian, with a
continually varying value of AH, over this intermediate region.



6 COMPOSITIONAL DEPENDENCE OF VISCOSITY

The compositional dependence of the viscosity of glass forming melts 1s
h nnectivi f the structure. In eeneral. changes
1 . vity he i 1 while

those which increase connectivity increase the viscosity. These changes

are accompanied by changes in fragility which may or may not follow
the trend in viscosity, but which are very important in discussion of the
temperature dependence of viscosity.

form of presentation, which 1s termed the isothermal viscosity, reports
the viscosity at specified temperatures. The second form of presentation
reports the temperature at which specified viscosities occur, e.g., the
values of the Littleton softening temperature or the glass transforma-
tion temperature. In general, temperatures referring to a specified
viscosily are termed isokom temperatures for that viscosity, If a series of

individual curves are termed isokoms (lines of constant viscosity).




6.1 Silicate Melts

in_the range of 1060 to 1200 E. The viscosity of silica, which is one of

the least fragile melts, varies very EIDWI}" with tﬂmpcraturt Production
of commercial vitreous silica requires processing temperatures in the

silica. The effect of further alkali oxide additions decreases with increas-
ing alkali oxide concentration, and eventually becomes quite small for
concentrations exceeding 10 to 20 mol% R,0. The decrease in viscosity
is accompanied by an increase in fragility, which is evidenced by an
increase in the reduced activation energy for viscous flow, AH, /T,
in the transformation region and a decrease in AH, in the fluid melt
region.



6.2 Borate Melts

fragile than those of silica, germania, or phosphoric oxide. Since the

network of wvitreous boric oxide consists of 2-dimensional boron—

oxygen triangles, with no strong bonding in 3-dimensions. the connec-

tivity of the network is low. Many of the boron—oxygen triangles are
grouped into boroxol rings. Raman spectroscopy has shown that these
boroxol rings dissociate with increasing temperature, resulting in a large
thermal expansion coefficient for boric oxide melts, It is probable that
ility Ic 0xi 5 ] id dissociation of

whi xol rings open and allow much




Its 1 nsiderably more
complex behavior than that found for alkali silicate melts. First. even
though the Lonnectlww of the melt is increased through conversion of

— rahedra with no non-bridging oxygen
formation, the fragility of the melt increases with increasing alkali oxide
concentration. qtﬂﬂlld if we consider the behavior of the viscosity in
ion, we find that initial additions of alkali oxide
increase the viscosity, while further additions decrease the viscosity, so
that maxima in the viscosity versus composition curves occur at 25 to
30 mol% alkali oxide for all 5 alkalis (Figure 6.5). If we examine these
curves at high temperdtures (= ll]UEI ”C] where the viscosity is < 10°
Pa s, nd that the viscosit

decreases monotonically with IIIL]‘EEISII‘J.g alkali oxide content. Finally,

500

3001

1(}] pa s Isokom Temperature (°C)

2m L 1 L L 1 ]
0 10 20 30 40 50 60 T0

Mol% Lithium Oxide

Figure 6.5 Effect of composition on the 10" Pa 5 isokom temperature for lithium borate
melts

we also find that the viscosity in the transformation region decreases
in the order Li = Na = K = Rb = Cs, which is the reverse of the order
observed for alkali silicate melts.




Density and Thermal Expansion

1 INTRODUCTION

Trends in thc density, thermal expansion coefficient, refractive index,

function of bulk composition serve as the

Mmaxmhmmwwi These

models were generated long before Raman, NMR, and other modern
spectral techniques were developed. While details of these models
have been refined using more sophisticated methods, the basic concepts
of network structures, bridging and non-bridging oxygen formation,
and changes in coordination number with changes in composition
were originally proposed in an attempt to explain trends in property
behavior. This approach to glass structure remains common even
today, with many structural models proposed on the basis of property
studies and later confirmed by the results of spectral studies.

2 TERMINOLOGY

The density of a material 1s defined as the mass of the substance per unit
of volume:

M
P=7 (7.1)

where p is the density, M is the mass, and V is the volume of the sample.

Mmm@ﬁm&uhb]&_md&ﬂh:ﬂﬂml&wd
en'altyj is the true density of the material. If, however, the sample
contains bubbles which is occasionally the case for glasses, the calcu-
lated density will be | han (1 ) tensi :

the apparent density. Inclusions with higher densities than the true

density, which might, for example, be due to particles of unmelted batch



The thermal expansion coefficient of a material is a measure of
the rate of change in volume, and therefore density, with temperature.

Ti : lled ins )  expansion coeffici

VEF, F v

a specified temperature and constant pressure (usually 1 atmosphere):

_lfav
&= a1 , (7.3)

where o, is the true volume expansion coefficient, V is the volume of
the sample, and (éV/éT), is the slope of the curve. The average, or
mean, therimal expansion coefficient, &, which 1s much more commonly
reported, is defined by the change in volume, AV, over a specified
temperature interval, AT:

_ 1‘&1"]

"vlar

% (7.4)

Although the thermal expansion coefficient 1s actually defined in
vV h n his value is somewh ifficul
to measure. As a result, the expansion coefficient for glasses is usually
only determined in one direction. i.e.. the measured value is the linear
thermal expansion coefficient, o,. The true and average linear thermal
expansion coefficients are given by Eqs. 7.3 and 7.4, respectively, where
’ ' i ince gl r ally 1 i
materials with relatively small thermal expansion coefficients, o, = 3,
can be used to approximate o, with very little error in calculation.




Virtually all reported thermal expansion coefficients for glasses
are actually average linear thermal expansion coefficients over some
specified temperature range. The particular temperature range repre-
sented by this value 15 not always specified 1in the reported data. Data
for commercial glasses are usually obtained for either the range from
0 to 300 °C, 20 to 300 °C, or 25 to 300 °C, Data for experimental studies
may be reported for almost any temperature range, so caution must
be used when comparing results from different studies. Since the true
thermal expansion coefficient can be a strong function of temperature,
knowledge of the temperature range used to define an average thermal
expansion coefficient is vital for application of the data.

Since most linear thermal expansion coefficients lie between 1 and
50 = 10° K", metallurgists, ceramists, and other material scientists
usually report values with units of ppm K. Traditionally, however,

glass technologists used 10" K™ as the basis for reporting thermal
expansion coefficients. A glass technologist might, therefore, indicate
that the linear thermal expansion coefficient for a certain glass is 86,
while a ceramist might indicate the same coefficient as 8.6. Since older




3 MEASUREMENT TECHNIQUES
3.1 Density

Tl T hod for d it density invol ohi
sample of known geometry. calculating its volume from its dimensions,

MMMMD&L If the dvdlldb]e samples

have simpl metries, w Archim ri 1
dgtgrmm; the volume by liguid displac;m;n]‘,- The sample i1s weighe
h in air an n in a liguid of known density. T iffer

in weight equals the weight of the displaced liquid. Since we know the
density of the liguid, p,, we can calculate the displaced volume using
Eg. 7.1. Dividing the weight of the sample in air, W, by the volume of
liguid displaced then yields the density of the sample. The density 1s
calculated from the expression:

Wp,

p:—{w—ﬂ‘;} (7.3)

where W, 1s the suspended weight of the sample. The choice of the



3.2 Thermal Expansion Coefficients

Almost all reported thermal expansion coefficients for glasses have been
obtained using some variation of a push-rod dilatometer. In 1ts simplest
form. a push-rod dilatometer consists of a cylinder of a material of

al nsion coefficient. which i1s fixed in place at one
end and surrounded by a heating device. A sample is placed inside
and against the end of this cylinder. A rod of the same material as
the cvlinder is placed against the sample. The other end of the rod is

connected to some device capable of measuring very small changes in
the position of the end of the rod. Heating the region containing the
sample results in expansion of the surrounding cylinder, the rod, and
the sample. If the sample has a different thermal expansion coefficient
from that of the apparatus, the end of the rod will be displaced by
an amount determined by the sample length and by the difference in

" " W le and the : ratus
material. Determination of the true thermal expansion coefficient of
the sample requires correcting the displacement versus temperature data
for the expansion of the apparatus.




4 DENSITY AND MOLAR VOLUME
The density of a glass is a strong function of its composition. Density is

also dependent to a lesser extent on the measurement temperature and
the thermal history of the sample. Changes in morphology can have a
small effect on density for phase separated glasses. Crystallization of
a glass can significantly alter the density, if the density of the crystalline
phase 1s very different from that of the residual glass.

4.1 Compositional Effects
Densities of the common glass forming oxides are less than those of

he corr

for example, has a density of = 2.20 g cm™. This value can be compared
with the densities of x-quartz (the room temperature crystalline form
of silica) of 2.65 g cm™, f-cristobalite (the least dense crystalline form
of silica) of 2.27 gecm™, and coesite (a very dense crystalline form of
silica obtained at high pressures) of = 3.0 g cm™. If we calculate the free
volume, V,, of the glass using the simple relationship;

V.
Vi = I—E (7.6)

W V. i ] f i V. i Iz
volume of the glass, we obtain a value of 0.27. or 27%, for vitreous
silica, if we base our calculation on the dense crystal coesite. This large
: lume implies that the elass | verv | ract interstitial
space within the network for accommodation of other ions such as the
monovalent alkali ions and the divalent alkaline earth 1ons.




does not swell as it absorbs the liquid). Indeed, we find that the addition
of alkali 1ons to any of the common glass forming oxides results in

an increase in density (Figures 7.1 and 7.2). Even Li,O., which has
only half the molecular weight of silica, increases the density of silicate,

borate, or germanate glasses when substituted for the basic glass
forming oxide.

3.6

Density (gm/cm3)

2.0 4 - '
0

10 20 30 40
Mol% Alkali Oxide

Figure 7.1  Effect of composition on the density of alkali silicare glasses

The most dense oxide glasses contain very high concentrations of
PbO or Bi,0.. with maximum values in the range of 8.0 gcm™ for
glasses in the PbO-Bi,0,-Ga,0; system. The rather low maximum




Equilibrium Phase Diagrams

/;',}%'« m‘f[?t,g&m\} S £ Figure 10.15 Photomicrograph

o : :
,ggi.‘?".v showing the microstructure of a

lead-tin alloy of composition 30 wt%
Sn—50 wi% Pb. This microstructure is
composed of a primary lead-rich «
phase (large dark regions) within a
lamellar eutectic structure consisting
of a tin-rich 8 phasc (light layers)
and a lead-rich « phase (dark layers).
400X. (Reproduced with permission
from Metals Handbook, Vol. 9, 9th
edition, Metallography and
Microstructires, American Society for
Metals, Materials Park, OH, 1985.)

A brief introduction of phase
diagrams (a more advance course:
MME 3008)




Basic definitions

* System: specific body of materials under
consideration, isolated from the rest of the
universe for observation, has a boundary

* Phase : any portion of the system (including the
whole of the system) that is chemically and
physically homogeneous within itself,
mechanically separable from the rest of system

* Components : smallest number of
independently variable chemical constituents,
necessary to describe the chemical composition

of each phase in the system, e.g. Zn, Au, H,0,
Al,O,




Basic definitions

e Equilibrium: at equilibrium there is a balance
between opposing forces acting on the system,
system is at its lowest free energy state, at
equilibrium the properties of a system do not
change with time, the system is stable

* Metastable : reaching equilibrium state may take
a long time, then the system can exist in a
metastable state for a very long time.

* Phase diagram : a graphic display of phase
structure (microstructural) information. Single
component phase diagrams are the simplest:



Single-component systems

* H,0 system : water-

. H,O
ice-vapor; phase of
Water < Solid
e Carbon phase e b 3
diagram | _oo0sam __
- : O.i(e)a::,perature (°C) i
» Temperature and
pressure are the
Independent variables

0 2000 4000 6000

Temperature (K)



GIBBS Phase Rule

P+F=C+2

Degrees of Freedom, F : number of
independent variable available to the system

P, number of Phases
C, number of components

Historically, temperature and pressure were the
variables available to the system



GIBBS Phase Rule

* |n a single-component system
F+P=1+2= p
We have . L
— Di-variant fields
— Mono-variant lines
— |Invariant point

F = number of variables you can change
independently without altering the phase
composition of the system



Two-components phase diagrams

* Binary phase diagrams with complete solid
solubility

Atomic percentage of copper
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Equilibrium phase diagram of the Cu—Ni system.



Complete substitutional solid solubility
between Cu and Ni

Cu and Ni both form FCC, have similar
atomic radii, similar electro negativity and
valences

Above Liquidus Line @ all T and
compositions only liquid present

Below Solidus Line @ all T and
compositions only solid phase present

Between solidus and liquidus lines two
phase region: solid phase and liquid



Temperature (°C)

Finding the compositions of the phases in the two phase region:

Tie-Line construction

Liquid

Tie line

a + Liquid

a + Liquid

0 20 40 60 80 100
1600 T T I T ‘ ] T =
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0 20 40 60 80 100
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(a)

Composition (wt% Ni)
(b)
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Tie Line construction:

The horizontal line (isotherm) that passes through the two phase
regions(and only through two phase regions) and that cuts both
the liquidus and the solidus lines is termed a tie line. It connects

the two phase compositions.

Composition of the of the
liquid is by the intersection
point with the liquidus and,
similarly, the composition

of the solid solution is given
by the point of intersection
with the solidus.

The relative amounts of the
two phases can be calculated
easily by the

System
temperature

| ofLatT,

Composition |

| State ‘
_ | point |

X

!

System
compositi

on

Composition
of SS at T




Lever Rule:

Phase diagrams => not only for
determining the composition of

the phases but also for determining
the amounts of phases. The
gives the composition of each phase

in a two phase region.
is based on mass balance.
For two phases a and b;

XM, T Xgmg = X (M, +mg)

The

Where x,and xg are composition of
phases and x is overall composition

My

m,+mg

XB—X

Xp —Xq

similarly

mg

m,+mg

Fulcrum ;

Y mg

m,

(b)

Figure 9.32 The lever rule is a
mechanical analogy to the
mass-balance calculation. The
(a) tie line in the two-phase
region is analogous to (b) a
lever balanced on a fulcrum.

X— X,

Xp —Xq



Development of the microstructure: (complete solubility)
Under equilibrium conditions

Temperature ||

100% liquid

(Lyystem)

10% SS; in
matrix of L,

40% SS; in
matrix of L,

90% SS;in
matrix of Ly

100% solid
A x (SS\)'\lg‘m)

Composition

igure 9.33 Microstructural development during the slow cooling of a 50% A-50% B
composition in a phase diagram with complete solid solution. At each temperature,
the amounts of the phases in the microstructure correspond to a lever-rule
calculation. The microstructure at Ts corresponds to the calculation in Figure 9.31.

As a homogeneous liquid
with the composition x cools,
the contents of a crucible
goes through structural
changes as one crosses
phase

boundary lines.

In two phase regions, tie line
indicates the compositions
of

the phases, and the lever
rule

can be used to find the
amounts of phases in the
crucible.

At the end of the equilibrium
(slow) cooling crucible will
contain a homogeneous solid
Solution of composition x.



Non-equilibrium cooling Microstructural Development:

Figure 10.4
Schematic represen-
tation of the
development of
microstructure dur-
ing the nonequilib-
rium solidification of
a 35 wt% Ni-65
wt% Cu alloy.

Temperature (°C)

Composition (wt% Ni)

Equilibrium solidification
requires very slow cooling rates.
As T is lowered, liquid and solid
have to change compositions
according to phase diagram. This
requires long range diffusion in
liquid and solid. In liquid may be
possible since diffusivities are
high, but in solid very sluggish
diffusion kinetics. =>non-
equilibrium microstructure
develops (cored). Onion-like
microstructure with varying
chemical composition; center
rich in high melting component,
outer layers progressively richer
in lower melting compound of
the alloy.



Non-equilibrium cooling Microstructural Development:

The average solid and liquid compositions will deviate what the eq. Phase
diagram predicts. Deviation is stronger in the phase with the lower diffusion
coefficient. Faster cooling rates cause larger deviations from equilibrium. The
faster the cooling rate the lower is final solidification Temp.

The distribution of the element
within the grains will be non
uniform. Lower melting

component will towards
the grain boundaries. This will
cause in the “cored”

alloy. The grain boundaries in the
alloy will melt prematurely as they
are richer in the lower melting
component.

Average composition of the
solid




Binary Eutectic Systems: limited solubility (Under equilibrium conditions)

Temperature (°C)

Composition (at% Ag)

20 40

60

80

1000

800

600

400

200

l N

//-quwdus
Liquid

o+L

‘Solvus

1400

1200

1000

800

600

(Cu)

20

40 60

Composition (wt% Ag)

80

400

Temperature (°F)

eThree two-phase
regions

eTwo solid
solutions with
limited solubility
e A Composition
that melts at a
lower temperature
(Eutectic temp.)
than both pure
phases, eutectic
point, E



Binary Eutectic Systems: limited solubility (Under equilibrium conditions)

(@ Eutectic point:

Ly 2 o + Pg @ eutectic temperature Tg

In a eutectic binary phase diagram, three phases can be in
equilibrium, at points along the eutectic 1sotherm.

«Single phase regions are always separated from each other by a
two phase region consisting of two single phases that border the
two phase region

*The eutectic point, E 1s the invariant pomt in the system



Temperature (°C)

Development of the microstructure: Eutectic system

400

300

200

100

|

Liquidus

Solidus

l

10
Composition (wt% Sn)

20 30

Figure 10.9 Schematic repre-
sentations of the equilibrium
microstructures for a lead-tin

alloy of composition C; as it is
cooled from the liquid-phase 300
region.

Temperature (°C)

100

Figure 10.10 Schematic
representations of the equ-
ilibrium microstructures for a
lead-tin alloy of composition
C, as it is cooled from the

200 [—

a+L

C2 wt% Sn

a+p

liquid-phase region.

30

Composition (wt% Sn)

50



Development of the microstructure: Eutectic system

eutectic reaction and eutectic
microstructure

! I ! l l | ! B
— 600
300
(61.9 wt% -
Sn)
L 500
o
G I 400
<
s 18.3 i 97.8|
2 |
= | -
§ , 300
|
| p—
|
|
100— a+ B | 11 200
|
| «(18.3wt% B(97-8wt%
oy : Sn) Sn)
s — 100
% =
0 ! | l 1 | 1 l 1
0 20 40 60T 80 100
(Pb) 8 (Sn)
(61.9)

Composition (wt% Sn)

Temperature (°F)



Development of the microstructure: Eutectic system

Figure 10.13 Schematic representation of
the formation of the eutectic structure for
the lead-tin system. Directions of diffu-
sion of tin and lead atoms are indicated
by colored and black arrows, respectively.

Eutectic
growth
direction

AN
- §\§/
) WN°

%=
/ ;‘K
2

.



Development of the microstructure: Eutectic system

Temperature (°C)

L

T T
(C4 wt % Sn) l -
— 600
300
L —
— 500
200 B +L 400
B
I Eutectic
structure — 300
Primary « =
(18.3 wt% Sn)
100 — Hooo
, B(97.8 wt% Sn)
Eutectic a
(18.3 wt% Sn) i
—1 180
0 [ | | | I ¥
0 20 1 60 80 100
(Pb) C; (Sn)

Composition (wt% Sn)

Temperature (°F)

Figure 10.14 Schematic representations of the equilibrium microstructures for a lead-tin

alloy of composition Cj, as it is cooled from the liquid-phase region.



Binary phase diagrams with intermediate compounds

Simplest case a congruently melting binary compound

Composition (at% Pb)

0 b 10 20 30 40 70 100

e A congruently melting
compound divides a
simple eutectic into two
. simple eutectics.

eThe compounds melts
directly into a liquid with
the same composition

700

1200
600

500 [—

1800
400 -

Temperature (°C)

600

Temperature (°F)

300

200 400

100 [y Mg,Pb 200
] Mg‘Pb
I
0 : I
0 20 40 60 80 100
(Mg) Composition (wt% Pb) (Pb)

Figure 10.18 The magnesium-lead phase diagram. (Adapted from Phase Diagrams of
Binary Magnesium Alloys, A. A. Nayeb-Hashemi and J. B. Clark, Editors, 1988. Reprinted
by permission of ASM International, Materials Park, OH.)



1400

1200_

Temperature ('CY)

1 10ﬁ
1 Oﬁ()
900
300

Figure

Titanium-nickel phase diagram.

10

Atomic percent nickel

30 40

50 61l

13001

T 1G70°C

942°C

| I

1310°C, 44 9%

984°C

13807

1115°C

TN,

i Ti;Ni /
{

37.8

1£55°C

EP8.8

0 50

Weight percent nickel

{After Binury Alloy Phave Diagrams, ASM Int., 1936, p. 1768.;

Even this one
is not too bad.
There are two
new types of
reactions:
Eutectoid and
Peritectic
reactions;
besides there
are
intermediate
compounds
that have
solubilities on
both sides; e.g.
TiNi



Eutectoid and Peritectic reactions:

Eutectoid rxn

|
dEDV+ €
T00 —
i o e
: :
2 600 Y m 538°C g
] \L ] Peritectic rxn
£ € £
5 g
—1 1000
& e+ I 6 + Lée E
RO (—
|
510 B0 a0

Composition {wt% Zn}

Figure 10.19 A rcgion of the copper—zine phase diagram that has been
enlarged Lo show eutcctoid and peritectic invariant points, labeled £ (560°C,
74 wi% Zn) and P (598°C, 78.6 wt% Zn), respectively. (Adapted [rom Binary
Alloy Phase Diagrams, 2nd edition, Vol. 2, T. B. Massalski, Editor-in-Chiet,
1990. Reprinted by permission of ASM Intcrnational, Materials Park, OH.)



Ternary Phase Diagrams

Three component systems A, B and C

requires that we know the three binary
systems for the 3 components

— AB, BC, CA
Ternary diagrams present a map of the

Liquidus surface which is contoured with
respect to Temperature.

Fields indicated on the ternary diagram
represent the primary phase fields present on
the Liquidus surface.



Ternary Diagrams - First Step

9748

Liguid 4717

B+C

LN T1

B B C ¢C A

Each Ternary diagram is constructed using the three binary
diagrams for the three components AB, BC and CA



Ternary Diagrams - First Step

7 T8
LIqUI'd =4 T7

TG

TH

4714

T2

qT2

T1 T

B (¥ A

Each Ternary diagram is constructed using the three binary
diagrams for the three components AB, BC and CA



Ternary Diagrams - Next Step

- 18

TG

The projection of the three
dimensional liquidus
surface onto the base of the
triangle to present a two-
dimensional view of the
surface.




Ternary Diagrams
B Last Step

B
A copy of the base of the triangle
onto which the liquidus surface has
been projected, showing the location
of the binary eutectics (e,, e,, e,) and
the ternary eutectic (E).

The projected surface
above rotated into an
upright position and
stretched out into an
equilateral triangle.




Ternary Diagrams
Phase Rule
P+F=C+1

At Point 1, which lies in the
field C + L B

P=2-SolidCandL
C=3-A BandC
F=2

At E, all three phase

At Point 2, which lies on Lol ULEEs

the Boundary Curve P=4-Solid A,
separating the fields of A Solid B, Solid C and
+ L fromB + L, L

P =3 - Solid A, Solid B e, C=3-ABandC
and L

F=0
C=3-A,BandC

F=1




Compositions in Ternary
Diagrams

* All compositions e.g. bulk compositions,
liquid compositions, solid compositions
on ternary diagrams are expressed Iin
terms of the three end-member
components which define the system.

* These are located at the apices of the
triangle.



Ternary Compositions

The components (A, B At_the apex there

B and C) which exists 100% of that
define a ternary component, with the
diagram are placed 90 percentage decreasing

away from the apex,
such that the side of
the triangle opposite
the apex represents
0% of that component.

at the apices of the
triangle.

80

A 10 20 30 40 50 60 70 80 90 C

Increasing % C




Ternary Compositions

« Compositions of points which lie inside
a ternary diagram can be determined by
using either of two methods:

— Triangular Grid
— Two Line Method



A

Triangular Grid Method

In this method a series of grid lines are constructed.

The proportion of any point within the triangle can be
represented by grid lines drawn through the point of interest,
parallel to each side of the triangle.

AVAVAN
WAVAVAVA
SAVAVAVAVA
JAVAVAYA

10 20 30 40 50 60 70 B0 90

C

Composition 1

20% A
60% B

20% C
100% Total



Two Line Method

In this method two lines are drawn through the composition
point of interest, parallel to any two sides of the triangle.

CompOSItIOI‘I 1 The two lines are parallel to the AB

0 and AC sides of the triangle and
20% A B intersect along the BC side, dividing
60% B % C this side into three line segments.

The lengths of the individual line
20% C % A segments are proportional to the

relative amounts of the three
components A, B and C.

100% Total

% B




Ternary Compositions
B

Determine the compositions of
the points in the following
table.

% A % B %C




